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Abstract

The family of human iron- and 2-oxoglutarate - dependent oxygenases encompasses over
60 members and a subclass of the enzymes, containing Jumonji C (JmjC) domain, is
directly involved in epigenetic control of gene transcription, through demethylation of
methyl marks present on histone tails. Recently, JmjC-type enzymes, namely MINAS53,
NO66 and OGFOD, were identified as ribosomal protein hydroxylases (ROXSs),
broadening the known substrate set and indicating a function in the control of mRNA
translation. Oxygenases are frequently implicated as key regulatory factors in various
types of cancers and targeted inhibition of this class of enzymes can lead to suppressed
cancer cell proliferation, opening an epigenetic avenue for therapeutic intervention by
small molecules.

In order to identify novel chemical starting points for JmjC- type oxygenases we have
profiled representative members of the family with two libraries of fragments by activity
assays and used X-ray crystallography to explore the binding mode of identified inhibitors.
The obtained X-ray crystal structure complexes with JARID1B demethylase represent 7
novel chemotypes exploring different regions of the catalytic binding site as well as a
previously unidentified putative allosteric pocket. We have then focussed on the ribosomal
hydroxylases NO66 and MINA53, and identified novel chemical lead compounds through
a mass spectrometry based enzymatic activity assay and obtained X-ray crystal structure
complexes with JARID1B demethylase of two active inhibitors of MINA53 and JARID1B
(IC50 of 0.9-5 puM). The most active hydroxamic acid series has an I1Cso of 900 nM towards
JARID1B with a favourable selectivity profile and shows anti-proliferative effects in human
myeloma cell lines.

We anticipate that our comprehensive set of fragment library activity data together with X-
ray crystal structure complexes identified in this thesis can be used as starting points for

further structure-based inhibitor development programs for JmjC- type oxygenases.
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1. Introduction

1.1 Chromatin and epigenetics

The definition of “epigenetics” is still debated in the scientific community. The term was
first used by Conrad Waddington to describe heritable changes in cellular phenotypes
independent of alterations in the underlying DNA sequence [1]. DNA is packaged into cells
in an ordered fashion, forming chromatin, a macromolecular complex of DNA with
structural proteins called histones. The basic building block of chromatin is the
nucleosome. It is a complex of 147 base pairs of DNA wrapped around a histone octamer
containing two of each histones H2A, H2B, H3, H4 and linked by a single histone H1 [1].
Chromatin can be present in two distinct forms: heterochromatin, a highly condensed and
transcriptionally “inactive” form, and euchromatin, a relatively open and transcriptionally
“active” type of chromatin. Each part of chromatin can be covalently modified leading to
changes in its organisation and function. These madifications include, methylation,
hydroxylation of cytosine in DNA, and acetylation, methylation, phosphorylation,
ubiquitination, sumoylation of amino acids in histones as summarised in Table 1 [1].
Presence and absence of these specific marks influence gene expression and is believed
to drive epigenetic processes in organisms [2]. For example, methylation of the 5-carbon
on cytosine residues in DNA is especially prevalent in regions of DNA rich in cytosine and
guanine residues called CpG islands. DNA methylation was initially linked to
transcriptional silencing, but the discovery that some hyper-methylated genes are actively
transcribed challenged this dogma, making DNA methylation a context-dependent
transcriptional regulator [1]. Indeed, inhibition of DNA methylation led to approval by the
Food and Drug Administration (FDA) of azacitidine as a hypomethylating agent in the
treatment of the myelodysplastic syndrome [1]. The wealth of histone modifications points
to a complexity of chromatin regulation, which is dynamically changing and dependent on

the cellular context and environment [1].
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Epigenetic regulators can be divided into three categories: “writers” — enzymes
responsible for adding modifications (e.g. histone methyltransferases), “readers” —
proteins that detect modifications (e.g. bromodomains detecting acetylated lysine
residues) and “erasers” — enzymes responsible for removing modifications (e.g. histone
demethylases, histone deacetylases) (Table 1) [3]. Interestingly, many enzymes that
modify histones also contain histone “reader” domains or catalyse modifications of non-
histone substrates. For example, in conjunction with the methyltransferase NSD1, the
JmjC demethylase FBXL11 dynamically regulates the methylation status of NF-kB, a key
transcription factor of the immune and inflammatory response [4]. There are multiple
therapeutic attempts or developments (as summarized below) where successful targeting
of proteins directly involved with histone acetylation, deacetylation, acetylation readers

and methylation [1] is reported.

Histone acetylation neutralises the positive charge found on lysine side-chains, thereby
weakening the electrostatic interaction with negatively charged DNA and histones.
Acetylation is installed by histone lysine acetyltransferases (KATs) and deacetylation is
catalysed by histone deacetylases (HDACs). Similarly, as mentioned above for
methyltransferases and demethylases, both KATs and HDACs often have alternative
substrates besides histone proteins [1]. Based on sequence homology HDACSs are divided
into four classes: class | (HDAC 1-3, HDACS), class Il (HDAC 4-7 and 9-10) and class IV
(HDAC11) which act in cofactor independent manner requiring a Zn#* ion, and class Il
(sirtuins 1-7), where the catalytic mechanism is dependent on NAD* [1]. HDAC inhibition
has been explored therapeutically leading to FDA approval of the largely unspecific HDAC

inhibitors Vorinostat and Romidepsin in cutaneous T cell lymphoma [5], [6].

More recently, the proteins involved in “reading” of the acetyl marks have also been subject
to inhibition studies and drug development [7]. The largest class of acetyl-lysine “readers”

are proteins with a bromodomain motif and this protein-protein interaction has been very
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successfully targeted in the BET bromodomain family as demonstrated by advancement

into clinical trials in haematological cancers and in NUT-midline carcinoma [8], [9].

Methylation is found on side-chain moieties of arginine, lysine and histidine residues of
histones and unlike acetylation and phosphorylation it does not alter the original charge.
The most studied histone methylation is found on lysyl residues of H3K4, H3K9, H4K20,
H3K27, H3K36 and H3K79. Lysine methylation is catalysed by enzymes containing a
methyltransferase SET domain with the exception of H3K79 methylation which is
catalysed by DOTILL [1]. Scientific studies with methyltransferases have revealed
therapeutic potential for histone methyltransferases such as for example Enhancer of
Zeste Homolog 2 (EZH2) or DOT1L. H3K27 methylation is mediated through Polycomb
repressive complex 2 (PRC2) of which EZH2 methyltransferase is a member [10]. Multiple
EZH2 inhibitors have been reported to date including chemical probes, with EPZ011989
showing promising results in xenograft models of B cell ymphoma [11], [12]. Encouraging
developments are also based on the DOT1L methyltransferase as demonstrated by EPZ-
5676, a compound that has been successful in Phase | clinical trials for the treatment of

MLL-rearranged leukaemia [12].

These exciting clinical developments highlight the therapeutic potential of targeting
epigenetic regulators. This excitement might also extend to targeting the family of histone
demethylases. Enzymes demethylating methyl-lysine residues in histone tails comprise
two distinct families: the FAD-dependent LSD demethylases (KDM1A and KDM1B) and a
subset of Jumoniji containing 20G and Fe?" oxygenases. Based on sequence similarity
histone demethylases are split into ‘KDM’ (K-demethylases) subfamilies, with KDM1
representing LSD demethylases and KDM2-8 Jm|C- type demethylases [13]. Jumonji-
containing demethylases are frequently found to be multi-domain proteins catalysing
reactions with substrates outside of histones [14]. Whereas KDM1 inhibitors are currently
advanced into clinical trials in oncology, there are currently no approved Jumonji-
demethylase inhibitors, however the field develops rapidly attracting interest from both
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biotechnology and pharmaceutical sectors. This thesis aims to contribute to our
understanding and development of strategies for inhibitor identification for the Jumoniji-
type oxygenases. The following sub-chapters summarize the involvement of Jumoniji-type
oxygenases in chromatin modification (1.2), provide an attempt to describe their biological

roles (1.3), structural features (1.4) and inhibitor development (1.6).

19



Chromatin modification

DNA modification
5-methylcytosine

5-hydroxymethylcytosine
5-formylcytosine
5-carboxylcytosine
Histone modifications
acetylation

Methylation (lysine)

Methylation (arginine)

Phosphorylation (serine
and threonine)

Ubiquitylation

Sumoylation

ADP ribosylation

Deimination

Proline isomerisation

Crotonylation

Propionylation,
Butyrylation,

Chromatin
writer

DNMT [15]
[16]

TET [17]
TET [17]
TET [17]

KAT [16]

KMT [16]

PRMT [16]

Kineases (eg.
Aurora, JAK2)
[16]
Ubiqutinases
[19]

SUMO [20]
PARPs [21]

PAD [22]
Proline
isomerase

[23]
unknown

HAT [21]

Formylation, Malonylation unknown

Succinylation,
Hydroxylation
O-GlcNAcylation

OGT [15]

Chromatin
reader domain

MBD domain [16]

unknown
unknown
unknown

Bromodomain
PHD fingers [16]

Chromodomain,
Tudor domain,
MBT domain,
PWWP domain,
PHD fingers,
WD40/3
propeller[16]
Tudor domain
(16]

SH2 [16]

UIM, IUIM [16]
SIM [16]
Macro domain,

PBZ domain [16]
unknown

unknown

unknown

unknown

unknown

unknown

20

Chromatin
eraser

unknown

unknown
c5-MTases [18]

HDAC [16]

KDM

unknown*
Protein
phosphatases
[16]
Deubiqutinases
[19]

unknown

unknown

unknown

unknown

HDAC [21]

unknown

OGA [15]

Associated
function

transcription
(X-inactivation,
imprinting, long-
term silencing,
development,
gene regulation)
[15]
transcription [16]
unknown
unknown

transcription,
repair, replication
and condensation
[16]

transcription and
repair [16]

transcription [16]

transcription and
repair [16]

Transcription and
decondensation
[16]

transcription [16]

Transcription,
chromatin
structure [16]
unknown

unknown

unknown



Table 1. Posttranslational modifications found in chromatin, their readers, writers, erasers and associated
function adapted from [1], [15]. *demethylation activity of JMJD6 is disputed [24]

Protein families: DNA methyltransferase (DNMT), histone acetyltransferase (HAT), histone deacetylase
(HDAC), protein arginine methyltransferases (PRMT), O-GIcNAc transferase (OGT), O-GIcNAcase hydrolase
(OGA), poly(ADP-ribose) polymerases(PARP), protein arginine deiminase (PAD), small ubiquitin like modifier
(SUMO), lysine demethylases (KDM)

Reader domains: methyl-CpG-binding domain (MBD), plant homeodomain (PHD), malignant brain tumor
domain (MBT), proline-tryptophan-tryptophan-proline domain (PWWP), BRCA1 C terminus domain (BRCT),
ubiquitin interaction motif (UIM), inverted ubiquitin interaction motif (IUIM), sumo interaction motif (SIM),
poly ADP-ribose binding zinc finger (PBZ), chromo domains, macro domains, Tudor domains.

1.2. 20G oxygenases are epigenetic modifiers

LSD and JmjC demethylases modify chromatin

The discovery of the first histone demethylase protein, Lys-specific demethylase 1 (LSD1)
was described in 2004 by Shi et al. [25] and shortly followed by Schile et al. [26]. This
landmark discovery changed the way the scientific community thought about histone
methylation: previously histone demethylation was considered a permanent modification
of largely unknown significance; a modification which could only be removed by histone
exchange or “dilution” during DNA replication [27]. The process of demethylation is now
considered to be highly dynamic and regulated [27]. Many histone demethylases are
associated with promoters and other transcriptional regulators contributing to
transcriptional activation or suppression. It is thought that instead of tight regulation of
transcription, histone demethylases create certain chromatin states, which provide a
permissive environment for transcriptional complexes. The demethylase activity of the
enzymes can in turn be regulated by their expression levels, modulated by cofactors,
cosubstrates, and small molecules (including endogenous TCA cycle intermediates) and

altered by association with other transcriptional activators or repressors [27].

The LSD-type demethylases, LSD1 and LSD2, belong to the larger amine oxidase family,
which are dependent on the Flavin Adenine Dinucleotide (FAD) cofactor for catalysis.
LSD1 and LSD2 are able to demethylate mono-, di- but not tri-methylated lysine 4 and/or

lysine 9 on histone H3 [28]. This enzyme family contains also monoamine oxidases A
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(MAO-A) and MAO-B, which are involved in degradation of neurotransmitters such as
dopamine [28], [29]. The second family of demethylases, the Fe?*- and 20G- dependent
JmjC family, with over 30 members in humans, contains a highly conserved catalytic JmjC
domain composed of a core double-stranded beta-helix fold (DSBH), and shows activity

towards various methylated states of H3K4, H3K9, H3K27 and H3K36 [14] (Figure 1).
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Figure 1. Phylogenetic tree of human 2-oxoglutarate- and iron- dependent oxygenases based on the
alignment of conserved /JmjC domain double-stranded beta-helix (DSBH) fold, adapted from [14] . The
lysine demethylase families are highlighted in red —KDM2, green —KDM3, violet — KDM4, blue — KDM5, pink
— KDM6 and orange — KDM7. JmjC- type hydroxylases are highlighted in brown, nucleotide
hydroxylases/demethylases — cyan and other small molecule hydroxylases, prolyl hydroxylases and collagen
prolyl hydroxylases in grey.

Other members of the JmjC family contain the oxygenases MINA53, NO66 and OGFOD1
which were found to catalyse ribosomal hydroxylation [30], broadening the scope of
substrates and suggesting importance not only in transcriptional regulation of chromatin,
but also in protein translation. This is only one example, demonstrating that the discovery
of the substrate spectrum continues. The following paragraph gives a brief outline of the
growing evidence for important biological roles of the Jumoniji-type demethylases and

hydroxylases in human physiology.
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1.3. Roles of Jm|C- type oxygenases in biology and disease

Although the post-translational modifications catalysed by the JmjC family of enzymes are
explored with great effort [27], the link between these modifications and the biological

function in human disease is still ill-defined in many cases.
The KDM2 subfamily

The KDM2 subfamily contains two members FBXL10 and FBXL11 which both catalyse
demethylation of H3K36me2/1 methyl marks with FBXL10 also found to demethylate
H3K4me3 [31]. The KDM2 family places itself on the same branch of the phylogenetic tree
of ImjC- type oxygenases together with KDM7 implying significant similarity (Figure 1). In
addition to histone substrates FBXL11 has been demonstrated to regulate the activity of
the transcription factor NF-kB by demethylation of methylated Lys218 and Lys221
residues [14]. FBXL10 and FBXL11 both contain CxxC domains, a motif that is known to
recognise unmethylated cytosine residues in CpG islands. Indeed FBXL10 and 11 bind to
unmethylated CpG islands changing its chromatin environment, for example, FBXL10
mediates ubiquitination of histone 2A, through recruitment of Polycomb repressive
complex 1 (PRC1) [32]. KDM2 enzymes have been also implicated in control of
proliferation, biological aging, regulation of stem cells and are also involved in oncogenic

processes [14].
The KDM3 subfamily

The KDMS3 subfamily consists of the enzymes JMJID1A-B and HR (hairless) with
H3K9me2/mel demethylation activity and JMJD1C which has been shown to demethylate
the MDC1 protein involved in the DNA- damage response (DDR) pathway [14], [33], [34].
The JMJID1A-C enzymes are widely expressed in human tissues and are localised

primarily in the nucleus [14]. IMJD1A, also known as testis specific gene A (TSGA), is
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expressed during spermatogenesis and co-activates androgen receptor mediated
transcription [14]. Indeed, knockout of IMID1A in male mice resulted in infertility, smaller
testes and severe reduction of sperm count compared to control litter mates. Mice with a
JMJID1A-knockout show an adult obesity phenotype implying an important role in control
of transcription of metabolic genes [14]. Expression of JIMID1A is regulated by HIF-1a and
is up-regulated in cells exposed to hypoxia [35]. Overexpression of IMID1A was observed
in a wide spectrum of human cancer cells derived from bladder, lung, hepatocellular,
prostate, colorectal and renal cell carcinomas. A JMJD1A siRNA treatment of
hepatocellular carcinoma cell lines resulted in suppression of proliferation [36] and
inhibition of JMJD1A in a mouse xenograft model was shown to downregulate
angiogenesis [37]. The JMJD1B gene locus on chromosome 5931 is frequently deleted in
breast cancer and myeloid leukaemias [38], [39]. IMJD1B is found to regulate expression
of the leukemic oncogene Imo2 and interacts with suppressor of cancer cell invasion
(SCAI) [40]. IMJIDA1C is in terms of primary structure similar to JMIJD1A and is widely
expressed in human tissues [14]. The IMID1C gene is important in development of mouse
testes and regulation of the expression of marker of steroidogenesis p450c17 via SF-1-
mediated transcription [41]. Expression of JIMID1C is found to be reduced in human breast
cancer tumours in comparison to healthy tissue suggesting a role in tumour suppression
[14]. IMID1C is required for maintenance of acute myeloid leukaemia (AML) and identified
as a potential therapeutic target for the disease [42]. The last member of the KDM3 family
is a protein critical for maintenance of hair growth and named HR (hairless) after the
murine knockout phenotype [43]. HR has been shown to interact with histone deacetylases
and co-represses multiple nuclear receptor activities, including thyroid hormone receptor,

vitamin D receptor and retinoic acid receptor-related orphan receptors [14].

The KDM4 subfamily

The JIMID2A-D enzymes belong to the KDM4 family and catalyse H3K9me3/me2 and less
well linker histone H1.K26me demethylation [14], [44]. IMID2A-C enzymes are also active
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against H3K36me3, although at a lower rate [45]. The KDM4 family contains two further
members, JMID2E-F, which due to a lack of genomic intron structures are currently
considered as pseudogenes [46]. The involvement of IMID2 demethylases in cancer has
been extensively studied and in many cases linked to co-regulation of hormone receptor
activities. KDM4 enzymes have been shown to co-activate the androgen receptor (AR),
and as in the case of JMJD2B, to regulate AR transcriptional activity and prevent
proteosomal degradation of AR [14]. Overexpression of IMID2A-D is observed in many
cancers, such as JIMJD2C in estrogen, progesterone and HER2 receptor negative breast
cancers or JMJD2B in ER-positive breast cancer cells [14]. Gene silencing on the other
hand leads to reduced cell proliferation, as in the case of IMIJD2A in breast cancer and
ER positive breast cancer cells, in line with the overexpression studies [14]. IMJD2B and
JMJID2C have also been implicated in regulating the transcriptional response of cancer
cell lines in hypoxia, through hypoxia inducible transcription factor HIF1a [47]. IMJD2D
interacts with the p53 tumour suppressor [48]. Apart from their roles in cancer, an
important role in epigenetic control of tissue remodelling and embryonic development
begins to emerge, such as in the case of JIMID2A (promotion of cardiac hypertrophy in
response to cardiac stresses) [49], or IMID2B (osteogenic differentiation of mesenchymal
stem cells (MSC)) which controls repressive K3K9me3 marks at osteogenic-lineage
selective genes [50]. Copy number variation is a hallmark of cancer and JMJD2A has been
recently shown to play an important role in genomic stability by inducing JMJD2A-
dependent transient site- specific copy gains (TSSGs) [51], [52]. Interestingly the TSSGs
are also induced by hypoxia in a JMJD2A-dependent manner and were shown to be
inhibited by inhibition of JMJD2A with small molecules or the TCA cycle metabolite

succinate [53]. Taken together, the well-documented involvement of KDM4 sub-family
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members in the development of various type of cancers makes them interesting drug

targets [54], [55].

The KDM5 subfamily

The KDMS5 family consists of four members JARID1A-D, all of which are multi-domain
proteins known to demethylate a H3K4me3/me2 substrate [56]-[59]. This particular
histone mark is a hallmark of active gene transcription, making KDM5 enzymes
transcriptional co-repressors [14]. Members of the KDM5 family participate in chromatin
complexes important in establishing repressive marks in chromatin- for example JARID1A
can transiently associate with the PRC2 (Polycomb repressive complex 2), or JARID1C is
found in complex with HDAC1/2/REST and the H3K9 methyltransferase G9a [14]. Recent
reports on the roles of the KDM5 family members in biology and disease paint an
increasingly complex picture: for example, JARID1A can promote cellular differentiation
through interaction with retinoblastoma protein (Rb), a master regulator of cell cycle and
differentiation [60], in stem cell biology JARID1A is shown to interact with HOX genes
during development [56], and is also found to influence the circadian clock [61]. In cancer,
JARID1A is involved in paediatric acute megakaryoblastic leukaemia through a
NUP98/JARID1A gene fusion [62]. Interestingly, the emergence of drug-tolerant
subpopulations of cancer cells was linked to a specific chromatin state generated by the
JARID1A demethylase activity [63]. JARID1B was shown to block differentiation in
embryonic and hematopoietic stem cells, however JARID1B was also shown to be
dispensable for embryonic stem cell maintenance in a separate study and essential for
neural differentiation [14], [64]. JARID1B is specifically up-regulated in melanoma and
breast cancer, thereby suppressing tumour development and angiogenesis for example in
breast cancer cells [14]. The JARID1C gene is located on the X-chromosome and
implicated in X-linked intellectual disability (XLID) through mutations, whereas JARID1D
is found on the Y-chromosome in a genomic region previously linked to spermatogenesis
[14]. JARID1C is expressed in brain tissue and polymorphic variants are linked to autism
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spectrum disorders, implicating an important role in normal brain development and
function [14]. Manipulation of JARID1C expression levels was shown to alter gene
expression profiles and to suppress tumour growth by interaction with the von Hippel-
Lindau protein [65]. JARID1D regulates the process of spermatogenesis through
interaction with the MSH5 meiosis-regulatory protein and deletions of the JARID1D gene

have been discovered in prostate cancer [66], [67].

The KDM6 subfamily

The KDM6 family of 20G oxygenases contains three histone H3K27me3 demethylases:
whereas JMJD3 is found on chromosome 17, UTX is located on chromosome X, and UTY
is located on chromosome Y [14], [68]. UTY is less well characterised but implicated in
embryonic development through male-specific H3K27me3 demethylation [69]. IMJD3 is
important in developmental biology, due to the significance of the H3K27me3 mark for
Polycomb mediated repression of developmental genes [70], for example JMJD3 enables
expression of genes in the Wnt and Nodal pathways which are crucial for development
[14]. Knockdown of JMJD3 is known to impact development of the blastocyst, endoderm
and mesoderm structures through inhibition of H3K27me3 demethylation [71]. IMJD3
plays an important role in cellular differentiation and induced pluripotent stem cell (iPS)
biology. JMJD3 is involved in body and limb morphogenesis at later stage of embryo
development, in mouse embryonic fibroblasts (MEFs) overexpression of JIMJD3 inhibited
iPS formation during iPS reprogramming, whereas silencing of JIMJD3 enhanced it [72].
In osteoblast development, for example, knockdown of JMJD3 reduced mesenchymal
stem cell differentiation to osteoblasts [50]. JIMJD3 is also involved in control of osteoclast
development via regulation of the NFATcl transcription factor whose expression is
dependent on the H3K27me3 level in its promoter region [73]. In neural cells, IMID3 was
shown to regulate key genes involved in neural differentiation and commitment [74], [75].
A IJMJID3 knockout was found to be lethal in mice at the perinatal stage and shown to be
important for maintenance of an embryonic respiratory neuronal network [74]. Expression
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of IMJD3 in LPS-stimulated macrophages was found to be regulated through the NF-kB
pathway, leading to the discovery of important roles of KDM6 enzymes in inflammation
[76]. In macrophages, H3K27 demethylation mediated by JMJD3 was inhibited by the
KDMB6 inhibitor GSK-J1 regulating the TNF promoter and TNF-alpha levels [77]. In T-cells
JMJD3 influences expression of HPK1/MAP4K1, a kinase negatively regulating immune
response, and is also involved in T-helper cell lineage commitment [78]. Overexpression
of JIMJD3 was demonstrated to suppress the T-cell response via HPK1 upregulation,
making it a possible drug target for treatment of systemic lupus erythematosus, an
autoimmune disorder [78]. Recently IMJD3 and UTX have been shown to be crucial in
differentiation of T-cells through their H3K27 demethylase activity [79]. Both IMJD3 and
UTX have been found to be up-regulated during wound healing [80], [81]. A wealth of
biological studies also points to the importance of KDM6 proteins in cancer development.
Depending on the cellular context IMJD3 can have suppressive or pro-proliferative effects.
For example overexpression of JMJD3 is associated with increased proliferation and
regulation of anti-apoptotic genes [82], [83], but in cells with oncogenic stress JMJD3
activated by RAS/RAF signalling pathway causes p53-dependent cell cycle arrest [84]-
[86]. Interestingly, UTX is found mutated in patients with Kabuki syndrome, a rare
intellectual disability syndrome [87]. Mutations and deletions of UTX have been identified
through genome-wide analyses in human cancers including leukaemias as well as
bladder, prostate, breast and renal cancer [88]-[91]. UTX is also identified as gender-
specific tumour suppressor in T-cell acute lymphoblastic leukaemia (T-ALL) [92], [93] and

as tumour suppressor of human breast cancer [94], [95].

The KDM7 subfamily

The KDM7 family comprises three members: KIAA1718, PHF8 and PHF2, enzymes which
are related to the KDM2 family members. In addition to the catalytically active JmjC
domain, KDM7 enzymes have an N-terminal plant homeodomain (PHD). Members of this
subfamily were shown to demethylate H3K9mel/2, H3K27mel/2 or H4K20mel
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substrates [96]. The C-terminal region is composed of coiled-coiled domains, containing
phosphorylation and nuclear localisation sites, and has been shown to enable association
with RNA polymerase, with transcription factors such as the retinoic acid receptor and
likely with cell cycle regulators such as E2F1 [96]. KDM7 enzymes are involved in the
regulation of a pro-inflammatory response via demethylation of H4K20me3. They also play
a developmental role, for example by regulating neural differentiation through FGF4 [97],
[98]. In cancer biology, PHF8 is regulating the retinoic acid response in acute
promyelocytic leukaemia [99], and PHF2 has been implicated in development of breast
cancer [100]. Mutations in PHF8 have been determined as causative in the development

of X-linked mental retardation called Hamel-Siderius syndrome [101], [102].

Other related JmjC- type hydroxylases and demethylases

This functionally diverse group of JmjC- type oxygenases encompasses very well studied
members such as factor inhibiting HIF (FIH), and poorly characterised proteins such as
JMJID8 or JMJD4 [14]. FIH is an asparagine hydroxylase which catalyses Asp®3
hydroxylation in the C-terminal transactivation domain of the HIF1a transcription factor
which undergoes proteolytic regulation by ubiquitin ligase via von Hippel-Lindau tumour
suppressor (pVHL) recognition [103]. HIF1a proteins regulate the transcriptional response
to hypoxia involving genes responsible for metabolic adaptation to low O, hypoxia
tolerance, redox and pH homeostasis, and others [104]. The activity of HIF1a is regulated
in normoxic conditions by prolyl hydroxylases PHD1 and PHD2 in tandem with FIH, which
continuously inactivate and degrade HIF1a. Prolyl hydroxylation of HIF1a leads to its
higher affinity for pVHL and asparaginyl hydroxylation of HIF1a blocks the p300 co-
activator resulting in reduced activity of HIF1a. In hypoxic conditions PHD enzymes
become less active leading to accumulation of HIF1a, which however continues to be
hydroxylated by FIH. In severe hypoxia even FIH enzymes are inactive and HIFa remains
unmodified [103] which results in high levels of HIF1a transcription factor. It is important
to note that hydroxylation is an irreversible process in this context, and only rapid re-
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synthesis of HIFla allows for the inactive HIFla subunits to be replaced [103].
Interestingly FIH-null mice display significant metabolic changes such as resistance to
high fat diet, reduced weight and increased metabolic rate, but no increased hypoxia
responses [105]. Since this initial discovery the list of substrates of FIH has increased
significantly and now includes hydroxylation of asparagine and aspartate in ankyrin repeat
domains (ARDS) in proteins such as NF-kB or Notch, and hydroxylation of Asp?*? within
the cytoplasmic ARD domain of transient receptor potential vanilloid 3 (TRPV3) ion
channel [106][107]. The activity of TRPV3 ion channel was found to be inhibited by FIH
activity and to be dependent on hypoxia [107]. The enzymatic amino acid hydroxylation
activity of FIH appears to be widespread and the list of substrates is likely to grow further.
In non-small-cell lung cancer overexpression of FIH and PHD hydroxylases is linked to
poor prognosis [108], whereas in clear cell renal cell carcinoma it is low nuclear expression
that is linked to poor prognosis [109]. FIH is also expressed in invasive breast carcinomas,
and inhibition of FIH in clear cell renal cell carcinoma decreases cell expansion and
increases apoptosis via HIF1a mediated responses [110]. FIH is inhibited by an
oncoprotein expressed in hepatocellular carcinomas called gankyrin, resulting in

hemangioma caused by increased HIF1a and VEGF expression [111].

JMJID4 shows approximately 30% sequence similarity to JMJD6, but as in the case of
JMJD7 its catalytic activity has not yet been reported in literature. JIMID5 was classified
as a H3K36me2 demethylase [112], although the activity needs to be confirmed in further
studies. It is postulated that JMJD5 regulates the cell cycle through demethylation
mediated inhibition of HDAC recruitment and inhibition of the cyclin Al locus [112]. In
addition to its demethylase activity, JMJD5 was shown to hydroxylate transcriptional
regulators, such as NFATc1, and control its proteolytic degradation through promotion of
E3-ligase association [113]. The circadian clock of cells with IMJD5 deficiency have a
shorter period as demonstrated both in mammalian cultures and Arabidopsis plants [114].

The function of JMJD5 in cancer appears to be related to the activity of the tumour

30



suppressor p53. JIMID5 was shown to form a complex with p53 negatively regulating its
activity, and conversely regulating cell cycle progression and proliferation [115].
Overexpression of JIMJID5 was reported in leukaemia and breast cancer, where knockout
studies in MCF7 breast cancer cell lines showed reduced proliferation [112]. Ablation of
the JIMJD5 gene in mice results in severe growth retardation and embryonic lethality [116],
[117]. The member JMJD6 was initially characterised as phospatidyl serine receptor and
as a methyl arginine demethylase, functions which have been disputed in the literature
[14]. Controversies on the functional assignments of JMJD6 are summarised in a recent
review [24]. IMJID6 catalyses hydroxylation of lysyl residues on their carbon side chains
of arginine-serine rich regions present in, for example, splicing factors [118], [119] and
JMJID6 was also suggested to modify single-stranded RNA [120]. JMJD6 is essential
during embryogenesis for normal development of tissues such as brain, eyes, heart, lung,
kidney, liver and intestine as demonstrated in JMJD6 knockout mice which died before
birth [24]. Overexpression in breast cancer and lung carcinoma has been linked to poor
prognosis [121], [122]. JMJD8 is another poorly studied JmjC- type oxygenase with
unknown enzymatic function. In cancer, cell invasion was inhibited by 80% in JMJD8
siRNA knockdown in squamous cell carcinoma SCC23/MET cells [123]. HSPBAPL1 is a
JmjC- oxygenase with unclear enzymatic function expressed in thymus and pancreas, and
shown to inhibit the function of heat shock protein hsp27. Hsp27 was found to be
neuroprotective in animal models of peripheral nerve injury and motor neuron disease [14].
Interestingly HSPBAP was also significantly expressed in the temporal neocortex of
patients with intractable epilepsy [124]. TYW5 is a tRNA hydroxylase with unknown

biological function [125].

MINAS53 is localised to the nucleus and nucleolus [126], and closely linked to expression
of the transcription factor c-Myc [127]. The expression of MINAS53 follows expression of c-
Myc in human leukaemia cells, and siRNA methods that specifically inhibit expression of

MINAS3 results in severe suppression of cell proliferation [127]. A series of papers

31



confirmed MINAS3 effects on cell differentiation in various cancers, and its overexpression
appears to be linked to oncogenesis [128]-[132]. MINA53 has been especially well
characterised in lung cancer making the protein a possible biomarker and potential drug
target for the disease [131], [132]. The role of MINA53 was also explored in non-neoplastic
tissues where the expression was found to be induced by silica particles [132]. This
suggested a key regulatory role for MINA53 in the immune system e.g. in the allergen
induced inflammatory response [133], and importantly in differentiation of pro-
inflammatory TH17 cells [134]. Taken together these studies conclude that MINA53 is an
important regulator in inflammation and oncology. However, the underlying molecular
mechanism both in oncology and the immune system remains enigmatic. Initially it was
reported that MINA53 could demethylate H3K9me3 in vivo [135], but this activity has been
controversial and no demethylase activity has been detected in vitro neither by us or
others, e.g. Ge et al. [30] and Wang et al. [136]. Recently MINA53 has been shown to
catalyse histidyl hydroxylation of ribosomal protein L27a in vitro and in vivo, suggesting a
function in ribosomal biogenesis [30]. Thus the mechanistic link between protein
hydroxylation and the cellular phenotypes reported upon deletion or overexpression of

MINAS3 awaits clarification.

The closely related oxygenase NOG66 (also known as nucleolar protein 66 (NO66) or Myc-
associated protein with JmjC domain (MAPJD)) has significant sequence homology to
MINA53 (34% sequence identity) and the protein structure is highly conserved throughout
evolution [137]. NOG66 is localised in the granular part of nucleoli, nucleoplasm and
nucleoplasmic foci [153], and was first identified and characterised in 2004 by Eilbracht et
al. in purified nucleoli from Xenopus laevis oocytes [153]. NO66 has been shown to
regulate osteoblast differentiation and bone formation by inhibiting Osterix (Osx) [154], a
key transcription factor essential at later stages of bone development. Accordingly, Osx-
null mice have a normal cartilage development, but lack bone formation. Conversely,

knockdown of NOG66 in differentiating osteoblasts derived from mesenchymal stem cells
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causes accelerated differentiation and mineralisation of osteoblasts [154]. Further studies
in mouse model confirmed the effect of NO66 modulation on bone development in-vivo
[138], [139]. Prx1-Cre-dependent mesenchymal deletion of NO66 in mice promotes bone
formation by increasing the number of pre-osteoblasts and osteoblasts [155]. Conversely,
overexpression of NO66 in mice driven by the Prx1 promoter inhibited skeletal growth and
bone formation and reduced the H3K36me3 in bones by ~50% [140]. In neoplastic tissues,
NOG66 is found to be over-expressed in non-small cell lung cancer [142]. Taken together
these studies conclude that NO66 has an important role in bone formation and constitutes
a potential drug target. During mouse embryonic stem cell differentiation NO66 is recruited
by PHF19, a component of polycomb repressive complex PRC2, to stem cell genes
resulting in loss of H3K36me3, transcriptional silencing and PRC-2- dependent
methylation of H3K27 [156]. Although NO66 has been reported to demethylate lysine
residues H3K4me3/mel and H3K36me3/me2 in vivo [154], this activity has (similar to
MINA53) been controversial since several groups have reported lack of demethylase
activity in vitro. NO66 was recently shown to catalyse histidinyl hydroxylation of the

ribosomal L8 protein [30], implicating a role in ribosome biogenesis.

1.4. Structural studies of 2-oxoglutarate- and iron- dependent

oxygenases

The catalytic domain of JmjC-type oxygenases contains a highly conserved double-
stranded B-helix (DSBH) fold with eight B-strands, also referred to as cupin, ‘jelly-roll’ or
‘beta barrel’ fold [140]. Additional structural elements are frequently found in the DSBH
fold including additional C-terminal helices, p-strands, as in NO66, or ‘inserts’ of up to 400
amino acids between the fourth and fifth B-strands as depicted in Figure 2 [140], [141].
Crystallographic studies reveal the Fe?* binding site is found at the more open end of the
DSBH ‘barrel’ and the B-strands 1,1l and surrounding loops frequently involved in peptide

binding [141].
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A N-terminus

JARID1B
C
N-terminus

Ni2+

2,4-PDCA

N-terminus

JMJID2A PDB 20Q6 NOG66 PDB: 4DIQ

Figure 2. A. Catalytic JmjC domain of JARID1B (Glu453-Arg619) in complex with cosubstrate 20G and
cofactor Fe?* substituted by Mn?* (unpublished) displays the conserved DSBH fold (magenta). Roman
numerals denote conserved beta-strands present in the DSBH fold [141]. A typical insert between beta
strands IV and V is displayed cyan. The C-terminal alpha helix is coloured in orange and the N-terminal
loop in green. B. The JmjC domain in JMJD2A PDB ID: 20Q6 (Glu142-Cys308) with NOG bound and C. NO66
PDB ID: 4DIQ (Asn260-Arg425) in complex with 2,4-PDCA. NO66 contains two additional B-strands
depicted in green.
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20G oxygenases are commonly present in monomeric form or as dimers, although higher
oligomerisation states are observed, for example with NO66 which exists as tetramer in
solution, and the oligomerisation is required for catalytic activity [140], [142]. Many of the
Jumonji-type demethylases contain other conserved domains such as plant homeodomain
(PHD), Tudor, AT-rich interaction domain (ARID) or a CxxC zinc finger motif. In many
cases substrate selectivity is achieved mostly through the JmjC domain or is mediated via
additional domains where an interesting example is PHF8, which contains both JmjC
domain and PHD domains (Table 2). The PHD domain binds to tri-methylated lysine-4 in
histone H3 substantially increasing the demethylation activity of PHF8 towards di-
methylated lysine-9 on histone H3 [143]. Table 2 presents the overview of structural

domains present in Jumoniji-type demethylases and hydroxylases.
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Table 2. Domain organisation of JmjC- type oxygenases and hydroxylases adapted from [14].
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In crystal structures determined in a cosubstrate-free state, the ferrous iron is coordinated
by two to three water molecules, two histidine residues and depending on the specific
enzyme either a Glu or Asp residue, which are present in the conserved HXE/DxH motif
[140], [141] (Figure 3). The 20G cosubstrate binds in a bidentate manner chelating the
metal with the C1 carboxylic acid oxygen and the 2-oxo group, whereas the C5 carboxylic
acid is stabilised by electrostatic interactions with basic residues such as Arg/Lys and/or
through hydrogen bond interactions with Tyr/Thr/Ser residues [14]. A typical 20G binding

is shown in the structure of JARID1B in Figure 3.

Asn509

Thr581

Glu50

His587

Asn591
Phe496

His499

Figure 3. Catalytic active site of JARID1B showing typical 20G binding to Fe?* coordinated by two histidine
residues and glutamic acid.

The substrates of JmjC- type enzymes range from ribosomal proteins, tRNA, transcription
factors to histone tails and their binding varies considerably between the enzymes as
determined by multiple crystallographic studies with the peptide substrates [136], [137],
[144]. The peptide binding has been especially well characterised in case of lysine
demethylases such as JMJD2A where crystal structures of tri- and di- and mono-
methylation states of lysine 9 and lysine 36 of histone H3 are available [144]. The tri-
methylated lysine in the peptide substrate (PDB ID: 20Q6) fits tightly in the binding site

with the tri-methyl amino group positioned directly towards the active site metal as
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presented in Figure 4 [144]. The structural studies reveal that many of the histone
demethylases or ribosomal hydroxylases such as NO66 or MINA53 may have in fact other

protein substrates that await identification [30], [136].

Figure 4. The H3K9me3 peptide substrate binding site in JMJD2A PDB ID: 20Q6. The H3K9me3 histone
peptide substrate is shown as green sticks, NOG as yellow sticks and Ni?* replacing the Fe?* cofactor as
brown sphere.

1.5. Catalytic mechanism of 2-oxoglutarate- and iron-

dependent oxygenases

The general mechanism of hydroxylation by 2-oxoglutarate- and iron- dependent
oxygenases is shown in Figure 5. The 2-oxoglutarate cosubstrate binds to the metal in a

bidentate manner via its C1 carboxylate and ketone oxygen displacing two metal-ligated
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water molecules (2) (Figure 5). The primary substrate then binds to the active site,
weakening the binding of the remaining water molecule coordinated to the metal and
triggering the further reaction (3). Oxygen then binds to Fe (Il) reacting with 2-oxoglutarate
in an oxidative decarboxylation process generating CO2, succinate and a highly reactive
oxo-ferryl intermediate, which in turn hydroxylates the substrate (4-7) [109]. A methyl-
lysine demethylation reaction happens via methyl group hydroxylation generating an
unstable hemiaminal intermediate, which fragments into formaldehyde and a lysine side-
chain reduced by a methyl group [110]. This mechanism allows demethylation of all three

(me3, me2 and mel) methylation states found in methylated lysine residues.
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Figure 5. Proposed catalytic mechanism for substrate hydroxylation by 2-oxoglutarate- and ferrous iron-
dependent oxygenases [145]. The Fe?* ion is coordinated by the conserved HxE/DxH motif. Steps of
hydroxylation are described in the main text. Step 7 shows hydroxylated substrate prior to release and
reaction by-product succinate bound to the Fe?* ion.
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1.6. Inhibitors of JImjC-type lysine demethylases and

hydroxylases

Analysis of crystal structures of human JmjC-type oxygenases highlights a highly
conserved 20G and Fe(ll) binding site, however it also points to sub-family specific
differences around the substrate binding site and to a lesser extent within the 20G pocket
itself [146]. The catalytic activity of 20G oxygenases depend on the presence of the
cosubstrates 20G and oxygen, cofactor Fe?*, accessibility of the substrate and is often
stimulated by ascorbate and other reducing agents [147]. Multiple approaches of inhibition
have been successfully demonstrated including mimicking the peptide substrate or the
cosubstrate 20G [9, 10][149]. Many of the 20G oxygenases are multi-domain proteins,
which in turn allows for indirect activity modulation, such as inhibition of IMJD2A catalytic
activity by ejection of structural Zn in the accessory zinc binding site [150]. The status of
inhibition studies is briefly summarised below, as in reviews [28], [146] and [148] which

provide a comprehensive description on inhibition studies of 20G oxygenases.

Inhibition by natural products

20G oxygenases are inhibited by several natural products including flavonoids (e.g.
guercetin) and various catechols (such as: 3,4-dihydrobenzoic acid, epinephrine, gallic
acid and catechol) [148]. These compounds may inhibit 20G oxygenases by sequestering
iron in solution, removing iron from the active site or by binding the iron competitively with
the cosubstrate 20G or the substrate. Many of the flavonoids, such as quercetin are known
to be “non-specific” inhibitors [151] for other enzyme classes including oxidoreductases.
At present there are no reported crystal structures with either catechols or flavonoids with

JmjC-type demethylases.
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Inhibition by metal ions

20G oxygenases are inhibited by divalent transition metal ions, with Mn2*, Ni?*, Co?*, Cu?*
and Zn?" identified as the most potent inhibitors [148]. The mode of inhibition can be simply
competition with Fe?* for the binding site, or degradation of the supplementary cofactor

ascorbate as in the case of Ni?* and Co?* [152].

Inhibition by TCA cycle intermediates and related metabolites

Tricarboxylic acid (TCA) cycle intermediates and metabolites thereof are known to inhibit
20G oxygenases [146], [148] due to their structural similarity with 20G [153]. The fact that
oxygenases are regulated by citric acid cycle intermediates positions them on an
interesting interface of nutrient availability and metabolism [153]. Nutrient balance can be
altered by point mutations to enzymes involved in the TCA cycle. This is of particular
biological relevance, since many cancers exhibit mutations impairing the activity of TCA
cycle enzymes such as succinate dehydrogenase, fumarate hydratase and isocitrate
dehydrogenase [148]. For example, gain of function point mutations in isocitrate
dehydrogenase are frequently found in cancers [154] and divert the enzyme activity from
native oxidation of the isocitrate substrate to the 20G product to produce the
‘oncometabolite’ 2-(R)-2-hydroxyglutarate (D-2HG). 2HG is a chiral molecule with two
enantiomers D and L. The L(S)-2-hydroxyglutarate (L-2HG) isomer is produced by
reduction of 20G by malate dehydrogenase and both enantiomers were found to inhibit
oxygenases including enzymes in the TET family of 5-methylcytosine hydroxylases which
also belong to the wider family of 20G oxygenases [155], [156]. Interestingly L-2HG is
produced under hypoxia were it was found to increase the levels of histone methylation,
in line with its inhibitory activity on human oxygenases [157], [158]. The growing body of
evidence suggests a role of TCA cycle intermediates and oncometabolites D- and L-2HG

in regulation of metabolism in hypoxia partially through inhibition of oxygenases [159].
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Towards therapeutic inhibitors

The generic inhibitor templates for 20G oxygenases include 20G mimetics such as N-
oxalyl amino acids, where N-oxalylglycine (NOG) has been shown to be a pan-oxygenase
inhibitor. Likewise pyridinedicarboxylates, such as 2,4-pyridinedicarboxylate (2,4-PDCA)
(Figure 6) demonstrate a widespread inhibition pattern across the 20G oxygenases [148]
[160].

As mentioned, N-oxalylglycine, is a broad spectrum inhibitor of 20G- and iron- dependent
oxygenases with an ICs in the low micromolar range (Figure 6). It was first described as
a prolyl hydroxylase (PHD) inhibitor and since then proven to inhibit the majority of
demethylases [160], [161]. 2, 4-pyridine dicarboxylic acid (2,4-PDCA), a more rigid 20G
analogue, is another broad spectrum inhibitor of 20G oxygenases. It was also identified
as an inhibitor of prolyl-4-hydroxylases [160], is a 20G competitive inhibitor, which binds
to the metal through the pyridine nitrogen and carboxylic acid oxygen as demonstrated
through multiple crystal structures [160]. Both NOG and 2,4-PDCA, although potent in in
vitro assays contain more than one highly polar carboxylic acid moieties which reduce
their cellular permeability [151]. Indeed cell permeable methyl-ester pro-drug derivatives
of 2,4-PDCA and NOG — namely dimethyl-2,4-PDCA and dimethyloxalylglycine (DMOG)
were used as tools to observe inhibition of demethylation ex vivo [151]. Screening of a set
of 20G analogues identified daminozide as a potent inhibitor of the KDM2 (FBXL11 ICs
of 1.5 uM) and KDM7 (PHF8 ICsy of 0.55 uM) families (Figure 6). Daminozide is a
herbicide, the use of which is now discontinued in agriculture due to possible carcinogenic
effects [148]. Daminozide chelates the active site metal through the dimethylamino
nitrogen and the C-4 carbonyl group as identified in crystal structure complexes (PDB
ID:4DO0 in complex with PHF8, PDB ID:4AI8 in complex with FIH and PDB ID:4AlI9 in

complex with IMJD2A) [146].
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Typical inhibitors of human lysine demethylases
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Figure 6. Representative selection of histone lysine demethylase inhibitors, not including natural
products and peptide mimetics. The catalytic iron is depicted whenever a crystal structure of the complex
was available. For the remaining compounds a dotted ellipse shows the expected metal binding motif.
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Hydroxamic acids

Early studies observed inhibition of 20G oxygenases by hydroxamic acids, with SAHA (a
nM inhibitor for histone deacetylases) displaying 10-20 uM ICso for IMID2E (Figure 6)
[160]. Hydroxamic acids are known to be good metal chelating groups and indeed design
of inhibitors containing the hydroxamic acid motif has been carried out as in the case of
methylstat (Figure 6). Methylstat was developed with a strategy of mimicking both the
cosubstrate 20G and the peptide, by carbon-linking the carboxyhydroxamic metal binding
scaffold with a protonated lysine mimetic [162]. It was demonstrated that methylstat
inhibits IMJD2A/C/E with low micromolar ICso, and shows some degree of selectivity with
30-50 uM ICsp values for PHD1-3 and 22 uM inhibition of FIH, without inhibiting LSD1 and
HDACSs [162]. In order to achieve optimal cellular activity an ester prodrug strategy was
adopted for methylstat. Another interesting example of the hydroxamic acid based scaffold
is compound 8 (Figure 6) resulting in inhibitors of JIMJD2A/C with low micromolar 1Cso

values [163].

Hydroxyquinolines

The hydroxyquinoline scaffold was first identified as a hit from a high throughput screen of
230,000 compounds against JIMJD2E [151]. Subsequently 5-carboxy-8-hydroxyquinoline
(I0X-1) was identified as a broad-spectrum 20G oxygenase inhibitor shown to inhibit
activity of other demethylases with in vitro ICso ranging from sub-micromolar
(JMJD2A/C/D/E, JMJID1A, JMJID3) to low micromolar concentrations (UTX, KDM2A,
PHF8, JARID1B, FIH and PHD?2) (Figure 6) [161]. Further studies have shown that I0X-1
has a cellular ECso of 80-100 puM, which can be further optimised with its n-octyl ester form
to show inhibition of demethylation with low micromolar ECs in cells [164]. IOX-1 chelates
the active site metal through its pyridine nitrogen and phenolic hydroxyl groups in a
bidentate manner, as observed in crystal complexes (JMJD3 PDB ID:2XXZ, FIH PDB

ID:30D4, 4BIO) [161]. Interestingly, IO0X-1 induced a metal movement observed by
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comparison to crystal structures without I0X-1 [161], suggesting a certain flexibility in the

metal binding location.

ML324, a cell-permeable 6-substituted quinolin-8-ol, inhibits IMID2E with an ICso of 920
nM and also shows potent anti-viral activity against herpes simplex virus and human
cytomegalovirus via inhibition of viral gene expression (Figure 6) [165]. This suggests the
potential of epigenetic therapies for treatment of infectious diseases. SD70, another
hydroxyquinoline derivative, was initially discovered as an inhibitor of dihydrotestosterone
(DHT)-induced androgen receptor-mediated gene translocation in prostate cancer (Figure
6) [166]. IMID2C was confirmed as its target through Chem-seq, a method to determine
compound targets within chromatin. In Chem-seq cells are treated with biotinylated
compound, which binds target chromatin interacting protein, the complex is then cross-
linked to the DNA by treatment with formaldehyde, followed by the compound capture with
streptavidin beads; elution and de-cross-linking isolates bound DNA fragments which are
then sequenced [166], [167]. In vitro demethylase assays for IMID2C show an ICs for
SD70 of approximately 30 uM [166] and 293T cells show increased H3K9me2 levels upon
treatment with SD70 [166]. SD70 inhibits prostate cancer growth in vitro (CWR22Rv1

cells) and tumour growth in vivo (CWR22Rv1 cell xenograft mouse model) [166].

Substituted pyridine-pyrimidine compounds

A variation of the pyridine-pyrimidine was used in the development of GSK-J1, which
initially was described as a H3K27me3/me2 selective demethylase chemical tool by
inhibiting the activities of JIMID3 and UTX (Figure 6) [77]. GSK-J1 inhibits IMJD3 with an
in vitro ICso value of 60 nM in the alpha screen assay [77]. GSK-J1 is often used in
conjunction with its inactive regioisomer form GSK-J2. Since the cellular permeability of
GSK-J1 is restricted by its polar carboxylic acid group, the pro-drug ethyl esters GSK-J4
and GSK-J5 (for the GSK-2 compound) have been developed [77]. GSK-J4 inhibits H3K27

demethylation in cells at concentrations of 1-10 uM [77] and it was also proven to be active
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in glioma xenografts at a dose of 100 mg/kg/day [168] [77]. Later studies on GSK-J1
selectivity in vitro showed that it inhibits JARID1B/A only 5-10-fold weaker than the
targeted JIMJID3 and UTX [169]. The cell-active form — GSK-J4 — was also shown to inhibit
JMJD3, JARID1B and JMJD2C in cells with similar ICs values [169]. Nevertheless GSK-

J1 remains one of the most selective demethylase inhibitors.

Substituted pyridine carboxylic acids

One of the most potent lysine demethylase inhibitors has been developed by
Epitherapeutics - EPT-103182 [28], [170]. EPT-103182 inhibits JARID1B in the low
nanomolar range with an I1Cso of 1.8 nM for H3K4me3 accumulation in U20S cells [28]. It
has also been shown to be 20-50-fold selective over the JMJD2 family and 3000-fold
selective over IMID3/UTX/UTY [28]. The in vitro activity of EPT-103182, the structure of
which has not yet been disclosed, translated to good in-vivo efficacy in multiple myeloma
xenografts [170]. The patent describing the Epitherapeutic series (Figure 6) [170] has been
explored by multiple academic groups and pharmaceutical companies leading to the
development of KDOAM25 which inhibits the JARID family of demethylases with an in vitro
ICso value in the nanomolar range [Dr A. Tumber, personal communication]. KDOAM25 is
an analogue of Epitherapeutics compound 47 presented in Figure 6, with a carboxamide

group replacing the carboxylic acid.

Substituted triazolopyridine compounds

Compound 35 is an FBXL11 inhibitor based on a substituted triazolopyridine scaffold with
reported in vitro potency ICso of 63 nM with excellent selectivity over members of JIMJD1,
JMJD2 families and JMJD3 (Figure 6). Cellular activity, although not reported, is expected
to require a pro-drug form due to the presence of a highly polar carboxylic acid moiety

[171].
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Pyridine hydrazine compounds

JIB-04 is a pyridine-hydrazine based compound which was initially identified in a cellular
screen of epigenetic modifiers and has shown a sub-micromolar inhibition for lysine
demethylases in in vitro assays (Figure 6) [172]. The in vitro activity of demethylases was
measured by an ELISA assay at 150 nM concentration of iron. In fact JIB-04 was
determined to be not competitive with 20G, but competitive with iron [172]. This was
independently verified in a RapidFire mass spectrometry activity assay with lysine
demethylases where compound inhibition was dependent on the concentration of active
iron [Dr A. Tumber, personal communication]. Interestingly JIB-04 has shown to inhibit
demethylase activity in cancer cells as well as in tumours in vivo, prolonging survival in

mice bearing 4T1 mammary tumours [172].

Benzisothiazole scaffold

The benzisothiazole based compound 2-4(4-Methylphenyl)-1,2-bezisothiazol-3(2H)-one
(PBIT) was identified as a JARID inhibitor through a high throughput screen of 15,134
compounds (Figure 7) [173]. The in vitro 1Csp value was reported to be 3 uM for IMID1B,
6 uM for JARID1A and 4.9 uM for JARID1C, with no

inhibition of UTY or JMJD3 [173]. HelLa cells

overexpressing JARID1B treated with PBIT show

2N 0=\ . o

increased level of H3K4me3, suggesting inhibition of

% % JARID1B enzymatic activity [173]. Interestingly,
PBIT treatment with 10 uM PBIT of human breast cancer

Isothiazolone

Figure 7. Structures of compound UACC-812, a cell line with high JARID1B expression,
containing the isothiazolone motif

identified as PAIN (left) and PBIT (right) nromoted apoptosis of the cells [173]. The same
are near identical.

treatment of MCF7 human breast cancer cells with low
JARID1B expression showed minimal toxicity [173]. Similar effects were observed by

downregulating JARID1B in these cell lines with shRNA [173]. A close analogue of PBIT,
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Ebselen, exhibits similar in vitro activity and was shown to inhibit JMJD2A activity by
ejection of the structural Zn [150], suggesting a possible mechanism of action for these
compounds. However, isothiazolones, the scaffold represented by PBIT, have been
reported to be Pan Assay Interference Compounds (PAINS), active largely through
unspecific covalent modifications to proteins [174]. PAINS are structural motifs which
frequently emerge as hits in biophysical assays, but their activity is largely attributed to an
unspecific assay interference type effect [175]. In light of these reports it is likely that the
reported activity of PBIT is not specific to demethylases, but much broader than previously

thought.

Diazepin-quinazoline-amine derivative

BIX-01294 (Figure 8) was identified in a high throughput

\/>:/< /
screen as H3K9 methyltransferase G9a inhibitor with in- = p
\N—/_/ HN —CN

E67

vivo activity [176]. BIX-01294 was also characterised as /
an active inhibitor of KIAA1718 with an in-vitro ICso of 16.5

\O
- . - N D/
1M and its close analogue E67 with an ICso of 3.7 uM with (\ 0 p
DY

no effect on activity of JARID1C [177]. The binding mode

_ BIX-01294
of compound E67 was confirmed by a crystal structure Figure 8. Compound BIX-01294
. ) identified as histone
with KIAA1718 (PDB ID: 3KV4). methyltransferase inhibitor and

its analogue E67.

Crystal structures of inhibitor complexes

The family of JmjC-containing oxygenases is well described by X-ray and NMR structural
studies, thanks to the efforts of multiple scientific groups over the last 10 years, however
the number of deposited ligand complexes remains relatively low. At the date of thesis

writing (July 2015), the Protein Data Bank (PDB, http://www.rcsb.org/) [178] contains 68
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high resolution X-ray crystal structures of the human JmjC domain proteins®. In terms of
ligands, it can be deduced from these 68 structures that there are 19 small molecule
binders present when excluding solvent molecules, cryoprotectants and crystallisation
condition ligands. Within the set of 19 small molecule ligands, 9 represent 20G,
daminozide and 2,4-PDCA, TCA cycle intermediates (succinate, L and D 2HG), N-oxalyl
amino acids (N-oxalylglycine (NOG), N-oxalylcysteine and N-oxyalyl-D-tyrosine), two
‘fragment like’ compounds (5,6-dimethylbenzimidazole and O-toluenesulfonamide) and
the remaining 8 are published inhibitors of JmjC demethylases including
hydroxyquinolines, GSK-J1, triazolopyridine, bipyridyls, the Epitherapeutic compound 47

and inhibitor of KIAA1718 compound BIX-01294.

The above review suggests that novel chemical scaffolds and/or structural information are
needed to accelerate the development of more potent and selective chemical tools for the
family of JmjC-type oxygenases, especially with the view to validate several members for

therapeutic candidate development.
1.7. Aim of the thesis

We first aim to characterise the family of JmjC-type oxygenases with a library of fragments
in activity assays and X-ray crystallography in order to identify novel hit matter for further
chemical optimisation. Secondly we aim to establish a platform for drug discovery for two
poorly characterised ribosomal oxygenases, NO66 and MINA53, consisting of activity
assays and X-ray crystallography, and to identify small molecule inhibitors of the proteins.
Thirdly, by using combined activity profiling and X-ray structural data collection, we attempt
development of active inhibitor molecules for members of the human JmjC-type

oxygenases.

1 Query was performed on the 28™ of July 2015 in the PDB website
(http://lwww.rcsb.org/pdb/home/home.do) with PFAM (http://pfam.xfam.org/) accession code
PF02373, which represents family of proteins containing JmjC domain.
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2. ldentification and characterisation of inhibitor lead
compounds using activity fragment screening and X-ray

crystallography

2.1. Introduction

In order to identify novel starting points for inhibition of JmjC-type oxygenases we utilised
a fragment-based drug discovery strategy, a method that is increasingly popular in the
development of novel lead compounds [179]. The principle of the technique relies on the
premise that fragments, with a molecular weight typically less than 300 Da, explore the
chemical space more efficiently than libraries found in conventional high-throughput
screens (HTS) [180]. Structural information derived from these diverse sets of small
molecules can be combined to produce more potent inhibitors of the target. The chemical
optimisation of identified hits is usually done through fragment linking or fragment building

strategies, with the latter proving more successful [181].

There are more than a dozen successful fragment-based campaigns leading to clinical
molecules to date [179], with the first molecule originating from a fragment based screen
(PLX4032; vemurafenib) and being approved by the FDA in 2011 for the treatment of
patients with unresectable or metastatic melanoma with the BRAFY%%€ mutation [182],
[183]. The development of PLX4032 started with an initial screen of 20,000 compounds
using an AlphaScreen based activity assay and resulted in a set of 238 hits of which 100
were co-crystallised leading to the identification of the 3-aminophenyl-7-azaindole scaffold
bound to the ATP-binding site of the BRAF kinase domain. Creation of the final compound
PLX4032 was achieved through iterative cycles of co-crystal structures with follow-up
compounds (Figure 9). Other molecules derived from fragment-based projects in clinical

trials are described in the recent review by Murray et al. [179].
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Figure 9. Structures of compounds leading to development of PLX4720.

From the multiple techniques developed to identify weakly binding fragment hits, nuclear
magnetic resonance (NMR) methods developed at Abbott Laboratories [184] and X-ray
crystallography were applied first [185]. More recently surface plasmon resonance (SPR),
differential scanning fluorimetry (DSF), isothermal titration calorimetry (ITC) or functional
screening have also been used [186]. X-ray fragment screening is often considered a low-
throughput and resource-intensive method, however recent technological developments
including robot assisted crystal mounting, fast detectors and automated data processing

alleviate those hurdles [187].

In this work we first screened fragments for inhibition with several subfamilies of human
JmjC-type oxygenases in order to identify novel inhibitor classes and prioritise fragments
for X-ray crystallography. Once the structures of hits were identified we have determined
the ICsp values for the compounds in order to progress hits for further lead development.
We have used two libraries: a subset of the 3D fragment library (182 fragments) from the
3D Fragment Consortium [188] and a subset of the Maybridge Rule of 3 (Ro3) Fragment
Library (581 fragments) [189]. The 3D fragment library was developed to enhance the 3D
characteristics of the compounds increasing the diversity of the set [188] whereas the
focus of the Maybridge Ro3 Fragment Library was in compliance with the ‘Rule of 3’ for
fragments [190]. ‘Rule of 3’ was defined by retrospective analysis of fragment hits on a
range of targets at Astex Pharmaceuticals where the hits obeyed chemical constraints:
molecular weight of <300 Da, number of hydrogen bond donors < 3 and number of

hydrogen bond acceptors <3 and ClogP <3.
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2.2. JmjC family fragment inhibition screening

We screened the Maybridge library and the 3D fragment library in an AlphaScreen
activity assay with representatives of KDM2-6 demethylases (FBXL11, JMJDI1B,

JARID1B, JMJD2A/D, JMJD3) at a concentration of 250 uM. AlphaScreen technology

[191] relies on detection of the product methylation state by an antibody through
chemiluminescence. For the ribosomal hydroxylases (NO66 and MINA53) we utilised the
RapidFire mass spectrometry assay at a concentration of 250 uM for the 3D fragment
library and 100 uM for the Maybridge library. Lower concentration of 100 uM was chosen
for the Maybridge library in order to avoid detector saturation observed with some
fragments from the 3D fragment set screened at 250 uM concentration. Compounds in

both fragment libraries were solubilised in DMSO.

2.2.1. 3D fragment library

The heatmap displaying the results of the activity profiling of the 3D fragment screen is

shown in Figure 10.
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Figure 10. Heatmap of activity screen with JmjC-type enzymes against compounds in the 3D fragment
library screened at concentration of 250 uM, n=1. Inhibition is coloured from red: 100% to green: -50%.
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RapidFire screening with MINA53 and NO66 (see 3.4 for assay development) resulted in
a visibly lower hit rate of 1.1% for both enzymes in comparison to hit rates in the
AlphaScreen assay of 9.3-19.8% for KDM2-6 enzymes (Table 3). In order to eliminate
assay interference compounds in the AlphaScreen-based assay we have used a counter
screen with a H3K9me2 peptide which is the product of the activity of JIMIJD2A and
JMJD2D. This strategy allowed the successful elimination of false-positive hits which non-
specifically interfere in the counter screen assay. Based on the results of the counter

screen false positives constituted 13-24% of the identified hits (Table 3).

3D Fragment Library Activity Assay (% inhibition)

RapidFire
(250 M) AlphaScreen (250 uM)
m N
3 ¢ 3 37 8 § § 8 g&g
= 2 @ = o S = = v 35
- Law] — Law] T ©

Absolute Hit Rate

Hit number 2 2 23 36 13 17 21 24 8*
% Hit rate 1.1% 1.1% 126% 198% 7.1% 93%  11.5% 13.2% 4.1%*
Number of False Positives

False
positives ) ) 3 5 3 4 5 5 67
(% of false (13.0%) (13.9%) (23.1%) (23.5%) (23.8%) (20.8%)

positive hits)

Hit Rate corrected for false positives

Hit number 2 2 20 31 10 13 16 19
% Hit rate 11% 1.1% 11.5% 17.8% 5.7% 7.5% 9.2%  10.9%

Total
number of
fragments
screened

182

Table 3. Success-rate and false-positive rate of the activity screen with the 3D fragment library. A total of
182 compounds were screened and a “hit” is defined as a compound with >50% inhibition. All enzymes
were screened at a single concentration of 250 uM. *False positive is assigned for >20% inhibition in the
H3K9me2 counter screen.

Typical selectivity profiles identified by the activity profiling are shown in Table 4.
Compounds N10075a and N10042a have shown complete or near complete inhibition of

all tested enzymes with less than 8% and 16% inhibition in the counter screen respectively.
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N10042a is the most potent inhibitor with broad inhibition of JmjC-type oxygenases and
an ICsp of 5.9 uyM against JARID1B (Table 4). Compounds N09952a, N10072a and
N10003a are of interest because of their apparent selectivity. N09952a selectively inhibits
JMJD3, N10072a shows complete inhibition of IMJD1B and 40-70% inhibition of FBXL11,

JARID1B and JMJD2D, and N10003a is selectively inhibiting FBXL11.
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Table 4. Selected hits from the screening of the 3D fragment library show broad spectrum inhibition
(N10075a, N10042a) and a high degree of apparent selectivity (N09952a, N10072a, N10003a).

2.2.2. Maybridge library
The hit rates of the activity screen with compounds in the Maybridge library are shown in
Table 5. MINA53 and NO66 show a hit rate of 0.9% and 0.7%, respectively, similar to the
one obtained for the 3D fragment library, despite screening at a lower compound
concentration of 100 uM. Enzymes in the KDM2-6 families present a hit rate of 8.8-12.6%
(Table 5). 11 compounds inhibited the KDM2-6 enzymes in the AlphaScreen and only one

compound inhibited all of the tested enzymes (see compound N05798b in Table 7).
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Maybridge Library Activity Assay (% inhibition)

RapidFire
(100 pM) AlphaScreen (250 uM)
m N
s 2 @ S o 2 2 S $£35
Absolute Hit Rate
Hit number 5 4 94 105 85 100 91 79 67*

% Hit rate 09% 0.7% 16.2% 18.1% 14.6% 17.2% 15.7% 13.6% 11.5%*
Number of False Positives

False
positives ) ) 43 40 36 40 41 34 67
(% of false (45.7%) (38.1%) (42.4%) (40.0%) (45.1%) (43.0%)

positive hits)

Hit Rate corrected for false positives

Hit number 5 4 51 65 49 60 50 45
% Hit rate 0.9% 0.7% 9.9% 126% 95% 11.7% 9.7% 8.8%

Total
number of
fragments
screened

581

Table 5. Success rate and false positive rate of the activity screen with the Maybridge fragment library.
Hits were defined as inhibition > 50% and *false positive is assigned for >20% inhibition in the H3K9me2
counter screen.

The number of screened compounds allowed an assessment of the selectivity profile of
the inhibitors between the protein classes. Pairwise enzyme comparison presented in
Table 6 indicates compound-cross reactivity within the library with other tested JmjC-type
oxygenases. Interestingly, JMJD2A and JMJD2D have 40 overlapping hits which
constitute a high percentage of IMJD2D (80%) and JMJD2A (67%) hits. IMIJD1B shares
57% of JARID1B hits and JARID1B shares 76% of JMJD1B hits. Hits of IMJD3 appear to
be most distinct from those identified for other JmjC-type oxygenases showing a maximal

overlap of 47% (Table 6).

57



RapidFire

AlphaScreen (250 uM)

MINA53

RapidFire
(100 pM)

FBXL11

JMID1B

JARID1B (39%) (57%)

(100 pM)
o © = Q = 3 9 -
< W o a (=] a) o a)
2 ®] x = = = = =
S z & 2 < 2 2 2

(37%) (34%) (38%)

35 24 21
(58%) (48%) (47%)
29 22 18

(44%) (40%)

35

JMID2A (43%) | (54%)

40 20
(59%) (80%) | (44%)

17 24
(33%) (37%)

AlphaScreen (250 pM)

JMJD2D

22 40 18
(45%) (67%) (40%)

21

JMID3A (33%) (32%)

18 20
(37%) (33%)

Table 6. Number of compounds inhibiting a pair of JmjC-type oxygenases and the percentage hit overlap
shown in brackets normalised for each column/enzyme. For example 37 hits are shared between JARID1B
and JMJD1B, which comprises 57% of all JMJD1B hits and 76% of all JARID1B hits. The total number of
identified hits for each enzyme is shown on the diagonal. The table is coloured according to the number of

hits.

Table 7 shows examples of compounds (such as N05798b) inhibiting all tested enzymes,

compounds selective for KDM2-6 demethylases such as NO05859b, or compounds

displaying a distinct selectivity profile such as N11228a or N06169b.
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Table 7. Examples of activity profiles for fragments derived from the Maybridge library.

2.3. Structure determination of protein bound fragments using
soaking

2.3.1. JARID1B as afragment soaking system
In order to determine the binding mode of the prioritised fragments (such as those in Table
4 and Table 7) we employed a JARID1B crystallisation system that reproducibly grew well
diffracting apo-crystals to 1.9-2.2 A
resolution in the P6s522 space group.
Typically 30-100 crystals per plate were
grown in HEPES buffer supplemented with
potassium phosphate after 3-5 days and

were cryoprotected with 25% (v/v) ethylene

glycol. The crystals were then soaked either Figure 11. Typical crystals of JARID1B grown at
. ) 4°C in 0.1 M HEPES pH 7.5, 0.8 M potassium
manually or by using a semi-automated phosphate dibasic, 0.8 M sodium phosphate
monobasic and 2 mM MnClz in 300 nl drops with

protocol developed at the 104-1 beamline 1:2 (v/v) protein (9 mg/ml) to precipitant ratio.
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(Diamond synchrotron). Details on data collection and refinement can be found in

supplementary section C.

Semi-automated soaking was performed using an Echo acoustic dispenser (Labcyte)
which allowed for targeted dispensing of nanoliter volumes of compound and
cryoprotectant solutions directly to crystals grown in Swiss-Cl (Hampton Research) plates.
Following a 1-2 h incubation period, crystals were harvested and flash-cooled using a
robot-assisted method which allows for 150 individual crystals to be harvested within 1
hour. In order to optimise the soaking procedure we determined the maximum tolerated
concentration of DMSO by incubating the crystals with final concentrations of 0%, 10%,
20%, 30% and 40% (v/v) DMSO. Crystals with concentrations of 30-40% DMSO dissolved,
whereas those incubated with concentration of DMSO less than 20% diffracted with a
resolution limit of 2.1-2.2 A. Since both fragment libraries were available in concentrations
of 250 mM and 200 mM (3D and Maybridge library, respectively), we decided to limit the
final DMSO concentration to 5%, resulting in a final compound concentration of 10-12.5

mM.

Manual soaking was performed by transferring the crystal into a series of drops, containing
25% (v/v) ethylene glycol in crystallisation buffer, with increasing concentrations of
compound based on a 2-fold dilution starting from 100-500 uM to 10-25 mM, resulting in
a maximum DMSO concentration of ~10%. This method allowed for gradual increases of
both compound and DMSO concentrations in consecutive transfer steps and for control

over individual compound-crystal behaviour.

2.3.2. Validation of the soaking system with TCA cycle intermediates
In order to validate the system we have soaked a set of TCA cycle intermediates which
included 20G, succinate, fumarate, malate, oxaloacetate, pyruvate, citrate and D-
isocitrate and the metabolites D-2HG and L-2HG with JARID1B crystals. We obtained
ligand structure complexes for 2-oxoglutarate, succinate, fumarate, acetate, malate,

pyruvate, D- and L-2HG with the catalytic domain of JARID1B (Figure 12). The manual
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method was used in this soaking as described above with a maximal compound
concentration of 25 mM. TCA cycle intermediates were dissolved in water, whereas D-

and L-2HG were prepared in DMSO.
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Figure 12. Crystal structures of TCA cycle intermediates (A-F) and L-and D-2HG (G-H) (yellow) with
JARID1B. Residue Tyr425 alternates between two positions: facing the metal (20G, succinate, fumarate)
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and away from the metal (D-2HG, L-2HG, malate, pyruvate, acetate). The Fo-Fc OMIT density map for the
ligand is contoured at 30. Water molecules are shown in red and ethylene glycol derived from the
cryoprotectant in orange. Hydrogen bond interactions between ligand atoms and the residue side-chains
are depicted as red dashed lines and solvent mediated interactions as cyan dashed lines. The cut-off
distance for polar interactions is 3.2 A.

The enzyme cosubstrate 20G and D- and L-2HG chelate the metal in a bi-dentate manner
with the C5 carboxylic acid and ketone oxygens (Figure 12 A). Whereas the other
intermediates (Figure 12 B-E, G and H) chelate the metal in a mono-dentate manner. An
exception is pyruvate (Figure 12 F), the smallest of the TCA cycle intermediates, where

no direct interaction with the metal can be detected.

For 20G, succinate and fumarate (Fig13. A-C) the carboxylic acid motif (C5 in 20G) forms
hydrogen bond interactions with N® of Lys517 and the hydroxyl oxygen of Tyr425. The
distance between the carboxylic acid oxygen atoms in fumarate and the carboxamide
nitrogen of Asn509 is 3.8 A, which indicates a weak polar interaction, instead fumarate is
stabilised by hydrogen bond and electrostatic interactions detected between the carboxylic
acid oxygen and with N¢ of Lys517, the carboxamide nitrogen of Asn591 and ethylene

glycol oxygen, and hydroxyl group with N¢ of Lys517 and carboxamide nitrogen of Asn509.

In the crystal structures of L-malic acid, pyruvate, oxaloacetate, D-2HG and L-2HG (Figure
12 D-H) the Tyr425 side-chain/phenolic group points away from the catalytic site and its
previous 20G/succinate/fumarate position is occupied with ethylene glycol and set of
ordered water molecules. The C5 carboxylic acid of L-2HG (Figure 12 H) places itself in
the position of the C5 carboxylic acid of the 20G, unlike the carboxylic acid of D-2HG

(Fig13. G), which is stabilised by interactions with water molecules.

This study indicated a highly “plastic” active site in comparison to crystal structures of
JmjC-type oxygenases in complex with TCA cycle intermediates such as succinate,
fumarate or D/L-2HG [155], [192]. Importantly, the study allowed successful validation of
the crystallography system and showed that small molecules could be successfully soaked

into the 20G-binding site of apo-crystals of human JARID1B.

63



2.3.3. Soaking of active fragments
We soaked JARID1B crystals with fragments of the Maybridge library showing >30%
inhibition of any of the tested enzymes (262 out of a library of 581) and nearly all of the 3D
fragments (169 out of a library of 182). We have screened most of the 3D fragments since
the X-ray fragment screening allowed for a medium throughput soaking and data

collection, whereas Maybridge fragments were stratified to enrich for potential inhibitors.

Figure 13. Crystal structure of the catalytic core of human JARID1B in complex with 8 fragments showing
binding hotspots. Red — 20G binding site, green — putative allosteric binding pocket within the helical
domain explored by N10072a. Mn?* atoms are shown as cyan spheres and Zn?* atoms are shown as pink
spheres.

This resulted in eight crystal structure complexes. The binding location of the fragments is
shown in Figure 13, and the details of the binding in Figure 14. Out of 8 fragments, 7 were
bound in the active site and one was found in a putative allosteric pocket of the alpha
helical domain of JARID1B outside of crystal contacts. We further determined the 1Cso

values for the crystallised fragments and the data is presented in Table 8.

64



B o
o Cl
Asn509
N/ \ / \ N4
_ Trp519 Lys517
el Asn509 N=— cl
His587_ W1
Trps19W188  Lys517 GluS0l _ppms1Q. @

NS

Glu501

Tyrd25

NO5859b E48115b (top view)
D ; Asn509
C ¢} o\|N
72\ \ Asn509
N NH
. Lys517 HO}—/—S Lys517
4 cl ¢ Tyr488
W4 y % Trp519 / X
2 DMS1 7 Wil -
W12 ¢
Glu501 .

Glu501

N10042a

N10063a

65



N0O9996a N10072a

Figure 14. Crystal structures of JARID1B in complex with soaked fragments. A-G) Fragments bound in the
active site were compounds N05859b, E48115b, N09954a, N11297a, N10042a, N10063a, N09996a, H) A
fragment bound directly to the helical domain (N10072a). The Fo-Fc OMIT density map for each ligand is
contoured at 30. Hydrogen bond interactions and polar interactions formed between the fragment and the
residue side-chains are depicted as red dashed lines and solvent mediated interactions as cyan dashed lines.
The cut-off distance for polar interactions is 3.2 A. The oxindole based scaffold is highlighted in green.

A comparison of the 20G binding site in the determined fragment complexes shows the
conserved hydrogen bond interactions with the carbonyl group of N10042a, N10063a,
N09954a and N09996a (or carboxylic in case of NO5859b) with N¢ of Lys517 and the
carboxamide nitrogen of Asn509 (Figure 14 C and G). As previously observed with the
TCA cycle intermediates, the active site accommodates dual conformations of Asn509
and alternative positions of Arg98 (see N09954a and N10042a). We also observed two
“conserved” DMSO molecules (DMS1 and DMS3, Figure 14) where DMSL1 is present in
all the crystal structures and stabilised by interaction with Tyr488, and DMS3 appears to
be more amenable to displacement by ethylene glycol (Edo2 and Edol17, Figure 14 B and

E) or water molecules (Figure 14 C).

Among the pyridine-based metal chelators, isonicotinic acid (NO5859b Figure 14 A) is the
most active compound of all tested fragments with an 1Cso value of 0.5 pM against IMID2A
and 1.0 pM against JARID1B (Table 8). NO5859b binds to the catalytic metal-ion with its
pyridine nitrogen and the carboxylic acid oxygen forms a hydrogen bond with N¢ of Lys517

(Figure 14 A). Compounds E48115b and N09954a (Figure 14 B and C) contain the same
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pyridine motif but with meta- and para- substitutions of the pyridine nitrogen respectively,
which results in dramatically different binding poses. In the structure of N09954a the
carbonyl group forms a hydrogen bond with the carboxamide nitrogen of Asn508 and N¢
of Lys517, whereas in the case of E48115b the carbonyl group places itself away from
these residues and interacts weakly with the oxygen atom in an ethylene glycol molecule
(Edo17, distance ~3 A). The dichlorobenzene of E48115b places itself closely to an
ethylene glycol molecule which replaces the conserved DMS3 molecule. The N09954a
(Figure 14 C) is stabilised by hydrogen bond interaction between the carbonyl oxygen and
the Nt of Lys517 and the carboxamide nitrogen of Asn591, and displacing three active site
water molecules conserved in structures of N0O9996a, N10042a, N10063a and N05859b

and a water molecule present in N10063a and N09996a.

Interestingly, compound N10042, the most potent of the oxindole analogues identified
within the library with an ICso value of 5.9 uM towards JmjC-type oxygenases, does not
bind to the metal directly but through the connecting water network forming hydrogen bond
interactions between the oxindole nitrogen and a water molecule (Figure 14 E). N10042
is further stabilised by hydrogen bond interactions between the amino group nitrogen and
water molecules, and also by carbonyl oxygen hydrogen bond with N¢ of Lys517 and weak
interaction (distance ~3 A) with the carboxamide nitrogen of Asn509. Substitution of the
amino group with the nitrile motif with a one-carbon linker (N10063a Figure 14 F), or the
carboxylic acid group with a one-carbon linker (N09996a Figure 14 G) flips the
conformation of the fragment in comparison with N10042a and enables a mono-dentate
metal chelation, thereby decreasing the activity against all enzymes more than 100-fold
(Table 8). Both N10063a and N09996a are stabilised by hydrogen bond interactions
between the oxindole nitrogen and N¢ of Lys517 and water molecules, and carboxyl
oxygen forms hydrogen bond with Lys517 and albeit weaker interaction with the nitrogen

of carboxamide in Asn509 (distance ~3 A). In addition, the carboxylic acid oxygen of
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N09996a forms a hydrogen bond with the carboxamide nitrogen of Asn509 and water

molecules.

An alternative metal binding motif is observed for N11297a (Figure 14 D): the ligand binds
to the catalytic metal ion through an “alanine-like” motif in a bi-dentate manner thereby
displacing a water molecule and forming hydrogen bond interactions between its
carboxylic acid oxygen and water molecules as well as through the amino nitrogen and a
water molecule. The 1-chloro-3-fluoro-benzene motif found in N11297a is found in a
binding pocket adjacent to the conserved DMS3 molecule. Compound N11297a is
however inactive in the dose-response studies (maximum concentration of 500 uM), with

the exception of FBXL11 where an I1Cso of ~500 uM was determined.

Finally, compound N10072a (Figure 14 H) binds in a putative allosteric hydrophobic
pocked formed between a-helices 18 and 19 within the helical domain of JARID1B. The
pyridine nitrogen forms a polar interaction (distance ~3 A) with a water molecule (Figure
14 H). The binding of N10072a induces a slight conformational change, shifting the C-
terminal helix (helix 19, residues Leu738-Ala752) by up to 1.3 A and thus opening the
binding pocket (Figure 15). The average pairwise calculated all-atom RMSD of helix 19 in
the N09954a complex between other active site complexes reveals an average RMSD of
0.323 A with a standard deviation of 0.024 A, whereas the all-atom RMSD of helix 19
calculated between N09954a and N10072a complexes is equal to 0.539 A indicating
significant difference from the mean (Z-score of 8.9). Despite absent electron density for
the compound in the 20G hinding site N10072a inhibits JARID1B with a high 1Cso of 81.2

pM, indicating a possible allosteric inhibitor site.
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Glu662

Figure 15. Overlay of a section of the helical domain of JARID1B in complex with fragment N10072a
(green) and JARID1B in complex with N09954a (blue). N10072a (yellow) induces a shift of the C-terminal
helix (Leu738-Ala752 green) in comparison to the ligand free state (within the putative allosteric pocket;
blue). The two lines indicate the centre of mass between bound and unbound states of the C-terminal a-
helix.
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% inhibition
at 250 uM ICso [uM]
RapidFire Alpha Screen

NO66

—/ \, 5%*

N05859b (MB)
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E48115b (MB)
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}_f >>: 9%*  3%* 5705 >500 >500 >500 >500 >500

N11297a (MB)

8 86% | 102%

N10042a (3D)
[e]

N///\g 4% 6% >1000 >1000 584 >1000 >1000 ~1321

N10063a (3D)

[e) NH
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(allosteric pocket) (3D)
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Table 8. Activity profile of bound fragments to human JARID1B. The oxindole based scaffold is highlighted
in green. % inhibition at 250 UM compound concentration is shown based on single data point. *screened
at 100 uM, n=1. Abbreviations: MB — Maybridge library, 3D — 3D fragments.
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2.4. Discussion

Both libraries used in this fragment-based screening approach constitute a diverse group
of molecules, a diversity which translates to the identified chemotypes. Selectivity profiling
identified fragments with a broad spectrum of inhibition against several JImjC members, as
well as compounds with a higher degree of selectivity. A pairwise comparison of hit
numbers of Maybridge fragments within the tested proteins reveals an elevated hit rate
and overlap between the proteins within the KDM4 family, suggesting that similarity of

identified hits correlates with the similarity of the active site architecture.

Approximately 40% of hits from the Maybridge library and ~20% of hits from the 3D
fragment library identified in the AlphaScreen assay turned out to be false positives based
on the H3K9me2 counter screen (see Table 3 and Table 5). Itis indeed possible that some
false positives have been missed since the remaining demethylation products have not
been tested in a counter screen manner, however the activity assay was performed as an
initial screen in order to identify potential novel lead compounds and also prioritise
compounds for the initial X-ray soaking experiments with Maybridge library, where
obtained complexes serve as the ultimate validation of compound binding. High
throughput X-ray fragment soaking platform developed at Diamond synchrotron allows for
screening of entire 581 fragment library, in the initial fragment soaking we however
focused on the subset of fragments which display inhibitory activity. The remaining
fragments could therefore be tested in subsequent experiments. The high number of false
positive underlines the weaknesses of this chemoluminescence based AlphaScreen
assay, which requires considerable validation and counter-screening activities. The hits
identified in this screen would ideally be validated by an orthogonal assay such as
RapidFire mass spectrometry assay. The RapidFire mass spectrometry based assay does
not have the high false positive rate problem, since the measurement is label free, but we

have found that fragments in the 3D library screened at 250 uM concentration interfere
with the assay decreasing the effective peptide detection range by reducing the ionisation
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of the peptide or dominating the ionisation spectra. These shortfalls were however
compound-specific and were easily identifiable events in the data analysis. In the
subsequent activity screen of Maybridge library we have decided to limit compound

concentration to 100 uM.

The crystal structures obtained in this project show a high degree of “plasticity” of the 20G
binding site of JARID1B-this was indicated by two conformations of side-chain moieties of
residues Tyr425 and Asn509 and these different conformations were successfully induced
by various fragments. The active site also shows binding of two “conserved” DMSO
molecules whose presence could influence the exploration of the active site by soaked
fragments. This possible artefact could be avoided by solubilising compounds directly in
ethylene glycol, which is used as a cryoprotectant, instead of DMSO. It is likely that the
ethylene glycol molecule would then occupy the DMSO sites, but could possibly be easier
to displace by fragments. The features of the soaking protocol are also important to note.
In the semi-automated method, the compound and cryoprotectant are allowed to diffuse
into a crystallisation drop, whereas in the manual soaking protocol, compound and
cryoprotectant solution are pre-mixed which results in a uniform concentration. However,
manual soaking allows for more control over the soaking procedure, in contrast to the high-

throughput nature of the semi-automated method.

From the bound fragments isonicotinic acid (N05859b) is the most active compound with
an ICs value below 2 uM for JARID1B, JMJD2A and JMJD2D. Derivatives of compound
NO05859b such as isonicotinamides may therefore present themselves as potent inhibitors
of ImjC-type enzymes. The lack of inhibition of NO5859b in NO66 and MINA53 RapidFire
assay is surprising since its analogue 2,4-PDCA binds to both enzymes as verified by X-
ray crystallography and inhibits the activity as described in 3.4.2. Since the inhibition data
were performed in single experiments (n=1), the determination of a full ICso dose-response
with NO66 and MINAS3 should clarify this result. Due to external factors it was not possible

to complete this experiment during the preparation of this thesis.
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Since most inhibitors against the family of JmjC-type oxygenases act through chelation
with the active site metal (see 1.6), fragment N10042a found in the 20G binding site is
especially interesting since it does not bind to the metal directly, but rather through a
network of water molecules (another example of indirect metal binding is compound
MC3098 described in 4.1.2). Interestingly oxindole scaffold with additional metal chelating
motif of nitrile (N10063a) or carboxylate (N09996a) decreases the activity substantially
making the N10042a the most active compound in the series. Compounds with metal
chelating motifs are likely to inhibit other metalloenzymes such as HDACs which may
impair their selectivity from the start, and development of inhibitors which are not metal
chelating is therefore of substantial interest. Interestingly, in the identified set of metal
chelators only one compound contains the frequently problematic carboxylic acid motif
(N09996a). Carboxylate containing molecules such as 2,4-PDCA, NOG, I0X-1 or GSK-
J1, although highly active in-vitro, frequently have low cellular permeability and require a
pro-drug form in order to penetrate the cell membrane. Diversity of the metal chelators of
this study may therefore enable the development of a new class of non-carboxylate

inhibitors with an increased chance of efficacy in cells.

Fragment soaking also enabled identification of a putative allosteric binding site in
JARID1B by fragment N10072a. Binding caused a shift towards the C-terminal a-helix in
the alpha helical domain. It is interesting that the N10072a allosteric binding translates to
an albeit weak inhibition of activity of JmjC-type enzymes with a range of ICso values
around ~100 puM or below for JARID1B, JMJD2D and FBXL11. There is no electron density
present in the active site to support the binding of the ligand, thereby indicating a possible
allosteric site that could be further explored for inhibitor development. However, it is still
possible that the compound is also inhibiting the reaction through binding to the active site,
which could be assessed by repeating the soaking experiment. Furthermore, the mode of

inhibition of N10072a should be evaluated through detailed kinetic experiments by
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measuring the Vmax and Ku of substrate (20G or peptide) in a range of inhibitor

concentrations [193].

Taken together, this fragment soaking study identified several novel indirect metal binding
motifs for JmjC-type enzymes, identified a putative allosteric inhibitor site, and provided

multiple starting points for further inhibitor development.
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3. Inhibitor chemotype identification for NO66 and MINA53

3.1. Introduction

MINA53 and NOG66 are two 20G-oxygenases that are regulated by the oncogene c-Myc
and both have been shown to hydroxylate ribosomal proteins [30]. Both proteins were
initially reported to be histone demethylases (H3K9Me3 and H3K36Me3, respectively), but
this activity is disputed in the literature [30], [136]. Recent publications show that
overexpression of NO66 in vivo inhibited skeletal growth and bone formation [138],
whereas inhibition of MINA5S3 results in suppression of cell proliferation in a variety of
different cancers [128]-[132] (see also section 1.3). Thus, modulation of MINA53 and
NOG66 has therapeutic potential in inflammation and oncology, and our aim was therefore

to identify and characterise specific inhibitors for both enzymes.
Structural studies of NO66 and MINA53

Several structures have been determined for MINA53 and NO66 both in an apo form
(NO66 PDB: 4CCJ, 4E4H), in complex with 20G (MINA53 PDB: 4BU2) or the generic
inhibitors NOG and 2,4-PDCA (NO66 PDB: 4DIQ, 4CCK, 4Y33; MINA53 PDB: 2XDV) and
with ribosomal peptides of Rpl8 and Rpl27a (NO66 PDB: 4CCN, 4CCM, 4CCO, 4Y33;
MINA53 PDB: 4BXF). The crystal structures of MINA53 and NOG66 reveal a similar folding
pattern (Figure 16) with a N — terminus containing a flexible loop region that is followed by
the catalytic JmjC domain that harbours the Fe?* and 20G binding pockets, a dimerisation
domain involved in oligomerisation, a linker region, and a C-terminal helix turn helix
domain (WHTH) involved in substrate binding [137]. Interestingly, structural studies within
the family of JmjC-containing proteins (such as FIH, TYW5, JMJD4, JMJD6) reveal that
the wHTH domain might be unique to ribosomal oxygenases (NO66, MINA53, OGFOD in

eukaryotes and ycfD in prokaryotes) across the family of JmjC-type oxygenases [137].
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Figure 16. A: Domain architecture of NO66 (PDB: 4E4H chain A). B: Domain architecture of MINA53 (PDB:
4BXF chain A). The catalytic JmjC domain is coloured in green.

Superimposition of the MINA53 (PDB: 2XDV chain A) and NO66 (PDB: 4DIQ chain A)
structures reveals a RMSD value? of 3.35 A, and the major differences are found in the
dimerisation domain, the linker as well as in the loop regions [194]. Both MINA53 and
NO66 form homodimers in solution stabilised by polar interactions, hydrogen bond and
hydrophobic interactions between helices in the dimerisation domain (Figure 17 interface
1) [137], whereas NOG66 also exists as a tetramer through both polar and hydrophobic
interactions between the linker regions (Figure 17 A, interface 2) [142]. Mutation studies
of NO66 show that the catalytic activity is lost for NO66 in the monomeric form, and is
reduced for dimers formed through interface 1 (dimerisation domain) and further reduced
in dimers formed by interface 2 (linker domain) [136]. Interestingly, as demonstrated by
ITC studies, binding of the peptide GST-Rpl8!%< or the 20G cannot be detected for the
monomer and dimer of NO66 formed through interface 2. The native tetramer resulted in

a Kp for the peptide of 2.59 + 0.23 uM and 20G of 1.0 + 0.18 uM, whereas dimers formed

2 TM-align on-line http://zhanglab.ccmb.med.umich.edu/TM-align/
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through interface 1 showed a reduced Kp towards both peptide (4.67 + 0.29 uM) and 20G
(6.25 £ 0.13 uM) [136]. Reduced activity has also been observed with mutants in interfacel

(dimerisation domain) of MINA53 [137]. Together these studies suggest that the activity of

NO66 and MINA53 can be modulated by oligomerisation states.

Interface 1

NO66

MINA53

Figure 17 A. Tetrameric assembly of NO66 (4E4H). For clarity the four chains have been coloured
differently in green, cyan, magenta and yellow. Dimerisation interface 1 and 2 are indicated with a circle
and residues interacting with the transcription factor Osterix highlighted in green. B-C. Dimeric assembly
of MINAB (4BXF) cross —linked with Rpl8 peptide (red, green). The two chains have been coloured
differently in grey and orange respectively. B. face view and C. top view of interface 1; dimerisation
domains involved in dimerisation are circled.
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The electrostatic potential for the structures of NO66 and MINA53 was calculated in APBS
[195] and presents a conserved electronegative inner core which is considerably larger in

NO66 and more localised in MINA53 (Figure 18).

—5.080 oW %] %]%]

Figure 18. NO66 (4DIQ) and MINA53 (4BXF) present distinct surface charges. The electrostatic potential
was calculated by using the boundary solution to Poisson equation in APBS [195] with standard settings and
is shown by red to blue colour scale representing the + 5 kcal/electron units (+5 blue and -5 red).

Oligomerisation of NO66 has also been shown to be necessary for interaction with the
Osterix (Osx) transcription factor, which results in repression of Osx-mediated gene
expression. The proposed binding location of Osx has been established through mutation
studies where a triple point mutant R221A, R225A, and Y423A showed reduced binding

of Osx to NO66 (Figure 17 A).
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Despite similar active sites, both NO66 and MINA53 hydroxylate different ribosomal
proteins (Rpl8 and Rpl27a respectively) with the specificity achieved through interactions
with residues outside of the immediate 20G binding pocket [137]. The 20G binding site
of MINAS53 (PDB: 2XDV) and NO66 (PDB: 4CCK) is highly conserved as shown in Figure
19. The pairwise residue differences are modest with non-polar hydrophobic residue pairs
1le187/Val348, and Leul76/Phe337 and polar residues Thr134/Ser295 in MINA53/NO66

respectively. Tyr328 (NO66) and Tyrl67 (MINA53) are involved in peptide substrate

Thr330
Tyr328
fLys355

Ser295

binding [136], [137].

Thra19
Thr169 His417

\
lle187 ' /ﬁa\ }‘Lysm 5 Thri34 vazas i 58
\
| Phe2sa_wiss~ GOBL_9 N1 , P8 Phe399 .
- 2 Gly175 0 g

\

Gly336

Ala407

Asp181 Phe337

Leul76 Asp342
eu His405

His340

MINAS3 NO66
Figure 19. Catalytic active site residues of MINA53 PDB ID 2XDV (cyan) and NO66 PDB ID 4CCK (green) in
complex with NOG (yellow). The residue differences are highlighted in red labels, and water molecules are
shown as red spheres. Hydrogen bond interactions between ligand and protein residues are shown as red
dashed lines and water-mediated interactions are depicted by orange dashed lines.

Crystal structures of MINA53 in complex with cross-linked peptide Rpl27a and NO66 with
Rpl8 show that both peptides bind in shallow channels on the surface of proteins forming
multiple hydrogen bond interactions and hydrophobic contacts with the wHTH domains of
MINA53 (Met405, Met406) and NO66 (Tyr577, Val576) [137] (Figure 20). The backbone
of both peptides shows significant overlap with an RMSD of 0.8 A [137] and both Rpl8 and
Rpl27a peptide substrates have two conserved protein binding residues: His39 (MINA5S3),
His216 (NO66) modified on the a-carbon and His4l (MINA53), His218 (NO66). The
hydroxylated histidine residues (His39 of Rpl8 peptide and His216 of Rpl27a) are

stabilised by hydrogen bond interactions between the imidazole nitrogen atoms and
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hydroxyl oxygens of Tyrl67/Ser257 in MINA53, and Tyr328/Ser421 in NO66, and

additional hydrophobic interactions are found in NO66 formed with 1le344.
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His240
MINAS53 in complex with Rpl27a
PDB ID: 4BXF

Val576 GIn260

(Arg297
_JArg

Phe337
Arg272

19943
: ulle344
His340 Asn376
Asp342 His405
NOG66 in complex with Rpl8
PDB ID: 4CCM

Figure 20. Binding site of Rpl27a with MINA53 (left) and Rpl8 with NO66 (right). Rpl8 (Gly214-Pro222)
residues GNHQHICKP and Rpl27a (Gly36-Asn44) residues GCLHHHRIN shown in yellow sticks, 20G in cyan
sticks and Mn?* bound water molecule is shown as a violet sphere. Black arrow points to the B-carbon of
the histidine substrate of hydroxylation His39 in MINA53 and His216 in NO66. The red arrow points to the
location of a disulphide Cys209 in MINA53 and Cys300 in NO66 used to obtain the complexes. Dashed red
lines indicate the hydrogen bond interactions stabilising the hydroxylated histidine residues.

The recently obtained native crystal structure complex of NO66 and Rpl8 (Met204-Thr224)
(PDB: 4Y30) with residues Gly212-Pro222 visible in the electron density map indicates a
different conformation of the peptide for the region lle219-Pro222, which is likely due to

the strain of the cross-linking (PDB: 4CCM).

The exact location of the ribosomal proteins Rpl8 and Rpl27a and the resulting peptides

fragments in the ribosomal 60S subunit is shown in Figure 21.
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Hydroxylation
sites

Figure 21. Structure of human 60S and 40S subunits of ribosome together with E-tRNA showing location
of NO66 and MINAS3 substrates (PDB: 3J3A, 3J3B, 3J3D [196]). The ribosomal protein Rpl8, substrate for
NO66, is highlighted in green and Rpl27a, the substrate for MINAS53 is highlighted in red. Peptide
fragments used in this work are shown in orange (Rpl8) and dark blue (Rpl27a), with hydroxylation site
His 216 in Rpl8 and His 39 in Rpl27a coloured in cyan.

The studies also identified a conserved peptide recognition motif, HxHR and NHxH, for
NO66 and MINA53 [30], respectively, indicating that the substrate set is likely not limited
to ribosomal proteins. A BLAST search performed by Tao et al. identified 20 possible
substrates for NO66 [136]. Such substrate promiscuity is already observed with other
JmjC-type enzymes such as FIH which can hydroxylate Asn, Asp, His, Leu and Ser

residues [197].

Inhibitor development strategy

To establish an inhibitor development system for NO66 and MINAS53, we decided to utilise
in vitro assays complimented by a crystallography system. We first screened available
small molecule libraries in a readily available DSF assay format, identifying ligands
increasing thermal stability upon binding as described in section 3.3. We then progressed
to development of an activity assay based on the ribosomal hydroxylation. Assay
development and screening for activity modulating compounds is described in paragraph
3.4. Although discovery and optimisation of hits is possible with just
biophysical/biochemical assays, information about the binding mode through

crystallography is highly desirable. The second challenge was therefore to establish a

81



crystallography system that reproducibly grew well diffracting crystals (< 2.5 A) which
could be used for either co-crystallisation or soaking experiments with the identified
inhibitors. Although we were unable to obtain high resolution crystal structures with
identified inhibitors with NO66/MINA53, we obtained high-resolution structures of several
low micromolar MINAS53 inhibitors (described in Chapter 4) in the established

crystallography system of JARID1B.
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3.2.

E. coli Expression and Purification

Expression and purification

Prior to this project both MINA53 and NO66 had been cloned into bacterial
expression vectors with N- and C- terminal truncations. Extensive work had identified
soluble variants of both proteins suitable for activity and crystallography studies (Table 9),
but both proteins were known to be difficult to purify with tendencies to aggregate and
precipitate. Initially these truncated variants of NO66 and MINA53 were expressed in the
E. coli Rosetta strain with either a C-terminal or N-terminal histidine tag as shown in Table
9. The typical yield of MINA53 was about 3.3 mg/L for both full-length and truncated
constructs. In case of NO66, a truncated construct encompassing residue Alal67-Asn641,
resulted in maximum yield of 2.8 mg/L whereas the construct covering Serl83-Asn641

had a much lower yield of ~1mg per 6L expression.

Construct Sequence Tag Yield (mg/L)

NO66-c102 Alal67-Asn641 ) , 0.8-2.8 mg
C-terminal His-6 tag

NO66-c103 Ser183-Asn641 0.2 mg

MINAS53-c001 Met1-Val464 N-terminal His-6 ta 0.8-3.7 mg

MINA53-c002 | Ala26-Vald64 & 2742mg

Table 9. NO66 and MINAS53 variants expressed in E. coli indicating the total yield per litre expression.
Multiple other sequence variants were tested previously by the SGC, data not shown.

The proteins were purified by nickel-affinity chromatography using a stepwise
gradient of imidazole followed by size-exclusion chromatography. The histidine tag was
cleaved by Tobacco Etch Virus protease (TEV) followed by nickel-affinity chromatography
to remove uncleaved proteins, and the mass and purity of the proteins were confirmed by
mass spectrometry. Details on the purification procedure are described in Appendix A.
The mass of NO66 purified from E. coli cells was -131 Da lower than predicted, indicating
removal of the initiator methionine with a mass of -131.040485 Da. For MINA53, we could
not detect any posttranslational modifications. We noticed that both NO66 and MINA53

are temperature sensitive, and by keeping the proteins on ice during the purification
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procedure, and by chilling tubes and pipette tips, both precipitation and aggregation was
avoided. The typical purification yield is shown in (Table 9 - Table 11).
Biotinylated NO66 and MINA53

In order to use assays based on streptavidin-biotin interactions, both NO66 and
MINAS3 were biotinylated as described in [198]. The proteins were expressed in an E. coli
Rosetta-R3-BirA strain which co-expresses BirA, a biotin ligase that enables in vivo
biotinylation of the biotin acceptor site. Biotinylated NO66 and MINA53 were purified as
described in the Appendix A and biotinylation was confirmed by mass spectrometry.

Typical yield is shown in (Table 10).

Construct Sequence Tag Yield (mg/L)
NO66-c044 Alal67-Asn641 | N-terminal His-10 tag, | 1.5-2.2 mg
C-terminal biotin

MINA53-c063 | Metl-Val464 N-terminal His-10 tag | 2.8 mg
C-terminal biotin

Table 10. Constructs of NO66 and MINA53 used for in vivo biotinylation indicating the total yield per litre
expression.

Expression in insect cells

Since it proved difficult to obtain high quality crystals of both MINA53 and NO66
(see 3.5), and since we, as well as others [30], [136], were unable to detect any in-vitro
histone demethylase activity (see 3.4.2), we decided to express both proteins in parallel
in Sf9 cells using a baculovirus expression system.

The cloning of full-length NOG66 failed, but two shorter variants were successfully
cloned and purified. NO66 Alal16-Asn641 showed a +42.1 Da mass shift by mass
spectrometry, which indicates that the protein might be acetylated at the N-terminal amino
group. In contrast to NO66, both full-length and truncated variants of MINA53 were
successfully cloned and expressed in SF9 cells and no posttranslational modifications

could be detected in the purified protein.
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Construct Sequence Tag Yield (mg/L) | Comments

NO66-c014 Metl-Asn641 - Cloned/no expression*

NO66-c015 Alab-Asn641 N-terminal | - Cloned/no expression*

NO66-c016 GIn116-Asn641 His-6 tag | - Cloned/no expression*

NO66-c017 Alal67-Asn641 - Cloned/no expression*

NO66-c022 Met1l-Asn641 ) - Cloning failed
C-terminal X -

NO66-c023 Ala6-Asn641 His-10 tag - Cloning failed

NO66-c024 GIn116-Asn641 5 Purified

NO66-c025 Alal67-Asn641 2.8-5.8 Purified

MINA53-c064 | Metl-Val464 N-terminal | 4.5 Purified

MINAS53-c065 | Ala5-Val464 His-6 tag | - Cloned/high expression*

MINA53-c066 | Ala26-Val464 13 Purified

MINA53-c067 | Metl1-Vald64 C-terminal | 6.7 Purified

MINA53-c068 | Ala5-Val464 His-10 tag | - Cloned/no expression*

MINA53-c069 | Ala26-Val464 2.2 Purified

Table 11. NO66 and MINA53 constructs expressed in insect cells (Sf9). Total yield per litre expression.
Cloning and test expression was done by the Biotechnology Team at the SGC. *based on a 3 ml test
expression elution yield.
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3.3. Ligand screening by thermal stability assay

3.3.1. Differential Scanning Fluorimetry assay

Differential Scanning Fluorimetry (DSF, often called T shift assay) is a quick
method of assessing stability of proteins by measuring the melting temperature change
upon ligand binding [199]. A native protein unfolds as a result of temperature increase
exposing the hydrophobic core and this process can be observed with addition of a dye
which is highly-fluorescent in hydrophobic environment but quenched in aqueous solution.
The measurement of the DSF assay is the melting temperature shift (hence the name Tn,
shift’) in comparison to a reference curve which in case of small molecule screening is
usually the DMSO solvent control. The assay allows to test for various protein stabilising
agents such as small molecules or different buffer compositions [200]. Since an increase
in melting temperature (stabilisation) observed after addition of the ligand often correlates

with binding affinity [199] the DSF assay is used as an initial screen for small molecules.

All proteins in the DSF assays had the affinity tag removed. A typical melting temperature
curve for MINA53 is shown in Figure 22. The DSF temperature profile of unfolding of NO66
and MINA53 indicates a monophasic transition. We have observed increased stabilisation
for both NO66 and MINA53 with the presence of MnCl, for MINA53 or NiCl, for NO66
which likely replaces the active site iron as indicated by available crystal structures (see
paragraph 3.5.2). The stabilisation of NO66/MINA53 depends on both concentration of the
ligand, such as the natural cosubstrate 20G and an added metal salt such as MnCl,. The
increased stability of MINAS53 as a result of increasing concentration of both 20G and
MnCl; is shown in Table 12 and Figure 22. The Ty, shift of MINA53 with 1.56 uM MnCl.
increases with increased concentration of 20G exceeding 2.0°C only at 25 pyM of 20G
(Table 12). Lack of 20G with increasing concentration of MnCl; induces a 1.4-1.8°C
temperature shift only at high concentrations of 50-100 uM of MnCl,. Presence of both
20G and MnCl; induces significant concentration-dependent stability with the maximum

of 9.5-9.7°C T, shift at 100 uM of MnCl, and 25-100 uM of 20G.
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Figure 22. A. Typical melting temperature for 2 uM MINA53 (Ala26-Val464) with 20 uM concentrations of
freshly prepared 20G, NOG and 2,4-PDCA in 50mM HEPES buffer pH7.5, 50mM NaCl supplemented with
10 uM MnCl2. The observed melting temperature for MINA53 with DMSO was 52.6°C resulting in Tm shift
of 2.8°C for 2,4-PDCA, 6.4°C for 20G and 7.2°C for NOG. B. Typical melting temperature for method used in
the screening assay with 1 uM MINA53 (M1-V464) with 10 uM concentrations of 2,4-PDCA and NOG in 50
mM HEPES buffer pH 7.5, 150 mM NaCl supplemented with 50 uM MnCl,. The observed melting
temperature for MINA53 with DMSO was 51.8°C resulting in Tm shift of 1.6°C for 2,4-PDCA, 2.8°C for NOG.
The curve fitting is indicated with a solid black line.

20G [uM] No 20G

100.00 | 50.00 | 25.00 | 12.50 | 6.25 | 3.13 | 1.56 | 0.78 0 No MnCl>

100.00 616 61.0 61.8 59.8 584 558 56.0 545 53.9 51.9
_ | s0.00 589 578 597 588 57.1 564 543 542 535 51.8
2 | 25.00 60.1 588 585 576 562 550 545 537 51.6 52.0
g 12.50 594 578 568 565 550 546 54.0 532 528 52.0
= 6.25 585 569 563 551 544 545 537 530 52.8 52.1
3.13 580 554 554 545 53.8 535 532 528 527 52.3
1.56 559 543 543 535 533 531 528 528 525 52.3
206G [pM] No 20G

100.00 | 50.00 | 25.00 | 12.50 | 6.25 | 3.13 | 1.56 | 0.78 0 No MnCl,

100.00 9.5 8.9 9.7 77 63 37 39 24 18 -0.2
_ | s50.00 6.8 5.7 7.6 67 50 43 22 21 14 0.3
2 | 25.00 8.0 6.7 6.4 55 41 29 25 16 -05 0.1
g 12.50 7.3 5.7 4.7 44 29 25 19 11 07 0.1
= 6.25 6.4 4.8 4.2 30 23 24 16 10 0.7 0.1
3.13 5.9 3.3 3.3 24 17 14 11 07 06 0.2
1.56 3.8 2.2 2.2 14 12 10 07 07 04 0.2

Table 12. DSF experiment with 2 uM MINA53 (Ala26-Val464) showing protein melting temperature (top)
and T shift (bottom) with reference to pure enzyme under various concentrations of 20G and MnCl..
The assay was carried out in 50 mM HEPES buffer pH 7.5 with addition of 50 mM NaCl. Data is presented as
a heatmap with values coloured with red — high and green — low. Values in the table are from a single
experiment.

3.3.2. Compound libraries

A library of ~1200 compounds targeted for JmjC-type oxygenases was present at
the SGC. The library consisted of a set of potential 20G inhibitors available through

collaboration with Professor Christopher Schofield (Chemistry Research Laboratories,
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University of Oxford, UK), analogues of those from commercial sources, and compounds
from Professor Antonello Mai A. Mai (Drug Chemistry and Technologies Department at
the Sapienza University, Rome, Italy), which included hydroxamic acids and uracil based
derivatives. The library included typical scaffolds of which many are described in Chapter
1 paragraph 1.6 such as: quinolines and isoquinolines including 10X1, pyridine
dicarboxylates, pyrazolopyridine, N-oxalyl amino acids including hydrazine analogues
such as Daminozide, TCA cycle intermediates, hydroxamic acids including SAHA and
TSA, catechols, flavonoids, bipyridyls, benzoylglycines, amidopyridines and analogues
thereof. The library was available in a 96-well plate format with compounds solubilised in

DMSO at concentrations of 10 mM, 2 mM or 0.5 mM.

3.3.3. Library screening
The compound libraries were screened in single experiments at 10, 25 or 50 uM
concentration with 1 pM concentration of protein in HEPES buffer supplemented with NiCl;

for NO66, and MnCl, for MINA53, which resulted in optimal signal to noise ratios.

3.3.3.1. MINA53

Full-length MINA53 from bacterial expression was used in the DSF experiments.
The typical melting temperature of the DMSO reference was similar between the two
purifications used for DSF, with a melting temperature of 50.1°C + 0.7°C (n=18) and 51.3°C

+ 0.9°C (n=99), respectively.

The highest scoring hits of the MINA53 DSF screen included 20G mimetics such
as 1S100 or JM387 showing T shift of ~3°C with NOG inducing stabilisation of 1.5-2.8°C
at 10 pM concentration. We also identified a series of hydroxamic acids MC2402 and
MC2421, supplied by professor Antonello Mai, which showed melting temperature
increases in a region of 2-3°C for MINA5S3 (Table 13). The hydroxamic acids were primarily
designed as histone deacetylases (HDAC) inhibitors [201]. The well-established chemistry
relating to HDACs makes the hydroxamic acid class of compounds readily accessible and
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could yield useful hits for both NO66 and MINA53. Flavonoids such as quercetin resulted
in Tm shift of 1.5-2°C. The other tested compound classes including bipyridyls,

hydroxyquinolines or triazolopyridines did not show any increase in melting temperature.
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Description | Ty, shift/ Structure and ID MW Kq
concentration [Da] [uM]
MC2402 3.3°C | S10011a 435,16 | 9.11+1.9
S0uM HN -OH
HDAC M
inhibitor \ ©
7\
'
MC2421 3.2°C | S09899a 469.15 | 42+13
HN -OH
HDAC 50 uM O p
inhibitor 7\ ©
b
W2
1S100 3.1°C | S10961a 204.04 -
25 uM 29
O
NH OH
[e] HN
7
HO
JM387 2.8°C | S10179a 161.03 -
25 uM 2
‘z;r\m OH
/N
N-oxalyl-L- 2.4°C | S01369a 251.10 -
alanine 10 uMm Y\jv\ o
MC1648 1.7°C | S09926a 291.10 -
50 uM o
o~ %3
NOG 1.5-2.8°C | S00123 147.02 CND
10 pM ‘\2:
2,4-PDCA 1.5-2.8°C | S00174d 167.02 CND
10 uM I\

Table 13. Best hits stabilising MINA53 identified by DSF at concentrations of 10-50 uM, ordered by highest
Tm shift. The corresponding K¢ determined with BLI is added in the last column. CND- cannot be

determined.
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3.3.3.2. NO66

DSF experiments were performed with two constructs of NO66, comprising residue
ranges Alal67-Asn641 and Serl83-Asn641, with a typical result shown in Figure 23. For
NO66 the DMSO reference melting temperature was variable both between the constructs
and between purifications. For the construct covering residues Serl83-Asn641 the
average melting temperature was 65°C + 2°C (n=199). Thus, for the slightly larger protein
covering residue Alal67-Asn641, an average melting temperature of 48°C £ 1.9°C (n=169)
was determined from one purification whereas another purification of the same construct
had an average melting temperature of 62.8°C + 1.0°C (n=60). This effect may be a result
of variation in purification quality or protein degradation/precipitation, which might be due
to the N-terminal residues which are located within a flexible region of the protein.
However, the observed variation in melting temperature should not have large effects on
the results since the T shift assay in a multi-well format is a relative measure, and the

whole 96-well plate would be affected uniformly.

NO66 (S183-N641) T,, shift

8000~
S
.<_E-. 6000 = DMSO
8 A 2 4-PDCA
% 4000+ + NOG
?
o
g 2000+
o
O 1 L] T L]
40 50 60 70 80

Temp [°C]

Figure 23. Typical melting curve for 1 uM NOG66 (Ser183-Asn641) with 10 uM concentrations of NOG and
2,4-PDCA in 50 mM HEPES buffer pH 7.5, 150 mM NaCl supplemented with 50 pM NiClz. The observed
melting temperature for NO66 with DMSO was 66.6°C with Tm shift of 1.8°C for both NOG and 2,4-PDCA.
The curve fitting is indicated with a solid black line.
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Representative scaffolds displaying melting temperature increases for NO66 are shown in
Table 14. The best hits included hydroxamic acids with long aliphatic chains such as M334
histone deacetylase inhibitor 1ll and Oxamflatin with a T shift of 5.2-5.7°C or TSA and
Scriptaid with ~3°C stabilisation. Another large set of stabilising agents were 20G
mimetics such as JM134 with the top melting temperature stabilisation of 5.9°C or 1IS100
with a Tr shift of 3.1°C, whereas NOG increased melting temperature by 1.8-3°C and 2,4-
PDCA by 1.5-1.8°C. Flavonoids such as quercetin have shown an average of 2.7°C
stabilisation. The DSF screen has also identified possibly alkylating agents T5590498 and
T0514-2968 with Tr shift of ~4.5°C, which however did not alkylate NO66 or MINA53 as
determined by mass spectrometry. Other scaffolds, which have increased the melting
temperature in a range of 1.5-2.5°C were triazolopyridines, bipyridyls, aminopiridines and

N-oxalyl amino acids.
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Description | T, shift/ Structure and ID MW
concentration
IM124 5.9°C ] 225.1
10 uM >_Q
$01385a :(
M344, 5.7°C HN-OH | 307.2
Histone 10 um I
Deacetylase
Inhibitor III \NO_%N
/ o
S01121a
IM134 5.2°C | S00860a 285.1
o y—d}
/4
HN —NH N=—
HO»_//—<O
o
T5590498 4.8°C | E0O5912a 350
25 uM
o=
NH
0
O
o
T0514-2968 4.6°C | EO5906a 288
25 uM
N
HN—</ |
—~
I1S100 3.1°C | S10961a 204
25 uM EO,
[0}
‘z—NH OH
o HN
lh
HO
NOG 1.8-3.0°C | S00123 147.02
10 M ‘\2:
>\._/ b
2,4-PDCA 1.5-1.8°C | S00174d 167.02
10 uM I\

Table 14. Selection of best scoring compounds for NO66 identified by DSF at a concentration range of 10-

30 uM, ordered by highest Tn shift.
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[202] for MINAS3 (see data in Table 13). The assay uses streptavidin coated sensors
which immobilise biotinylated protein. The continuous readout is generated as nanometer
shift in wavelength of light reflected between the tip of the sensor and the immobilised
protein. An increase in the nm shift corresponds to molecule binding. Association and
dissociation curves can be measured for multiple concentrations of compound allowing
direct determination of the binding constant — Kp. The assay is more sensitive for
compounds with molecular masses greater than 300 Da. The best scoring hits from DSF,
showing a T shift greater than 2.5°C were selected for BLI analysis. In conclusion, the

group of hydroxamic acids showed clear results with binding constants in a range of 9 to

3.3.4. Verification of identified DSF hits by BioLayer Interferometry (BLI)

The affinity of selected compounds identified by DSF was tested further by BLI

42 uM such as S01011a shown in Figure 24 (DSF results in Table 13).
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o 30 60 S0 120 150 180 210 240 270 300 330 360 290 420 450 480 510 540 570

Time (sec)

Figure 24. A: Association and dissociation experiments show binding of S01011a (HDAC inhibitor, Tm shift
stabilisation 3.3°C) with MINAS3. B: Determination of the binding constant of S01011a (HDAC inhibitor).
Y-axis is the nm shift (measurement), X-axis is the compound concentration.
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3.4. Mass spectrometry RapidFire activity assay for NO66 and
MINAS3

3.4.1. Introduction
Multiple medium- and high-throughput assays for Fe?*- and 20G- dependent oxygenases
have been reported to date [191], [203]. The fluorescence-based coupled FDH enzyme
assay measures the oxidation of the by-product formaldehyde to formic acid by the
coupling enzyme formaldehyde dehydrogenase (FDH) with a simultaneous reduction of
nicotinamide adenine dinucleotide (NAD*) to NADH [203]. Fluorescence and
chemiluminescence (AlphaScreen) based assays allow for high-throughput screening,
although auto-fluorescence compounds can result in many false-positives [204]. As
discussed above, the tested constructs of MINA53 and NOG66 lack in vitro demethylase
activity (see 3.4.2, Figure 25), but efficiently hydroxylate ribosomal peptides [28]. Neither
the FDH coupled enzyme assay nor the AlphaScreen based assays were applicable to
detection of ribosomal hydroxylation since (1) no specific antibodies have been reported
for either of the hydroxylated ribosomal peptide products and (2) formaldehyde is not a by-
product of the hydroxylation reaction. Therefore we wanted to establish an in vitro assay
that would allow characterising the selectivity and potency of the compounds identified by
DSF and BLI. Consequently, we resorted to mass spectrometry assays, detecting the
mass shift of +16 Da upon formation of the hydroxylated product. A label-independent
mass spectrometry based assay such as matrix-assisted laser desorption/ionisation time-
of-flight (MALDI-TOF) is popular in the demethylase field since both substrate and product
can be monitored directly, however the achievable throughput is limiting. The recent
development of RapidFire mass spectrometry (RF MS) has overcome the throughput

limitation of the mass spectrometry approach [204].

RapidFire is a high throughput method very suitable for targets such as NO66 and

MINA53, and it has also proven to be a method of choice for other targets in the epigenetic
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field [204], [205]. RF MS has the advantage of an automated sample injection system that

can be coupled to either a g-TOF or triple quad mass spectrometer [126].

Enzymatic turnover catalysed by 20G oxygenases depends on the presence of 20G,
substrate, oxygen and Fe?* which in turn can be controlled by various reducing agents
such as ascorbic acid [145]. Both ascorbic acid and iron are often kept in excess relative
to the enzyme concentration, whereas the concentration of 20G around its Ky value is
used in order to focus on identification of 20G competitive inhibitors. Assays conducted
at different iron concentrations are also used to identify inhibitors that depend on the
concentration of active Fe?*and to filter out compounds that simply chelate Fe?* in solution
[151]. In order to develop an activity-based assay it is necessary to appreciate the multi-

substrate enzyme kinetics that govern 20G oxygenases.

3.4.2. RapidFire mass spectrometry activity assay
No in vitro activity of NO66 and MINA53 was detected towards H3K4me3, H3K36me2,
H3K9me3 and H3K27me3 (Figure 25) and we therefore progressed to implementation of
a hydroxylation activity assay with ribosomal peptides [30] and established a RF MS based
assay for both NO66 and MINA53 monitoring simultaneously the direct appearance of the
hydroxylated product (Figure 27). For NO66 we utilised a synthetic peptide containing 20
amino acids of Rpl8 (Asn205 - Thr224, NPVEHPFGGGNHQHIGKPST) and for MINA53 a
synthetic peptide containing 20 — residues of Rpl27a (Gly31 - Pro49,
GRGNAGGLHHHRINFDKYHP), and both the disappearance of substrate and the
simultaneous formation of Rpl8-His2160H and Rpl27a-His390H, respectively, were

detected. These activity assays have used TEV-cleaved enzymes.
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Figure 25. Mass spectra showing no in vitro activity of NO66 (Alal167-Asn641) and MINA53 (Ala26-Val464)
against: A. charge state 5 of H3 Alal-Ala21 K4me3 with JARID1C as positive control. B. charge state 4 of

H3 Ser28-Leu48 K36me2 with FBXL11 as positive control.

RF MS employs a low volume clean up cartridge and allows for samples to be aspirated

under vacuum directly onto a solid phase extraction (SPE) cartridge substantially speeding

up the sample processing. The sample is first injected onto a SPE cartridge, followed by

a wash with aqueous wash buffer (H.0, 0.1% (v/v) Formic Acid) and then eluted with

elution buffer (85% (v/v) acetonitrile, 0.1% (v/v) formic acid in H,O) directly onto a QTOF

mass spectrometer. The whole cycle time of aspiration to elution takes 6 — 8 seconds. A

384-well plate can therefore be analysed in a time of about 45 min.
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The injection system allows for optimisation of wash and elution times of the sample. In
order to maximise the readout signal we have tested a range of peptide concentrations
using a C4 SPE cartridge with wash and elution times ranging from 3000 ms to maximum
allowed 6000 ms. Optimum times for both MINA53 and NO66 peptides has shown little
variability and was determined to be between 5500-6000 ms for elution and 5500 ms for

wash.

3000000
R? =0.9985 &
2500000 ~
P L
2000000 2
|
ilf
o 1500000 "
o) ) 4
< 4
= 1000000 -
1]
500000 m»
0 &
0.2 0.4 0.6 0.8 1 1.2
-500000
Peptide substrate [ug/ml]
¢ 3000 ms elution B 3500 ms elution
4000 ms elution X 4500 ms elution
5000 ms elution 5500 ms elution
+ 6000 ms elution Linear (5500 ms elution)

Figure 26. Typical elution optimisation standard curve for Rpl27a peptide with cartridge C4. The elution
time of 5500 ms gives maximum signal and is linear with R?=0.9985. Peptide concentration ranges from
0.1pg/ml to 1pg/ml with blank injection of water representing 0 concentration.

A typical enzyme progress curve is shown in Figure 27. The resulting hydroxylated product
is quantified by extracting the charge state with the highest signal for the peptide
(Extracted lon Chromatogram — EIC) and integrating the area under the curve (IAUC) (see
supplementary G for data analysis methods). Proteins used in assay development were
initially purified from E. coli, but when insect cell expression became available, we have
moved to longer constructs (Gly116 truncation for NO66 and full-length MINA53) from

baculovirus.
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Hydroxylated peptide time course
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Figure 27. Enzyme progress curve, monitoring appearance of hydroxylated Rpl8-His2160H and Rpl27a-
His390H peptides for NO66 (GIn116-Asn641) and MINA53 (Met1-Val464), respectively. The reaction was
stopped on the mass spectrometer by injection onto the C4 cartridge. Both reactions are conducted at the

final conditions specified in Table 15,
on the dominant charge state.

n=1. The MS signal represents an integrated EIC of the peptide based

To validate that the inhibition of hydroxylation is purely an effect of the tested compound

and not of the DMSO solvent, we evaluated the assay sensitivity to 1% DMSO,

representing the final concentration in the reaction mixture. Both NO66 and MINA53

showed very little or no inhibition of hydroxylation as depicted in Figure 28. That gave us

confidence to assume inhibition as sole effect of the ligand.
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8- 4+
S 6- P g 9 0 & S 3- °
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Figure 28. Enzyme activity of MINA53 (M1-V464) is not inhibited by addition of 1% DMSO, n=1. NO66
(GIn116-Asn641) appears to be more sensitive but tolerates 1% DMSO well. Data presented here came from
initial purification of both enzymes, later purifications have proven to be more active.
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We also determined the affinity for the synthetic peptides by titrating the peptide

concentration from 1 pM to 15 uM, yielding Kuv values of 5.0 £ 8.1 uM for the MINA53

substrate and 3.8 + 3.4 uM for the NO66 substrate (Figure 29).
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Figure 29. Determination of the enzymatic constant Kw for substrate with NO66 (GIn116-Asn641) and
MINAS53 (Met1-Val464). Values are means + 95% confidence, n=1.

For assay optimisation we also determined the affinity for 20G yielding a Michaelis-

Menten constant Ky of 3.2 + 0.6 uM and 0.8 = 0.2 uM for MINA53 and NO66 respectively

(Figure 30).
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Figure 30. Determination of the Km constant for 20G with MINA53 (Met26-Val464) and NO66 (Ser183-

Asn641). Values are means + 95% confidence, n=4.
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We have also calculated the Ky constant for Fe?* which was 0.5 + 0.2 uM for MINA53 and

1.1 £ 0.3 pM for NOG66 (Figure 31).
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Figure 31. Determination of the Km constant for Fe?* with MINA53 (Met26-Val464) and NO66 (Ser183-
Asn641). Values are means + 95% confidence, n=4.

Initially reported hydroxylation assay parameters [30] were therefore optimised to the final
assay conditions (Table 15). Based on the time courses with the final assay conditions we
have decided to stop the reaction at the end of the linear region of catalytic turnover which
was 30 min for MINA53 and ~60 min for NO66. We have also decided to use 5 uM peptide

for both assays since this concentration resulted in an excellent mass spectrometry signal.

Final Assay
Concentration

0.150 yM MINA53

Enzyme 0.300 uM NO66
Substrate 5 uM
20G 2 uM
Fe(ll) (FAS) 50 uM
Ascorbate (LAA) 100 uM

Table 15. Final concentration of the Rapid Fire assay optimised for 20G and peptide substrate. LAA - L-
ascorbic acid, FAS — Ferrous ammonium sulphate.

Buffer optimisation and temperature dependence

Different buffers, pH, salt and other additives can have an effect on enzyme stability and

thus enzyme activity [206]. For example, in a turnover progress curve the loss of enzyme
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activity during the reaction leads to lower maximum plateau value of product formation as
shown in Figure 32. The same effect can also be observed with altered concentration of
one of the cofactors, cosubstrate 20G or peptide leading to a possible source of error,
however these errors can be limited by experimental design, for example by using the
same pool of cofactors and cosubstrates for parallel experiments, which was used in this
case. The effect of enzyme stability in various buffer compositions can therefore be

measured by monitoring the final enzymatic turnover.

30.00%

< 25.00%

g 20.00%

3 —4—0.05M MES pH 5.5
S 15.00%

2 ~—8—0.05M MES pH 6
S 10.00%

2 6 0.05M MES pH 6.5
jJ)

o 5.00% —5¢=0.05M MES pH 7.0

0.00%

0.00 10.00 20.00 30.00 40.00 50.00

Time [minutes]

Figure 32. Typical enzyme time-course with MINA53 (Met1-Val464) for a range of pH 5.5 — 7.0 in MES
buffer. Maximum peptide turnover decreases with decreasing pH indicating loss of enzyme activity during
the reaction. Time-courses were measured in parallel in a single RapidFire experiment with enzyme
concentration of 300 nM and remaining cofactors and cosubstrates under final conditions of Table 15.

The buffer compaosition of the activity assay was optimised in a range of pH, buffers and
salt concentrations under final assay conditions from Table 15. We have refrained from
using other enzyme stabilisation reagents such as detergents, also used to avoid
aggregation [186], or bovine serum albumin additives as they were reported to interfere
with the readout of RapidFire mass spectrometer [Dr A. Tumber, personal
communication]. Results of optimisation of buffer compositions are shown in Figure 33 for

NO66 and Figure 34 for MINAS3.

NOG66 appears to be sensitive to buffer types and maximum activity appears in a narrow
pH range oscillating around pH 7.0 with both HEPES and MES buffers (Figure 33). Tris,
BIS-TRIS and phosphate buffers display limited activity. The optimal assay conditions for

NO66 were MES buffer pH 7.0 with a range of NaCl or KCI concentrations, or HEPES
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buffer pH 7.0 with no NaCl (Figure 33). Both buffers were suitable for the assay with
respect to optimal enzyme activity, but in RapidFire mass spectrometry MES buffer is
preferable to HEPES as the ionisation signal is substantially lower than that of HEPES
decreasing the assay interference. Although additional NaCl salt has shown to decrease
the enzymatic turnover by ~20%, we decided to keep NaCl in the buffer as a general
protein stabilisation agent at 150 mM. The final NO66 assay buffer was therefore 50 mM

MES pH 7.0 supplemented with 150 mM NaCl.

pH
55 6 65 7 75 8 85 9
omM | 3% 11% 15% 30%
Nac| (S0MM | 2% 4% 12% 25%
100mM | 1% 4% 8% 24% 0
150mM | 1% 3% 6%  24% =
| SOmM 2% 4% 9%  24%
100mM [ 1% 3% 9%  26%
0omM 27% 15% 14%
Nac] 30 MM 18% 12% 12% i
100 mM 14% 12% 11% L
150 mM 13% 13% 10%
omM 3% 2% 2% 1%
Nac 50mM 4% 2% 1% 1%
100 mM 5% 2% 5% 1% | o
150 mM 6% 1% 1% 1% | -
| 50mM 5% 1% 1% 1%
100 mM 5% 1% 1% 1%
0omM 6% 6% 3% 1%
Nac| 30 MM 6% 6% 3% 2% “
100 mM 5% 5% 4% 2% o
150 mM 4% 5% 4% 2% £
| 50mM 4% 7% 3% 1%
100 mM 4% 6% 3% 1%
pH 54 56 58 6 62 64 66 68 7 72 74 75
Phosphate 1% 2% 3% 4% 4% 3% 3% 3% 4% 2% 2% 2%

Figure 33. Percentage peptide turnover for NO66 (Alal67-Asn641) after 60 minutes incubation with 50
mM MES, HEPES, Tris, BIS-TRIS or phosphate buffers in a range of NaCl or KCl salt concentrations. NO66
was used at concentration of 300 nM, with 5 uM 20G, 5 uM peptide substrate, 50 uM FAS and 100 uM LAA.

The buffer conditions for MINA53 were optimised similar to NO66 (Figure 34). MINA53

appears active over a range of pH 6.5-8.0 in MES, HEPES, Tris and BIS-TRIS buffers.
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Phosphate buffer shows the lowest turnover of all tested buffers with a maximum between
pH 5.8 and 6.4. A marginal increase in activity could be observed with salt concentrations
higher than 150 mM, although the activity trend with salt concentration appeatrs to be buffer
specific. In BIS-TRIS buffer a higher salt concentration leads to increased activity, whereas
in HEPES buffer a low salt concentration is preferred. The activity in HEPES buffer shows
only a small variation in pH 7.0 - 8.0 and also a preference for low salt conditions. The
final assay condition for MINA53 was chosen based on maximum turnover to be 50 mM

HEPES pH 7.5 with addition of 50 mM NacCl.

pH
5.5 6 6.5 7 75 8 85 9
0mM 3% 15% 24% 22%
Nagl -50mM 3% 11% 32% 27%
100mM | 3% 13% 26% %
150mM | 2% 6% 17% 23% =
@ 39mM 3% 11% 26% 36%
100mM | 2% 10% 26% 30%
0mM 36% 40% 39%
Nac| 50MM 39% 41% 38% et
100 mM 38% 35% 32% L
150 mM 31% 29%  29%
0mMm 26% 24% 11% 7%
Nagl 50 mM 25% 22% 9% 5%
100 mM 26% 21% 9% 6% | o
150 mM 19% 21% 4% 2% | —
o SomM 27% 21% 8% 3%
100 mM 30% 19% 7% 2%
0mMm 16% 25% 21% 15%
Nagl -39MM 22% 36% 28% 19% "
100 mM 16% 36% 33% 22% =
150 mM 25% 33% 27% 16% £
o 50mM 22% | 37% 27%  17%
100 mM 26%  38% 32% 18%
pH 54 56 5.8 6 62 64 66 68 7 72 74 75
Phosphate 2% 8% 12% 15% 11% 13% 10% 10% 8% 6% 6% 5%

Figure 34. Activity (measured as peptide turnover) for MINA53 (Met1-Val464) with 50 mM MES, HEPES,
Tris, BIS-TRIS or phosphate buffers in a range of NaCl or KCI salt concentrations. Full-length MINA53
construct was used at concentration of 300 nM, with 5 uM 20G, 5 uM peptide substrate, 50 uM FAS and
100 pM LAA.
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We have also determined the relationship between activity and incubation temperature
with both NO66 and MINA53. The maximum turnover for NO66 was observed at 30°C and
37°C for MINA53, followed by a sharp drop in activity at 37°C for NO66 and 42°C for
MINA53. Overall enzymatic turnover for NO66 was low and oscillating around 9-11%, in
comparison to previous tests with buffer optimisation. This may be due to time-dependent
enzyme degradation, which was observed with NO66. These results would suggest to
conduct the enzymatic activity assays at 21-30°C for NO66 and 37°C for MINAS3.
However, high and medium throughput assays are usually carried out in 96- or 384-well
plate formats which requires appropriate equipment to keep the sensitive reaction at
constant temperature and at the same time avoid edge effects caused by not uniform
heating, even by using a water bath. We have therefore decided to conduct both assays

at room temperature.

MINA53 NO66
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Figure 35. Temperature-dependent activity of MINA53 (Metl-Val464) and NO66 (Alal67-Asn641).
Percentage turnover with 12 replicates per data point for NO66, and 8 replicates for MINA53 with exception
of 21°C where 5 replicates were used. Assays were performed in a water bath equilibrated to 21, 30, 37 and
42 °C and the reaction was stopped after 30 min for MINAS53 and after 60 min for NO66.

Assay validation with known inhibitors

The assay was validated with 2,4-PDCA and NOG, two known inhibitors of Fe?*- and 20G-
dependent oxygenases showing ICso values of 0.11 + 0.01 uM and 3.5 + 0.5 pM for NO66
respectively, and 1.3 £ 0.5 puM and 1.8 = 0.7 uM for MINAS53 respectively (Figure 36). In

addition we have also determined the ICso for I0X1, another pan-JmjC inhibitor, to be 38.5

+ 18.0 uM and 101.8 = 35.1 pM against NO66 and MINAS53 respectively. The chemical
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probe GSK-J1 [77] showed ~30% inhibition at 100 uM concentration, and was found

inactive against MINA53.

NOG6
1004 « NOG Compound
804 A 2,4-PDCA NOG
5 v 10X1
(@]
= 6o 2-4 PDCA
2
£ - IOX1
§ GSK-J1
20+
O_ ........................................................................................
10 8 6 4 2
[Cmpd] Log M
MINA53
Compound
1004 = NOG
. 2,4-PDCA NOG
80+
2,4-PDCA
_E v |OX1
= 60 I0X1
2
E 40- GSK-J1
= 20 1
J‘: [] v v
(] [ETRRIRTIRIRIE SR o L L P
10 8 6 4 2

[Cmpd] Log M

ICso value
3.5+ 0.5 uM
0.11 + 0.01 pM
38.5+ 18.0 yM

30% inhibition
at 100 uM

ICso value

1.8 £ 0.7 UM

1.3 + 0.5 pM
101.8 + 35.1 yM

No inhibition at
100 pM

Figure 36. ICso curves with MINA53 (Met1-Val464) and NO66 (Ser183-Asn641) for 2,4-PDCA and NOG, two
known inhibitors of 2-OG oxygenases and I0X1. GSK-J1 is not shown for clarity. Values are means + 95%

confidence.

3.4.3.

Inhibition by TCA cycle intermediates

The TCA cycle intermediates pyruvate, succinate, acetate, citrate, isocitrate, fumarate and

malate have been tested for inhibition of NO66 and MINAS53. The resulting 1Cso constants

are presented in Table 16. NO66 showed inhibition by succinate and fumarate with an I1Csg
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in a range of 200-300 uM and oxaloacetate with an ICso of 480 uM (Table 16). MINA53
appears to be more amenable to inhibition by TCA cycle intermediates and is inhibited by
D-threo-isocitrate, oxaloacetate, succinate and fumarate in a 10-30 uM ICso range and 11
MM ICso with D-threo-isocitrate, which interestingly does not inhibit NO66 (Table 16). Malic
acid and citrate show ICsp values of 380 and 150 puM against MINA53, and 1200 pM and
~2700 uM for NOG66 respectively. Both NO66 and MINA53 are however not inhibited at
the tested concentration with pyruvate. ICso determination with the oncometabolite L-2-
hydroxyglutarate (L-2HG) has shown no inhibition against NO66 and MINA53 at all tested
concentrations starting with 500 uM. The isomer D-2-hydroxyglutarate (D-2HG) showed
no inhibition for NO66 in the ICso experiments and 20-30% inhibition was observed for

MINAS53, although no clear dose-response could be established.
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TCA cycle intermediate NO66 ICso MINA53 ICsg
OH
o)ﬁ( inactive inactive
o) Pyruvate
M ~2700 uM 152 + 68 uM
HO oH Citrate
HO [e]
OH o
m inactive 11.4+7.5uM
(o] ‘ OH
HO D-threo-isocitrate
(e}
HO
- 293 + 57 uM 19.4 £ 5.6 uM
°© Succinic acid
[¢]
HO
>_//_<H 211+ 52 uM 31.3%16.8 pM
0 Fumarate
OH
1212 + 656 pM 381+ 188 uM
L-(-)-Malic acid
479 £ 91 uM 26.2+11.2 yM
Oxaloacetate
inactive Inactive*
D-2HG
inactive inactive
L-2HG
Structure depicted for reference.
5 uM 20G was used in the assay.
20G

Table 16. 1Cso values of the TCA cycle intermediates with NO66 (Alal67-Asn641) and MINA53 (Met1-
Val464). The ICso curve is composed of triplicate experiments of 11-data point 3-fold dilution series with a
starting concentration of 1 mM. Assay conditions were 300 nM enzyme, 5 uM peptide substrate, 5 uM 20G,
50 uM FAS and 100 uM LAA. ICsois mean + 95% confidence interval. *marginal inhibition — see main text.
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3.4.4. Inhibition of MINA53 and NOG66 by other known inhibitors of 20G
oxygenases
We decided to screen a representative set of scaffolds known to inhibit 20G oxygenases.
The set included typical scaffolds including many described in chapter 1.6 such as:
quinolines and isoquinolines including 10X1, pyridine dicarboxylates, pyrazolopyridine,
PLOD inhibitors, N-oxalyl amino acids including Daminozide, hydroxamic acids, catechols,
bipyridyls, benzoylglycines, amidopyridines and analogues thereof. Other tested

compounds included tricyclic derivatives.

The set of compounds was first tested in NO66 and MINA53 assays in duplicate
experiments at a single concentration of 20 uM taking 20 uM 2,4-PDCA as a positive
control and a corresponding volume of DMSO as control. With this format 50% inhibition
at a concentration of 20 pM would roughly correspond to an ICs value of 20 uM, making
our single concentration study sensitive to low micromolar inhibitors. Compounds used for
percentage inhibition and ICso determination experiments described in this paragraph were
from the same batch, i.e. source plate. Percentage inhibition is reported as an average of
two measurements. Standard deviation of percentage inhibition was found to be less than
10% in all of the reported values and is not shown for clarity. ICso experiments were
performed in duplicate with 11-point 3-fold dilutions starting from 100 uM concentration
unless otherwise stated. 2,4-PDCA was used as a positive control at a concentration of

100 uM and the corresponding volume of DMSO was used as a negative control.

The inhibitory activity of a series of pyridine dicarboxylates is shown in Table 17. 2,4-PDCA
is the most active inhibitor of both NO66 and MINA53, as described above (Figure 36) and
from the analogues only 2,5-PDCA shows weak inhibition of NO66 at 24% inhibition. 2,4-
PDCA binds to the active site iron in oxygenases via the pyridine nitrogen and carboxylic
acid oxygen, which may explain the loss of inhibition of 3,4- and 3,5-PDCA where the

distance between the pyridine nitrogen and carboxylic acid is increased thus abolishing
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the typical metal chelation. 2,4-PDCA binding is further stabilised by hydrogen bond
interactions of the carboxylic acid in position 4 with side-chains of active site residues
(typically lysine and tyrosine in JmjC-type oxygenases), for which interactions are likely

missing in 2,3- 2,5- and 2,6-PDCA, thereby explaining this structure-activity relationship.

NO66 MINA53 NO66 | MINAS3
o 100% 100% — 0 8% -16%
7N\ ICs0 0.2 uM* | 1Cs0 3.0 pM* N/
2,4-PDCA 2,3-PDCA
o]
OH O HO
- . HO o _ 0, 10
L) 54% o 19% 1%
HO / \
(o] N
2,5-PDCA 3,4-PDCA
o]
OH o
\_ ! -4% -9% i _ o 3% 2%
° \ /
HO [e] N
2,6-PDCA 3,5-PDCA

Table 17. Inhibition of NO66 and MINA53 with a series of pyridine dicarboxylic acids. 2,4-PDCA was used
as a positive control compound and therefore shows maximal inhibition. *ICso values calculated from
triplicates of an 11-point ICso curve starting at a maximal concentration of 500 puM.

The most potent compound in the series of N-oxalyl amino acids was NOG. Its analogues
presented in Table 18 are also shown to weakly inhibit NO66 and MINAS53. Interestingly
the activity of N-oxalyl-alanine depends on the stereo-chemical configuration, with the L-
enantiomer showing low micromolar ICso values and being more potent than the D-
enantiomer (Table 18). Other tested N-oxalyl amino acids were N-oxalyl leucine (L/D),
valine (L/D), phenylalanine (L), cysteine (L/D) which did not show any inhibition (data not

shown).
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NO66 MINA53

(o)
° ‘gz 72% 84%
}J ICs0 3.4 uM* ICs04.2 uM*

N-oxalyl-glycine (NOG)
HO

):o
(o) HN

>\ g \ 4% 36%
HO [e]

N-oxalyl-D-alanine
HO

o
0 wa 86% 73%
H z |C50 3.8 |,l|V| |C507.7 |,l|V|

‘z;r\m OH 28%
o HN ° 19
j> / |C50 2.8 }J.M 31%

510961a

Table 18. Inhibition of NO66 and MINA53 with N-oxalyl amino acids and analogues. *ICso calculated from
triplicates of an 11-point ICso curve starting at a maximal concentration of 500 puM.

A large group of tested compounds were catechols, known inhibitors of 20G oxygenases
[148] and also PAINS [175], with both gallate and quercetin inhibiting in the 20% range for
NO66 and 50-96% for MINA53. The ICs for gallate is ~38 uM for NO66 and 13.0 uM for

MINA53 (Table 19).

NO66 MINAS53
96%
[s)
23% [C509.1 uM
OH
quercetin
OH
[e]
o 23% 56%
ICs0 ~38 uM [Cs0 13.3 uM
HO OH
gallate

Table 19. Inhibition of MINA53 and NO66 by catechol compounds.
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5-carboxy-8-hydroxyquinoline (I0X1) inhibited NO66 at 35% inhibition with a negligible
5% inhibition of MINA53, which translated to an ICs, value of 25.2 uM for NO66 and ~80
UM for MINAS3. Analysis of 1ICsp measurements for MINA53 using IOX1 (see Table 20)
resulted in a steep Hill slope coefficient of 3-5, in contrast with NO66 where the estimated
Hill slope coefficient was found to be ~1.5. A steep Hill slope is frequently indicative of
aggregation [186]. A set of other quinoline analogues did not show any inhibition for NO66

or MINAS3. Representative compounds are shown in Table 20

NO66 MINAS53

OH
o
— 35% 5%

ICs0 38.2 uM* | ICs ~80 uM*

\ / 50 M 50 M

N OH
5-carboxy-8-

hydroxyquinoline (10X1)

4
NH N=— -4% -2%
OH
S01391b
(¢}
/
HN —NH N 12% 17%
HO
MO
(0]
S00858b

Table 20. Tested quinoline analogues proved inactive against NO66 and MINA53. *The |0X1 ICso value for
MINAS53 was determined to be ~50 uM and 25.3 uM for NO66 using the compound source present in the
library used to assess the % inhibition, however a fresh batch of 10X1 resulted in the ICso of ~80 uM for
MINAS53 and 38.2 uM for NO66, n=3.

Both NO66 and MINA53 were found to be inhibited by hydroxamic acids as described in
Table 21. Two clinically approved drugs with the hydroxamic acid motif, namely SAHA and
TSA have shown no inhibition of NO66 and MINA53, with the exception of very weak

inhibition of SAHA towards MINAS53.
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/
—N
g —
NH
o OH
TSA

NO66 MINA53
OH
HN
" 47% 42%
@_O/ \<O J . IC50~92 uM [C50~28 uM
S00133b
OH
o) 10% 62%
O HN -OH ICs50™~89 UM 1C5016.0 uM
o)
HO
S00862c
oy,
o
o -13% 24%
HO —NH
SAHA
-5% 5%

Table 21. Inhibition of NO66 and MINA53 by hydroxamic acid analogues.

Other compounds such as bipyridyl derivatives exemplified by S01434b,

pyrazolopyridine scaffolds,

derivatives, daminozide, and PLOD inhibitors such as Malathion, Malaoxon or Minoxidil

benzoylglycine

analogues,

amidopyridines,

were also found to show no inhibition at the tested concentration (Table 22).
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Y/ O\S ; : o
. OH o
N@\(" :<7 - or
OH oH N —NH
S01434b S01123b S00243b
(bipyridyl) (pyrazolopyridine) (benzoylglycine) Daminozide
(@] o OH
7\,
o T | O
HN — N NH
‘o M N7 \ 4 W
© HO
o o N/l
S00841b S09477a X
(aminopyridine) (tricyclic derivative) GSK-J1*

Table 22. Set of compounds inactive against NO66 and MINA53 at tested concentrations. *ICso calculated
in a fresh batch of compound in triplicates of 11-point curve with a 500 uM starting concentration. No
inhibition was observed at highest concentration with NO66 or MINA53.

Two chemical probes and tool compounds were also tested, but showed no inhibition:

I0X2, a selective inhibitor of the Hypoxia Inducible Factor (HIF) Prolyl-Hydroxylases [151]

and GSK-J1, an inhibitor of the KDM6 and KDM5 histone demethylases [77].

Finally, the most promising series of compounds screened in this set included hydroxamic

acids and uracil based derivatives shown in Table 23. The top-scoring hits of this series

inhibited MINAS53 with 15- to 44- fold selectivity against NOG66.

o

HN
<
HN ~<_/
/

HO [¢]

MC1648
NO66 ICs0 166 UM
MINA53 1Cs06.0 pM

HO N
o
OH

(0]
MC3096
NO66 1Cs018.9 pM
MINAS3 ICs0160 pM

HO HO
o) ’ |N
SN
MC3098

NO66 ICs71.7 pM
MINA53 1Cs0 1.6 pM

Table 23. Two series of compounds identified as active inhibitors of MINA53 (MC1648, MC3098) and

NO66 (MC3096).
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3.5. Crystallisation of MINA53 and NO66

3.5.1. Aims
In order to elucidate the binding mode of the identified inhibitors we aimed to develop
crystallisation systems for both MINA53 and NOG66. Since crystal structures of both
proteins were already determined, the main focus of this work was to reproducibly grow
crystals diffracting to high-resolution, which could be used for co-crystallisation or soaking
experiments with identified inhibitors. The aim was to obtain resolution limits below 2.5 A
and ideally below 2 A, where ligand electron density could be unambiguously identified

and interpreted.

3.5.2. Previous crystallisation experiments of MINA53 and NO66
At the beginning of this project only one crystal structure each of NO66 (PDB: 4DIQ) and
MINAS3 (PDB: 2XDV) was available in the PDB, but during this study additional structures
of both proteins became accessible (Table 24 and Table 25). These structures were

determined from crystals grown at 20°C using the sitting drop vapour diffusion method.

All available crystal structures of MINA53 have been determined from a protein construct
encompassing residues Ala26-Val465. The initial structure of MINA53 in complex with Ni2*
and NOG was solved at 2.57 A resolution, and followed by a complex with 20G
determined to 2.78 A resolution in the same P4332 space group but with an unusually high
solvent content of 76-77% [137]. The resolution of both complexes does not exceed 2.5 A
and no structures other than with the natural cosubstrate 20G, its analogue pan-
demethylase inhibitor NOG, and substrate peptides have been reported to date (Table
24). The structure of MINA53 in complex with Rpl27 peptide was obtained by cross-linking
a MINA5S3 Tyr209Cys variant with Rpl27 Gly37Cys variant peptide. The latter structure
was determined to 2.05 A resolution in P2:2:2; space group [137], and it is likely that both
the higher resolution and the different space group are due to a stabilising effect of the

Rpl27 peptide.
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The reported structures of MINA5S3 are all obtained from crystal conditions based on
PEG3350 in either HEPES pH 7.5 or Bis-Tris propane pH 6.5/8.5 buffer, with addition of
either a divalent metal cocktail mix or either Mn?* or Ni?*. The crystallisation condition for
the two latter structures also contained addition of either Na/K-phosphate or ammonium

sulphate (Table 24).

Protein/PDB Resolution/ Active | Peptide Crystallisation condition Solvent
ID/sequence/ Space group/ site content
Release date | Unit cell metal/
ligand

MINA53 2.57A/ P4;32/ Ni2*/ - 12% (w/v) PEG 3350, 77%
(2XDV) a=b=c=185.18 A NOG 0.005 M CoCl,,
A26-V465 a=Pp=y=90° 0.005 M MgCl,,

0.005 M CdCl,,
May 2010 0.005 M NiCl,,

0.1 M HEPES pH 7.5

20°C
MINAS3 2.78A/ P4;32/  Ni#*/ - 0.1 M BIS-TRIS propane  76.1%
(4BU2) a=b=c=185.63 A 20G pH 6.5,
A26-V465 o=p=y=90° 19-22% (w/v) PEG 3350,

0.2 M (NH4)2S04,
May 2014 0.005 M NiCl,

20°C
MINA53 2.05A/ P2:2:2,/ Mn%/ Rpl27a 0.1 M BIS-TRIS propane | 51.66%
(4BXF) a=70.34 A 20G (R32-P50) pH 8.5,
A26-V465 b=88.39 A (cross 0.02 M Na-K-phosphate,
T209C c=167.18 A linked 20-22% (w/v) PEG 3350,

a=B=y=90" G37Q) 0.002 M MnCl;

May 2014 20°C

Table 24. Deposited crystal structures of MINAS3.

The initial structure of NO66 (PDB: 4DIQ) in complex with 2,4-PDCA and Ni** was
determined to 2.40 A resolution in the P2:2:2 space group. No electron density was
observed from Alal67-Alal80, which indicates flexibility of this N-terminal region. The
latter structures were obtained from slightly shorter protein constructs (Serl83-Asn641

and recently Gly176-Asn641) crystallised in different space groups (Table 25).

Five crystallisation conditions have been reported to date for NO66. The initial condition
(PDB: 4DIQ) was based on BIS-TRIS buffer pH 6.5, ammonium sulphate and

pentaerythritol ethoxylate with Ni?* as active site metal. The shorter construct of NO66
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(Ser183-Asn641) crystallised in its apo form with Fe?" in the active site in Tris-HCI buffer

pH7.0, PEG8000 and ammonium sulphate (PDB: 4E4H). Five crystal structures were

obtained in the apo form, with NOG and/or peptide, in a condition based on BIS-TRIS

propane buffer at a pH range of 5.6 — 7.0, magnesium formate and MnCl, (Table 25).

Finally, the structures that became available in the end of this project (PDB: 3Y33, 3Y30)

were obtained in imidazole and sodium acetate trihydrate and a structure of a NO66

mutant (PDB: 4Y4R) in ammonium phosphate dibasic and acetate buffer (Table 25).

Protein/PDB
ID/sequence/
Release date

NO66 (4DIQ)
A167-N641

Mar 2012

NO66 (4E4H)
$183-N641

Jan 2013 [142]

NO66 (4CCJ)
$183-N641

May 2014
NO66 (4CCK)
S$183-N641
May 2014
NOG66 (4CCN)
$183-N641
L229C/

C300s

May 2014

Resolution/
Space group/
Unit cell

2.40A/ P212,2/
a=78.67 A
b=149.55 A
c=105.31 A
o=B=y=90"
2.28A/ P3,/
a=b=89.35 A
c=304.86 A
a=p=90°
y=120"
2.15A/ P12,1/
a=102.44 A
b=81.56 A
c=151.96 A
a=y=90°
B=94.66"
2.15A/ P12,1/
a=101.41 A
b=80.71 A
c=151.54 A
a=y=90°
B=94.54°
2.23A/ c121/
a=155.16 A
b=83.72 A
c=97.03 A
a=y=90°
B=100.35°

Active
site
metal/
ligand
Ni2+/
2,4-
PDCA

Fe®*/-

Mn2+/
NOG

Mn2+/
NOG

Peptide

Rpl8
(N205-
A239)
(Cross
linked
G220C)
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Crystallisation
condition

0.05 M BIS-TRIS pH 6.5,
0.05 M (NH4);S04, 30%
(v/v) pentaerythritol
ethoxylate 15/4

20°C

0.1 M TRIS-HCI pH 7.0,
0.2 M (NH4)2S04,

10% (w/v) PEG 8000,
20°C

0.1 M BIS-TRIS propane
pH 5.6-6.5, 0.5-0.7 M
magnesium formate,
0.002 M MnCl,

20°C

0.1 M BIS-TRIS propane
pH 5.6-6.5, 0.5-0.7 M
magnesium formate,
0.002 M MnCl,

20°C

0.1 M BIS-TRIS propane
pH7.4,04M
magnesium formate,
0.002 M MnCl,

20°C

Solvent
content

55.79%

63.13%

59.6%

58.65%

57.87%



NO66 (4CCM)  2.51A/ €121/ Mn?*/  Rpl8 0.1 M BIS-TRIS propane  57.66%

$183-N641 a=154.77 A NOG (N205- pH6.8,0.25 M
b=83.50 A A239) magnesium formate,
May 2014 c=96.87A (Cross 0.002 M MnCl,
a=y=90° linked 20°C
$=100.20" G220C)
NO66 (4CCO)  2.30A/ Cc121/ Mn2*/ Rpl8 0.1 M BIS-TRIS propane  58.53%
$183-N641 a=155.39A NOG (N205- pH 7.4, 0.36 M
S373C b=84.94A A239) magnesium formate,
c=97.30A (Cross 0.002 M MnCl,
May 2014 a=y=90" linked 20°C
=100.30° G214C)
NO66 (4Y33)* | 2.70A/ P12;1 NiCl?*/ - 15% (v/v) ethanol, 61.34%
G176-N641 a=82.59 A NOG imidazole pH 8.0,0.2 M
b=150.88 A MgCl,
Sept 2015 c=106.90 A
o=y=90°
p=91.32°
NO66 (4Y30)*  2.20A/ C2 NiCl**/  Rpl8 0.1 M imidazole pH 6.5,  60.64%
G176-N641 a=88.50 A NOG (M204- 0.5 M sodium acetate
b=202.93 A T224) trihydrate
Sept 2015 c=85.68 A
a=y=90°
p=118.94"
NO66 (4Y4R)*  3.3A/ P212:2; - - 0.1 M acetate pH 4.5, 71.65%
G176-N641 a=86.06 A 1.0 M ammonium
M2 mutant b=144.21 A phosphate dibasic,
c=144.21 A
Sept 2015 a=y=p=90°

Table 25. Deposited crystal structures of NO66. *The structure was not available in the PDB at the time
of writing of this thesis.

3.5.3. Outline of crystallography methods
We have attempted crystallisation with both full-length and truncated constructs of MINA53
(Ala26-Val465), and since the initial purification of NO66 with Ser183-Asn641 resulted in
low yield we focussed on the longer Alal67-Asn641 construct. Once the insect cell
expression became available, we have also generated crystals with a longer NO66
(GIn116-Asn641) construct and full-length MINAS3. All crystallisation experiments were
prepared with proteins without the histidine tag, utilising the sitting drop vapour diffusion
method. Three protein to precipitant ratios (2:1, 1:1 and 1:2) with standard drop size of
150 nl were used, at both 4°C and 20°C, using the commercial sparse matrix crystallisation

screens JCSG, LFS, MIDAS, HIN and HCS.
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Optimisation of crystallisation conditions

Crystal optimisation was performed both in the presence of identified inhibitors and with
known binders such as NOG, 2,4-PDCA or the cosubstrate 20G. The crystallisation
conditions were optimised with grid screens (‘fine screens’) prepared with stepwise
gradients of pH, PEG and precipitating agents around the initial condition. We also
attempted addition of reagents from two commercially available libraries: the Silver Bullet
and Additive Screen from Hampton Index, which were added to 10% (v/v) concentration
of the reservoir solution of the crystallisation plates. These reagents are known to affect
the solubility and crystallization of proteins by manipulating sample-sample and sample-
solvent interactions (for example induce crystallisation contacts), as well as perturb water
molecule mediated structures which can alter and improve both the solubility and

crystallization of a sample [207].
Crystal formation

In addition to optimise crystallisation conditions we have also used microseeding, a
technique where previously nucleated crystals are used as seeds and introduced into new
drops equilibrated at lower levels of supersaturation. We also attempted matrix
microseeding (MMS) [208], [209], a seeding method applied in sparse matrix screens,
where crystal seeds are used to reduce the energy barrier of crystallisation resulting in

crystal formation in conditions where crystals were previously not observed [208].
Mounting, cryoprotecting and dehydration

The generated crystals were tested for diffraction with and without cryoprotectant, as well
as with different concentrations of ethylene glycol and glycerol, which have successfully
been used previously as cryoprotectants. Finally, the diffraction of MINA53 crystals was
also assessed by dehydration experiments on the Diamond Light Source 102 beamline
using a high precision crystal humidifier/dehumidifier (HC1b). Dehydration can affect the

crystal lattice, resolution and mosaicity of the diffraction data. The HC1b system uses a
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humidifier to generate an air stream of chosen relative humidity. The designed humidity is
then achieved at room temperature by replacing the cryo-stream nozzle with the stream
of air at destined relative humidity and monitoring the size of the crystal drop until
equilibration. The diffraction images can be then collected on RT sample or at 100 K

achieved by moving the cryo-stream back onto the sample.

3.5.4. Crystallisation of NO66
Crystallisation trials, set up with sparse matrix screens, resulted in crystals grown in mainly
PEG based conditions (Table 26) and microcrystals were observed in conditions of the
previously deposited SGC structure (PDB: 4DIQ). The initial crystals reported in Table 26
were thin layers of plates diffracting to resolution limits of 2.9-3.2 A (Diamond synchrotron),
were indexed to the P222 space group with cell dimensions similar to PDB ID: 4DIQ, and
obtained in either the HIN or HCS matrix screens. Other crystals obtained in the JCSG
sparse matrix screen diffracted to a resolution of 10-14 A. No crystals where obtained in

the LFS screen.

Screen (Well |Protein Condition Compound |Diffraction [Source
concentration resolution
(mg/ml)

HIN Cllc |9.6 0.1 M HEPES pH 7.0, |- 8.5/3A FRER/
1M (NH4)2$O4, 0.5% Dmnd
(w/v) PEG 8000 Indexed to 102

P222

HIN  |HO4c (9.6 20% (w/v) PEG 3350, |- 4.5/2.9 A FRER/
0.2M ammonium Indexed to Dmnd
citrate pP222 102

HIN GO5 |(9-10.6 0.1 M tris pH 8.5, 0.2 M- microcrystals
Li,SO4, 25% (w/v) PEG
3350

HIN G06 |9-10.6 0.1 M BIS-TRIS pH 5.5, |- microcrystals
0.2 M ammonium
acetate,
25% (w/v) PEG 3350

HCS D0O4a (9 0.1 M citrate pH 5.6, [S01094a 7.8/3.2 A FRER/
20% (w/v) PEG 4000, Dmnd
20% (v/v) 2-propanol 102

Table 26. Crystals of NO66 obtained in the coarse screens. FRER — Rigaku home source, Dmnd — Diamond
synchrotron. Experiment temperature in all presented conditions was 20°C.
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We then progressed to crystallisation optimisation by setting up grid screens around
the identified conditions and also the conditions reported in literature during the course of
this study [210] (Table 27). Optimisation screens generated from the HIN sparse matrix
screen included wells Cl11, G5, G6 and H4 (see Table 26 for conditions) where
microcrystals or diffracting crystals were observed. Optimisation screens HIN-C11, HIN-
H4 and HIN-G6 produced only microcrystals whereas crystals in HIN-G5 optimisation
screen resulted in a 3 A resolution dataset in the previously identified space group P2:2:2
(as in PDB: 4DIQ Table 25). Despite multiple repeats we were unable to reproduce the

initial 2.9-3.2 A resolution crystals from wells C11 and HO4.

The optimisation screen based on HCS well D4 resulted in crystals consistently
diffracting to 3 A resolution in space group P2:2:2. To further improve the quality of the
crystals in the identified conditions, we used additives, but no improvement of crystal
diffraction was observed.

Crystals from the identified conditions were also optimised

NH using microseeding, and seeds were added to the
HO —N crystallisation drop in a serial dilution. Micro seeding of
d HCS-D4 resulted in thick and uniform diamond-like shaped

Figure 37. S01094a used for
co-crystallisation stabilises
NOG66 by 3.5°C and results in
17% inhibition of NO66 at 20
KM in the Rapid Fire assay,
and a 60 uM ICso value in the
MINAS53 Rapid Fire assay.

crystal plates (Figure 38) that initially diffracted to 3 A and
through a second round of seeding resulted in a crystal
which diffracted to 1.95 A in space group P2:2:2 (Figure 39
and dataset statistics in Appendix B). However, no electron
density was observed that supported the presence of the inhibitor fragment that was used
in co-crystallisation (S01094a, Figure 37). Instead, the 20G binding site was occupied by

a glycerol molecule present in the purification buffer.
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Screen | Well | Protein |Temp. Condition Compound| Diffraction| Source
Conc. resolution
(mg/ml)
HIN-G5 |B05a |10 20°C 0.1 M tris pH 7.9, 0.15 M|S01094a 5/3 A FRER/
Li,SO4, 23% (w/v) PEG Dmnd
3350 104
HCS-D4 |C09c (12 20°C 19% (w/v) PEG4000, S01094a 3.5/1.95 A |FRER/
(seeding) 0.1 M citrate pH 5.7, Dmnd
10% 2-propanol 103
4E4H G05a |8 4°C 0.1 M BIS-TRIS pH 7.0, |- 9/4 A FRER/
based 0.3 M (NH3)2S04, P321 Dmnd
10% (w/v) PEG8000 103
4DIqQ - 13.4 20°C 0.05 M (NH4)2S04, 0.02- INOG microcrystals
based 0.1 M, BIS-TRIS pH 6.0-
7.0,30% (v/v)
pentaerythritol
ethoxylate 15/4 or 17/8
or5/4
4CCK - 11-12 20°C 0.1 M BIS-TRIS propane |-/NOG 3.3A 124
based pH 6.1-7.5, 0.2-0.8 M
magnesium formate,
0.002 M MnCl,

Table 27. Crystals obtained by optimisation screens for NO66. NOG or S01094a were added to the protein
in solution at a final concentration of 2 mM. Best diffracting crystal is highlighted in bold.

Other grid screens included conditions based on crystal structures available in the PDB
with ID 4DIQ, 4E4H and 4CCK as shown in Table 27. Grid screens based on condition of
PDB ID 4CCK resulted in diffraction to a resolution of 3.3 A indexed in the P2; space group
in line with the published data, and condition of PDB ID 4E4H resulted in rod-like crystals

with anisotropic diffraction to 4 A in P321 space group (Figure 39 D).
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Figure 38. Visualisation of NO66 optimisation screen based on HSC-D4 condition. A. 3D view of the crystal
plate B. with an axis based on a range of conditions present in the grid screen. The colour scale indicates
arbitrary visual assessment of the crystal size/quality with a scale ranging from: 2-crystalline precipitate to
7-large crystal, B. HCS-D4 grid screen with circle size indicating arbitrary relative scale of crystal size/quality.
Arrow points to the condition of the crystal resulting in a 1.95 A dataset.

Although we have attempted crystal optimisation of NO66 in the presence of either
20G, NOG or 2,4-PDCA, the best crystals of NO66 identified so far were the apo crystals
grown in the presence of the S01094a inhibitor fragment. Thus, despite considerable

efforts we were unable to reproduce crystals diffracting below 1.95 A (see Appendix D for

data collection and refinement statistics).

Figure 39. Optimisation of NO66 crystals. A. Crystals obtained from sparse matrix screen HCS well D4
(Table 26 row 2), B. Crystals in grid follow-up screen around the HCS-D4 condition, and C. Crystals after a
second round of microseeding using seeds from B. diffracted to 1.95 A in P2:2:2. D: Crystals grown in a
condition based on the published NO66 crystal structure PDB ID 4E4H from [210], diffracted to 4A at
Diamond 103 in the P3 space group.

3.5.5. Crystallisation of MINA53
Crystals of MINA53 were known to appear in many conditions but the diffraction was
frequently not exceeding 5-7 A. Previous efforts at the SGC which resulted in the crystal
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structure complex with NOG (PDB: 2XDV) required mounting of 500 crystals in order to
obtain the 2.57 A structure. In this work we have mounted and screened over 812 crystals,
most of which diffracted to resolution limits above 5 A.

Crystals of Ala26-Val464 MINA53

Crystallisation trials, that were set up with sparse matrix screens with MINAS53
resulted in crystals in multiple PEG and salt-based conditions in all tested screens (Table
28). Crystals were also observed in conditions without PEG in BIS-TRIS buffer pH 5.5,
0.1-0.3 M magnesium formate and also in pure BIS-TRIS buffer pH 5.5 with no additives
(data not shown). The typical morphology of MINAS53 crystals is shown in Figure 40.
Despite their large size and apparent homogeneity, only 18 out of 173 crystals that were
obtained in the coarse screen conditions diffracted to 5-7 A using an in house X-ray
source. Selected crystals were also screened at the Diamond synchrotron, resulting in a

resolution between 3.2 and 6 A (Table 28).
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Screen Well | Protein | Condition Compound/ | Diffraction | Source
Conc. peptide resolution
(mg/ml)
HIN Clic | 11 0.1 M HEPESpH 7.0,1 M NOG 9.3/6 A FRER/
(E. coli) | (NH4)2SO4, 0.5% (w/v) PEG Dmnd
8000, 0.008 M MnCl, 102
HIN F10a |11 0.1 M BIS-TRISpH 5.5, 0.2 | NOG/ 9/6.5 A FRER/
(Insect M NaCl, 25% (w/v) PEG 1mM Dmnd
cells) 3350 Rpl27a 102
HCS Hoé6c | 11 0.1 M Tris pH 8.5, 1.5 M - 9/4 A FRER/
(E. coli) | (NH4)2S04, 12% (v/v) Dmnd
glycerol, 0.008 M MnCl, 102
HCS G02a | 11 0.2 M (NH4)2S04, 30% NOG 8.6/3.5A FRER/
(Insect (w/v) PEG5000MME, 0.1 Dmnd
cells) M MES pH 6.5, 0.005 M 103
CdCl,
HCS D10a | 11 18% (w/v) PEG8000, 0.2 M | NOG 8.5/4 A FRER/
(Insect calcium acetate, 0.1 M Dmnd
cells) cacodylate pH 6.5, 0.005 103
M CdCl,
JCSG6 HO09a | 11 25% (w/v) PEG3350, 0.2 M | NOG/ 7.5/4.2 A FRER/
(Insect Li,SO4, 0.1 M BIS-TRIS pH 1mM Dmnd
cells) 5.5,0.005 M MnCl, Rpl27a 104-1
LFS5 FO9c |11 20% (w/v) PEG3350, 10% | NOG 4.3/3.2A FRER/
(Insect (v/v) ethylene glycol, 0.1 Dmnd
cells) M BIS-TRIS-propane pH 103
6.5,0.2 M
sodium/potassium
tartrate, 0.005 M MnCl,,
0.005M CdCl
MIDAS | Co4d | 11 5 % (w/v) polyvinyl alcohol | NOG 7.2/3.5A | FRER/
(Insect type 11, 10 % (v/v) Dmnd
cells) Jeffamine T403, 0.2 M 103
potassium acetate, 0.1 M
HEPES pH 7.0, 0.005 M
MnCl,, 0.005 M CdCl,

Table 28. Best MINA53 crystals from coarse screens. FRER — Rigaku in house X-ray generator. Dmnd —
Diamond synchrotron. NOG was added to the protein before crystallisation to the final concentration of 2
mM unless otherwise stated. Experiment temperature in all presented conditions was 20°C. All crystal
conditions described in this table refer to the shorter MINA53 construct of Ala26-Val464.

Optimisation grid screens were based on identified conditions in the coarse screens and

also those from the published MINA53 crystal structures (Table 24). Initial optimisation

screen condition with 16-22% (w/v) PEG3350 and HEPES 7.0-7.5 pH (PDB: 2XDV) and

metal cocktail resulted in precipitates and microcrystals, and optimisation attempts using

microseeding, proved to be unsuccessful. We also decided to separate the metal additives
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to test the effect of individual metals. Grid screens based on the initial condition were
designed, using the individual metals, in combination pairs, as well as the original condition
as a reference. Interestingly, addition of only CdCl. resulted in hexagonal crystals that
diffracted to 3.2 A in the P4332 space group as in the original PDB ID 2XDV (Figure 40 A),

where CdCl, was found at crystal contacts.

Figure 40. Typical crystals of
MINAS3.

A: Crystals grew after 4-7 days
and diffracted to 2.8-3.2 A at
Diamond 102 beamline. JCSG5
screen condition: 18% (w/v)
PEG3.35K, 0.1 M HEPES pH 7.5,
0.005 M CdCla.

B: Crystals obtained after 4-14
days. The crystal diffracted to
8.7 A. Well condition: 23% (w/v)
PEG 3.3K, 0.1 M citrate pH 5.2,
15% (v/v) tacsimate.

A

The identified condition (0.1 M HEPES pH 7.5, 18% (w/v) PEG3350, 0. 005 M CdCl,) was
repeated across a 96-well crystallisation plate, resulting in crystals appearing in 56 out of
96 2:1 ratio sub-wells indicating the reproducibility of crystallisation. A total of 15 datasets
were collected from the best crystals in this condition with only 3 diffracting to 2.6, 2.5 and
2.8 A resolution and the remaining around 3 A. We attempted further optimisation by
replacing the HEPES buffer with MES pH 5.6-6.6, citrate pH 4.0-5.8 or BIS-TRIS propane
pH 6.5-9.0, but this turned out to be unsuccessful. The replicate condition was also tested
with addition of a range of salts identified in previous diffracting crystals such as: 0.1-1.2
M ammonium sulphate, 0.05-0.35 M sodium acetate, 0.05-0.35 M sodium chloride, 0.05-
0.35 M sodium malonate, 2-15% (v/v) tacsimate, 0.05-0.35 M ammonium phosphate.
Crystals grown with 0.3 M sodium acetate diffracted to a resolution range of 3.2-3.4 A
similar to the original condition, with remaining salt additives leading to low diffraction. We
also attempted addition of reagents from the Hampton Index Additive and Silver Bullet
screens, but neither resulted in improved resolution. This series of experiments has lead
us to the conclusion that the original condition of 0.1 M HEPES pH 7.5, 18% (w/v)
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PEG3350, 0.005 M CdCl; (condition 1) is likely to be the optimal condition and that the

addition of CdCl; is the crucial element for crystallisation.

Screen Well Protein |Temp. Condition Compound |Diffraction Source
Conc.
(mg/ml)
JMID2’s El2c 10.7 4°C  [25% (w/v) PEG NOG 4.1/2.7 A FRER/
screen (Insect 3350, 0.1 M citrate Dmnd
cells) pH 5.5, 5% (v/v) 102
tacsimate
HIN-F10 CO5c 10.7 20°C |0.1 M BIS-TRIS- - 7.6/3.2 A FRER/
(E. coli) propane pH 6.5, Dmnd
0.2 M NacCl, 20% 104-1
(w/v) PEG 3350
4BXF based |- 10-20 20°C |0.1 M BIS-TRIS- apo/20G/ 3A (MC2209) [Dmnd
+/- (Insect propane pH 6.5, |NOG/ 104
Additives/ |cells) 0.02 M NaHy/K,H |MC3098/
Silver P04, 17-20% (w/v) MC2200/
Bullets/ PEG3350, 0.002/0 |MC3095/
seeding M MnCl; MC2209/
JCSG7-H1 |- 10 20°C |0.1 M BIS-TRIS pH |20G (bound)/ |3.0 A Dmnd 104
+/- (Insect 5.5,0.05 M Mg MC3098 P1211
Additives/ |cells) formate, 0.1/0 M (20G)
seeding LiCl,
JCSG5-G5 |- 10-20 20°C (0.1 M HEPES pH |NOG/ 7/2.8 A BRUKER/
+/- (Insect 7.5, 18% (w/v) 2,4-PDCA/ P4332 Dmnd
Additives/ |cells/ E. PEG3350, 0.005 M|MC2200/ 102
Silver coli) CdcCl, MC3098/ Reproducible
Bullets MC3444/ 3A
LFS-F9 - 11 20°C [22% (w/v) NOG 43/3.2A FRER/
(Insect PEG3350, 10% Dmnd
cells) (v/v) ethylene 102
glycol, 0.1 M BIS-
TRIS-propane pH
7.0, 0.1 M Na/K
tartrate, 0.005 M
CdcCl,
JCSG7 HOla (10 20°C (0.3 M magnesium |5mM 20G 3.09 A dataset |Dmnd
(MMS*) (Insect formate, 0.1 M  [(bound) P21 104-1
cells) BIS-TRIS pH 5.5,
0.005 M MnCl

Table 29. Best crystals from follow-up screens for MINA53. FRER — Rigaku in house X-ray generator. Dmnd
— Diamond synchrotron. Compounds were added to the protein before crystallisation to final concentration
of 0.1-2 mM. All crystal conditions described in this table refer to shorter MINA53 construct of Ala26-Val464.
Notable comments are highlighted in bold — compound bound and diffraction reproducibility.
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In addition to the crystallisation described above, we also attempted a JMJD2 screen
(Table 29) containing PEG based conditions proven to be successful with JmjC-type
enzymes JMJD2A, JIMJID2D and JMJD3, and crystals obtained in this screen diffracted to
4.0-10 A resolution in house with a single crystal resulting in 2.9 A diffraction at the
Diamond synchrotron. Despite significant efforts, we were unable to reproduce a crystal
that diffracted to 2.9 A resolution. We then moved back to the coarse screens and used
matrix microseeding (MMS) to identify additional crystallisation conditions that grew higher
guality crystals. Using this method, we identified a condition in the JCSG7 sparse matrix
screen with 0.3 M magnesium formate and 0.1 M BIS-TRIS buffer pH 5.5 (condition 2),
that grew crystals diffracting to 3.2 A resolution (Diamond synchrotron). Further
optimisation using a grid screen as well as seeding, resulted only in a slight improvement
to 3.09 A resolution dataset in the P12;1 space group with 20G bound in the active site
(Figure 42, see Appendix D for data and refinement statistics). Interestingly the resulting
model included electron density allowing to model a loop which was not present in the
electron density of previous structures as well as showing substantial conformational

changes in comparison to the peptide bound structure PDB ID 4BXF (Figure 42).
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200uM

25% (w/v) PEG3350

0.2M MgCl, 0.1M BIS-TRIS pH 5.5, 0.05M
0.1M BIS-TRIS pH 5.5, magnesium formate

200uM

Resolution°3.6A (Diamond) Resolution 3.09A (Diamond)
8.6A (Bruker) Cpd: 20G (bound)
Cpd: NOG

200uM 200puM

0.1 M BIS-TRIS-propane pH 7.0
0.02 M sodium/potassium
phosphate
20% (w/v) PEG3350
0.002 M manganese chloride
Resolution 3.32A (Diamond)
Cpd: S11208a

Figure 41. Optimised MINA53 (Ala26-Val464) crystallisation conditions.

0.1 M HEPES pH 7.5
8% (w/v) PEG3350
0.005 M CdCl,,
Resolution 2.8-3.5A (Diamond)
3.7-4.5A (Bruker)
Cpd: 2,4-PDCA

The crystals grown in the identified conditions are shown in Figure 41. The model of the
20G complex in Figure 42 requires further refinement and the initial statistics are

presented in supplementary section D.
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Dimerisation via the
dimerisation domain

Figure 42 A. The asymmetric unit of a MINA53 crystal having space group P12:11 contained 6 molecules
that forms two trimers through intermolecular interactions via loops in the JmjC domain and the
dimerisation domain. Alignment of the crystal structure with the peptide-bound structure revealed an
RMSD of 1.73 A. For clarity the individual monomers are coloured differently. B. Monomer of MINA53 from
A. (green) aligned with chain A of PDB 4BXF (red). Regions with substantial differences are labelled: 1.
Formation of a 310 helix in a previously disordered loop, 2. Additional residues indicate a longer B-strand, 3.
Loop which was not visible in the electron density maps in previous structures, 4. Conformational changes
in the dimerization domain.

Crystals of full-length MINA53

We also attempted crystallisation of the full-length MINA53 (c067) using the coarse

screens in the presence of NOG at both 4°C and 20°C. The highest diffraction of 3.69A
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was obtained from a crystal in a P2; space group, grown at 20°C in 25% (w/v) PEG3350,
0.2 M MnCl,, 0.1 M Bis-Tris buffer pH 5.5 condition. The resulting electron density map
could only be used to trace the Ala26-Val465 region which indicates that the N-terminal is

flexible.

Dehydration of MINA53 crystals

In order to optimise the MINAS3 crystals diffracting in P4332 space group (Figure 41 D)
we have attempted dehydration experiments. This was performed by Dr C. Lobely using
the HC1b at 102 beamline at Diamond synchrotron. When the crystals were dehydrated
and datasets collected at room temperature the unit cell did not change, whereas for cryo-
cooled crystals a 3.6% contraction in the unit cell was observed and up to 6.1% when
dehydrated at 91% relative humidity and then cryo-cooled. Thus, the dehydration of

crystals from P4332 condition (Table 29) did not result in improved diffraction.

3.5.6. Crystallisation of surface mutants
Since our attempts to grow crystals of MINA53 and NOG66 that reproducibly diffracted
below 2.5A were unsuccessful, we resorted to optimisation of the construct by introducing
surface mutations, or epitopes, which were based on analysis of crystal contacts of protein

structures found in the PDB [211], [212].

Seven surface mutants based on MINA53 (Ala26-Val464) and NO66 (Alal67-Asn641)
were chosen for crystallisation based on an output of total of ~120 mutations identified in
the clusters of total of ~20 locations in the protein suggested by an in-house SGC surface
mutation algorithm (Table 30 and Table 31) [211]. Mutants which were exposed to solvent
and induced charge were preferred since those could potentially improve protein solubility
and promote crystal contact interactions. The expression, purification and crystal plate
preparation was performed by Dr M. Fairhead and the datasets were collected by this

DPhil candidate (R. Nowak).
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ID

c076
c077
c078
c079
c080
c081
c082
Table 30.

ID

c036
c037
c038
c039
c045
c046
c047

Mutation Charge

change
G345C:D346K:A348G:L350T 0
L350T:S351V:T352A:G355E 1
S300T:T302D:T305R 2
K56R:F58H:W59G* 1
F368H:D370E 1
C105A:V106L:N107S 0
H222R 0

Mutants of MINA53 designed to induce crystallisation. *No expression.

Mutation Charge
change

P637N:A639T:L640P:A642L

W181G:S183D:R186Q

D516E

Y588H:Q590H

T306H:Q310R

R487H:F491Y

Q291R*

O NN O O O

1

Mutation Mutation

start

345
350
300

56
368
105
222

end

350
355
305

59
370
107
222

Mutation Mutation

start

637
181
516
588
306
487
201

end

642
186
516
590
310
491
291

Table 31. Mutants of NO66 designed to induce crystallisation. *No expression.

WT
sequence
GDGAEL
LSTPGG
STTVAT
KEFW
FKD

CVN

HEF

WT
sequence
PLALNA
WDSPLR
LTDRER
YPQ
TTVWQ
RLGHF
WSLYQ

Mutated
sequence
CKGGET
TVAPGE
TTDVAR
REHG
HKE

ALS

REF

Mutated
sequence
NLTPNL
GDDPLQ
LTERER
HPH
HTVWR
HLGHY
WSLYR

Full details of expression, purification and crystallisation of the mutants can be found in

Appendix A. Crystal plates were set up with all mutants in the JCSG sparse matrix screen

without addition of divalent metals or inhibitors. Best crystals of apo NO66 surface mutants

were obtained from construct c046 and diffracted to 6 A resolution, whereas crystals of

MINA53 resulted in two datasets in C121 space group to resolution of 2.42 A and 2.51 A

for constructs c076 and c077, respectively. Further optimisation is required to assess the

reproducibility of the diffraction resolution.
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c076

c077

c078

c079
c080
c081

c082

Mutation
G345C:D346K:A348G:L350T

L350T:5351V:T352A:G355E

S300T:T302D:T305R

K56R:F58H:W59G*
F368H:D370E
C105A:V106L:N107S

H222R

Condition

20% (w/v) PEG3350
0.15 M DL- malic
acid

20% (w/v) PEG3350
0.2 M potassium
formate

25% (w/v) PEG3350
0.2 M MnCl;

0.1 M BIS-TRIS pH
5.5

25% (w/v) PEG3350
0.2 M MnCl;

0.1 M BIS-TRIS pH
5.5

20% (w/v) PEG3000
0.1 M citrate pH 5.5

Table 32. MINAS3 surface mutant crystallisation.*No expression

ID
c036
c037

c038
c039

c045

c046

c047

Mutation
P637N:A639T:L640P:A642L
W181G:S183D:R186Q,

D516E
Y588H:Q590H

T306H:Q310R

R487H:F491Y

Q291R*

Condition

20% (w/v) PEG3350
0.2 M potassium
citrate tribasic

30% (w/v)
PEG2000MME

0.15 M potassium
bromide

10% (w/v) PEG8000
8% ethylene glycol
0.1 M HEPES pH 7.5
10% (w/v) PEG8000
8% (v/v) ethylene
glycol 0.1 M HEPES
pH 7.5

Table 33. NO66 surface mutant crystallisation. *No expression
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Screening/dataset
2.51A dataset
C121
a=118.21,b=180.35,c=91.82,
a=90.00,$=116.90,y=90.00
2.42 A dataset
C121
a=118.31,b=180.99,c=91.94,
0=90.00, B=117.04, y=90.00

4.78 A

4.6 A

2.66 A
Indexes to P3

Screening/dataset

8A

8 A

18 A

6.3 A



3.6. Discussion

We performed a DSF screen with a library of ~1200 compounds targeted for JmjC- type
oxygenases. Both NO66 and MINA53 are stabilised by 20G mimetics and hydroxamic
acids with long aliphatic chains. In addition, NO66 is found to be stabilised by other
reported 20G inhibitor scaffolds including triazolopyridines, bipyridyls, aminopyridines and
N-oxalyl amino acids. Although straightforward to perform, a DSF assay carries the
limitations of the fluorescence readout which can be altered by auto-fluorescent
compounds or quench effects. In addition, a high melting temperature shift is only
indicative of compound binding and depends on the quality of tested compound and
purified protein. An unusual degree of variability of Tn, shift and melting temperature
between purifications was also observed which indicates that the quality of protein could
have an impact on the result of the screen. The variation in the calculated melting
temperature of replicates of the same compound derived from different source plates was
also observed which could indicate that certain compounds have degraded or that the
plates could contain differing compound concentrations. Nevertheless, the results of this
library screen are valuable in prioritising the compound classes for crystallisation trials or
for follow up screening with an activity assay. Despite the mentioned difficulties
encountered, we were able to identify and validate a set of compounds, such as
hydroxamic acids, which subsequently turned out to be inhibitors as validated by the

RapidFire assay.

The success in developing a robust RF MS assay opened up the possibility to assess the
effect of small molecules on the activity of the enzymes as well as to characterise the
hydroxylation reaction by determining the enzymatic constants. The RapidFire assay,
although resulting in high quality label-free quantification of the hydroxylation activity, has
a relatively narrow assay window with regards to peptide concentrations. The peptide
concentration should be in a range of 1-15 uM, otherwise the instrument detector is

saturated in the high concentration range, or the signal to noise ratio detected in the ion
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spectrum is insufficient at low concentrations- resulting in uncertain quantification of the
hydroxylated product. Since a dilution of the assay solution can avoid the saturation
problem, these assay constraints have an impact on the determination of the Ky enzymatic
constant for the peptides at low concentration, which can be below the detection limit of
the RapidFire qTOF mass spectrometer. Although the peptide solution can be
concentrated in order to be within the assay detection limit, this has not been attempted in
this work. Both peptide Kv determinations would need to be repeated since the data is
based on single experiment and in order to fully characterise the NO66 and MINA53
enzymes additional characterisation of the O, dependence is necessary, which however

does not impact the assay development.

The activity assay was used to screen a set of known inhibitor scaffolds for 20G
oxygenases first by validating 20G analogues such as NOG and 2,4-PDCA as potent
inhibitors of both NO66 and MINA53. Another class of compounds were two series of
hydroxamic acids from collaborator A. Mai which inhibited MINA53 at low micromolar
concentrations and NOG66 at the ICsg level of ~19 uM. We decided to perform a selectivity
profile of these series across representative members of the JmjC-type oxygenases, and

the development of these inhibitors is described in further detail in Chapter 4.

The second aim of the work in this chapter was to develop a crystallography system for
both MINA53 and NO66 which would allow to reproducibly grow crystals with diffraction of
<2.5A, andideally < 2 A. As for many other human oxygenases, obtaining high resolution
diffracting crystals (<2.5 A) has proven very challenging and requires protein of high purity
and quality, as well as the utilisation of several crystallisation and optimisation techniques.
Crystallisation appeared to be sensitive to purification quality, and we therefore attempted
crystallisation with protein expressed in either E. coli or Sf9 cells, tried various
crystallisation optimisation techniques, starting from coarse screens and optimisation

screens, seeding, additive screens, as well as collecting data at room temperature and
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under cryogenic temperatures including variation of the cryoprotectant and its

concentration.

The crystallisation of NO66 was focussed on a construct encompassing residues Alal67-
Asn641, which was used previously at the SGC to obtain the first NO66 crystal structure
(PDB: 4DIQ). The co-crystallisation experiments resulted in a single 1.95 A structure of
NO66, which we, despite considerable efforts, were unable to reproduce. During the
course of this study additional structures of NO66 became available, which were
determined from shorter constructs (Serl83-Asn641 and Gly176-Asn461) with the flexible
residues in the N-terminus removed. These crystals were obtained in a different space
group and resulted in resolution limits of 2.15 A - 2.5 A and therefore the focus of future

work should be put on development of crystallisation system based on these constructs.

Crystallisation of MINAS53 resulted in crystals in a CdCl, based condition that reproducibly
diffracted to 3.0-3.2 A, and less frequently to 2.8 A resolution in the P4332 space group.
The best diffraction was obtained in the presence of NOG, whereas crystallisation in the
presence of all the other tested compounds resulted in a resolution oscillating around 3.2
A with no ligand bound. Utilising matrix microseeding, we also identified crystals in a new
space group P21, which diffracted to 3 A resolution. Thus, despite intensive optimisation

attempts the diffraction resolution appeared to be limited to 3 A.

Towards the end of this project we resorted to design surface mutants of both MINA53
and NOG66, a method that has proved to be successful for crystallisation of other proteins
[213]. To this end this attempt has resulted in a 2.4 A resolution dataset obtained from a
crystal grown from a triple surface mutant of MINA53 (c077, L350T:S351V:T352A:G355E)
in a JCSG screen. The reproducibility of the diffraction remains to be assessed, but the
initial results are indeed very promising. Thus far, crystals of the NO66 surface mutants
did not result in diffraction limits better than 6 A. The protein used in crystallisation was

purified without the usual size-exclusion chromatography step, and it is possible that
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optimisation of the purification procedure to obtain monodisperse protein and optimisation

of crystallisation conditions will result in crystals of higher quality.

Since the current crystal systems for MINA53 and NO66 do not allow crystallographic
validation of binding poses of identified inhibitors we resorted to the use of well-diffracting
crystals with the JmjC- enzyme JARID1B. Other means of identification of the binding
mode such as prediction of the binding mode by docking studies have not been attempted
in this work. We have however developed initial structure activity relationships (SAR) of
inhibitors identified in MINA53/NOG66 activity assay which are described in detail in Chapter

4.
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4. Development of selective inhibitors

4.1. Hydroxamic acid- and uracil- based inhibitors

Using a subset of our inhibitor library, three series of compounds from the laboratory of
Prof. A. Mai were initially identified as low micromolar inhibitors of MINA53 (MC3098,
MC1648) and low micromolar inhibitors of NO66 (MC3126) and are represented by

compounds in Figure 43.

(n=4) HN
HO HO (p=2) 2%
o}_/_/_Q )\(k ‘<_/ _<\N1 6/ (q=0)

o

MC3096 MC3098 MC1648
NOG66 inhibitor MINAS3 inhibitor MINAS3 inhibitor
(18.9 UM 1Cx0) (1. 6 UM 1Csp) (6.0 UM 1Cs0)

Series 1 Series 2 Series 3

Figure 43. Representative inhibitors identified in the RapidFire activity assay of MINA53 and NO66. The
carbon linker length n, o, p and q is main variable in those series. Optimal linker lengths are depicted. Series
2 represents 2,5 substitutions and series 3 2,6 substitutions of the core 2-thiouracil motif. The ICso against
respective enzyme is provided in brackets. Data from the RapidFire MS activity assay.

In order to assess selectivity of identified hits we profiled representative members of the
different families of demethylases and hydroxylases with available AlphaScreen or
RapidFire activity assays. This approach included FBXL11 (KDM2), JMJD1B (KDM3),
JMJID2A and JMJD2D (KDM4), JARID1B (KDM5), JMJD3 (KDM6), NO66 and MINAS3.
Activity assays for members of the KDM7 family (PHF8/PHF2/KIAA1718) were not
available. The development of hydroxamic acids series 1 is presented in chapter 4.1.1
uracil based derivatives of series 2 in chapter 4.1.2 and optimisation of uracil based

hydroxamic acid of series 3 in chapter 4.1.3.
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4.1.1. Series 1 — FBXL11 inhibitors

Introduction

A compound series similar to MC3126 has been published by

)s o

Suzuki, et al. as KDM2/7 inhibitors [214]. Suzuki, et al. have /\)k
N OH

o

profiled eight-carbon linker cycloalkanes (cyclopropyl, |

OH

_ Compound 9
cyclopentane, cyclohexane, cycloheptane) and eight-carbon
Figure 44. Compound 9 with

8 carbon linker identified by
Suzuki et al. as KDM2/7
inhibitor.

linker phenyl-group analogues [214]. The study identified the
eight-carbon linker cyclopropyl Compound 9 (Figure 44) as a
KDM2/7 inhibitor with ICs¢’s of 6.8 uM towards KDM2A (FBXL11), 0.2 uM towards KDM7A
(KIAA1718) and 1.2 uM with KDM7B (PHF8) [214]. Western blot analysis of the
H3K27me2 mark in mouse neuroblastoma N2a cells treated with compound 9 confirmed
the dose-dependent effect consistent with inhibition of KDM7 family enzymes [214]. The
antiproliferative activity of compound 9 in its carboxylic acid form was detected in the N2a
cell line with a 50% growth inhibition parameter (Glso) of 86 uM, in the human esophageal
squamous cell carcinoma KYSE150 with a Glsp of 16 uM and in HelLa cells with a Glso of

40 pM [214].

Activity profile

Series 1 is based on compound MC3126 (Figure 43) within which analogues with variable
length of the carbon linker between the hydroxamic acid and the phenyl-group were
available (Table 34). Selectivity screening of MC3126 analogues were initially seen to
inhibit NO66 with an ICso value in the range of 17-40 uM, but were later also found as
potent inhibitors of FBXL11 with sub-micromolar ICs values (Table 34). Compound
MC3126 appears to inhibit FBXL11 with an ICso of 0.5 pM and shows fair selectivity with
16-fold selectivity over IMID2A, 44-fold selectivity over IMID3 and over 80-fold selectivity

over IMID2D, JARID1BA, MINAS53 and NOG6.
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ICs0 [UM]

RapidFire Alpha Screen
(90] g < )
N A @ —
2 < > &8 2 g & 8
Q S s s ¥ = s s
Compound n < 2 = 5 = = =
MC3126 1 87.4 >200 1 0.5 73.2 8.1 423 22.1
MC3125* -~ : 294.7 >200 ' 2.3 723 10.1 447 16.8
MC3054 2 90.0 136.0 | 1.0 264 9.2 308 15.1
MC3096 4 189 160.0 ' 1.0 644 126 314 16.6
MC3097 5 25.5 67.0 14 540 9.1 315 14.6
MC3110 6 53,5 198.0 ' 1.9 384 83 246 11.7
MC3112 7 138.0 >200 ' 5.2 47.6 16.3 36.9 30.7

Table 34. Selectivity heatmap of series 1 with ICso values coloured from red (low) to green (high). All
measurements were done in duplicate of an 11-point 3-fold dilution series. The length of the carbon linker
between the hydroxamic acid and phenyl ring moieties is represented by n. *linkers are carbon-based with
exception of MC3125.

Unfortunately an eight-carbon linker analogue of MC3126 was not available for direct
comparison with results of the screening performed by Suzuki, et al. We have however
determined the ICso for compound 9 in a RapidFire assay for FBXL11 and also compared
the DSF melting temperature shift between Compound 9, representatives of MC3126
series and daminozide which is a known inhibitor of KDM2/7 enzymes with reported 1.5
UM ICso for FBXL11 [215] (Table 35). Compound 9 used in the RapidFire assay was
ordered from a commercial source (Tocris) and was diluted in DMSO on the day of the

experiment to minimise potential compound instability effects.
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FBXL11 Activity Assay ICso [uM] FBXL11 DSF [20 uM]
Published in = RapidFire* =AlphaScreent Melting temperature

n literature shift [°C]*

MC3126 1 0.35 0.55 6.7°C
MC3125 O 3.9°C
MC3054 2 0.43 0.97 3.6°C
MC3096 4 0.16 1.01 43°C
MC3097 5 45°C
MC3110 6 45°C
MC3112 7 0.10 5.18 4.4°C
Compound 13 ' 8 2.9 [214]

6.8 [214] 0.107 3.67°C

HO N
7
OH

Compound 9

\ >_/_/< 1.5 [215] 5.77°C

N —NH

Daminozide
Table 35. Comparison of ICso values of identified and known FBXL11 inhibitors. ICso in RapidFire assay and
AlphaScreen is determined as duplicate of an 11-point 3-fold dilution series. All compounds in the DSF assay

were tested as n=1 in the same experiment. *Assay was performed by A. Tumber. tAlphaScreen data from
Table 34 for comparison.

The RapidFire mass spectrometry based assay determined the ICsy for MC3126
analogues to be in the 100-400 nM range, which is lower than the initial AlphaScreen
results which identified MC3126 as the most potent compound with an ICsp of 0.5 uM
(Table 35). The melting temperature increase determined by DSF showed significant
thermal stabilisation across all tested compounds with MC3126 showing maximum
stabilisation of 6.7°C, 1°C higher than daminozide and 4°C higher than Compound 9.
AlphaScreen ICso data positively correlate with the determined melting temperature shift
for the MC3126 analogues. Interestingly, the RapidFire activity assay with Compound 9
resulted in an ICso of 100 nM which is nearly 2 orders of magnitude lower than the

published 1Cso of 6.8 pM [214].

Since no crystallography system was available for FBXL11 and crystallisation of PHF8 as

a surrogate was shown to be problematic [Dr C. Johansson, personal communication], we
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have attempted to soak compounds from series 1 at 12 mM concentration with JARID1B
(ICs0 26-73 pM) following the semi-automated method established in paragraph 2.3.
Unfortunately no electron density supporting the presence of the compounds has been

observed in any of the electron density maps of the collected JARID1B datasets.

Discussion

The 1Cso of Compound 9 obtained from a commercial source is in line with the
RapidFire ICso values of series 1, where an increase of the methylene linker length
correlates with a decrease of the I1Cso to 100 nM for MC3112. The published ICso with
Compound 9 and Compound 13 for FBXL11 was determined with the AlphaScreen assay
[214]. The difference in the activity could partially be a result of differences between the
assays: the direct peptide readout in mass spectrometry and the necessity to use
antibodies in AlphaScreen assay with detection of a chemiluminescence signal might
produce divergent values. RapidFire and AlphaScreen assays use the same
concentrations of 20G, Fe?* and ascorbate, but RapidFire uses 10 uM peptide substrate
with 150 nM of enzyme and AlphaScreen only 0.1 uM peptide substrate with 25 nM
enzyme. The RapidFire ICso of MC3112 and Compound 9 was determined to be 100 nM,
and is below the nominal free enzyme concentration of 150 nM used in the assay and is
therefore on the border of the current analysis model which assumes that the compound
concentration has to exceed the enzyme concentration. In practice ICso values can be
measured to ~0.5 x enz. conc reliably, but not lower. Ideally the concentration of the active
enzyme would be determined by active-site titration with a potent binder such as
Compound 35 [216], it is however likely that the actual enzyme concentration is lower than
the nominal value of 150 nM. The combined activity data and melting temperature shift
data indicate that in fact a range of lengths of the linker results in potent and selective
FBXL11 inhibitors although assessment of inhibition of the KDM7 family of enzymes is

necessary to establish the full selectivity profile.
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4.1.2. Series 2 — MINA53 inhibitors

Introduction

2-substituted 4-hydroxypyrimidine-5-carboxylic acids such as MC3098 (series 2) were
initially identified as MINAS3 inhibitors in the RapidFire activity assay. Compounds in this
series have not been published before and represent a novel scaffold for inhibition of

JmjC-type enzymes.

Activity studies

The selectivity profile for compounds in series 2 is presented in Table 36. The precursor
of the series, compound MC2230, is inactive at the tested concentrations of 100 uM in
AlphaScreen and 200 uM in RapidFire NO66 assays, showing only 200 uM ICs, value
against MINAS3. Interestingly, the addition of a single methyl group (Table 36, MC2209)
decreases the 1Cso towards MINA5S3 by two orders of magnitude to the low micromolar
concentration range. The next demethylase inhibited by MC2209 is IMJD2A with an 1Csg
of 17 uM. The selectivity profile of MC2314 containing a five-carbon long chain is similar

to MC2209 with one-carbon chain. The tautomers of MC2209 are shown in Figure 45.
o} o HO

N\>7 / HO NH>7 / HO _N>7 /
\ N/ N/
NH o N ] N

Tautomer 1 Tautomer 2 Tautomer 3
MC2209

HO

Figure 45. Tautomers of series 2 represented by compound MC2209.

Addition of extra carbon atoms results in loss of potency for MINA53, with the four-carbon
linker compound MC2164 having an ICso of 13.1 uM, and the nine-carbon linker compound
MC3359 an ICsp of 65.4 uM. Increased length of the carbon chain results in loss of activity
against NO66, but does not affect the other tested demethylases, where inhibition with

nine-carbon linker is observed (Table 36).
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ICso [uM]

RapidFire Alpha Screen
o0 o o0 < o)
LN — —
¢ £ 2 & 2 g a 38
S s ® =z <= = = =
}_{‘/} >100 NA >100 >100 >100 >100
4 ¢ MC2230
H°>/._{N\}s/ 40.2 69.6 NA 814 31.9 433
7 \=, MC2209
>/._€‘/>_/_/_ 242 NA 215 215
y / MC2164
NN\
\>—C>_ \_\_\ 496 NA 317 35.1
MC2314
HO
”‘}_%:'{)_J’""’ 584 NA 203 34.1
& \=w MC3359*
}/,_%:\>_/_<:> 979 NA >100 208 303 381
7 \=. MC2320
)/._(\>_/_© 672 NA 57.6 347 492
7 \=, MC2200
Y
I \= \_b 455 NA 46.7 267 363
MC3095
}_2: §: 71.7 469 NA 414 30.8 35.1
7 N\ _-
4 —~>_ MC3098
H}_(N\)_S/—/_@ 36.0 >100 NA >100 >100 >100 >100
7 \=, MC2204
" »_%:N\%s 36.4 260 393
MC3234
M\%/_% 117.3 >100 123.1 >100
MC2223
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Table 36. Series 2 selectivity heatmap. All ICso are duplicates of 11-point 3-fold dilution. *Nine-carbon
chain

The second systematic modification in this series is addition of a phenyl ring system with
various methylene linker lengths as in MC2200 (one-carbon linker), MC3098 (two-carbon
linker), MC2204 (three-carbon linker), and MC3234 (four-carbon linker). Interestingly an
increase in the linker length does not have a significant effect on the measured 1Csp, with
a modest 1.5-fold increase of potency for JARID1B, JMJD2D and JMJD3 with the four-
carbon linker. Activity measurements for compound MC2204 needs to be repeated, since
it appears to be inactive with FBXL11, JARID1B, JIMJD2D/2A and JIMJD3. This experiment
will be reproduced in the future work. The lowest ICso value for MINA5S3 is seen with a
linker length of 2-3 carbons. Interestingly, replacing the phenyl ring system (MC2200) with
a non-aromatic cyclohexane system (MC2320) increases the ICsofor MINA53 to 5 uM and
significantly increases the selectivity over NO66 from 16-fold for MC2200 to 36-fold for
MC2320, whereas it is inactive at 100 uM concentration in the JARID1B AlphaScreen
assay. The third interesting 2-substitution of the 4-hydroxypyrimidine-5-carboxylic acid
core is represented by compound MC2223, where the phenyl ring is replaced with a
carboxylic acid with an alkene linker. MC2223 appears to be over 23-fold selective for
MINA53 against all the other tested JmjC-type oxygenases with a 6 uM ICso for MINASS,
suggesting that MINA53 selectivity can be achieved by replacing the lipophilic with a
hydrophilic 2-substituted motif. Comparison of phenyl-based and alkane-based linkers
suggests that shorter 2-3 carbon phenyl-based linkers are preferred, with an observed
increase in MINAS3 selectivity with a cyclohexane system replacing the aromatic phenyl
ring. This limited series of compounds points to possibly interesting outcomes with the 2-

substituted 4-hydroxypyrimidine-5-carboxylic acid motif.

Crystal structure of JARID1B in complex with MC3095

Since the attempts to generate crystal structure complexes of these compounds with

NO66 and MINA53 were unsuccessful, we resorted to an established crystallography
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system of JARID1B soaking all compounds listed in Table 36 following the method
described in paragraph 2.3. Despite the high ICso of 46 uM against JARID1B we obtained
a complex of JARID1B with MC3095 to 1.95 A resolution. The active site Mn?* ion (used
to replace the active site Fe?* in the crystallisation experiment) is coordinated by the
catalytic triad His499, His587, Glu501 and 3 water molecules. The crystal structure reveals
that MC3095 is bound to the 20G binding site, but does not coordinate the metal directly.
The carboxylic acid of MC3095 forms a hydrogen bond with Lys517 and Asn509 (Figure
46 A) and the compound is further stabilised by a complex network of water molecules
involving the pyrimidine nitrogen (Figure 46), and the carboxylic acid moiety (Figure 46 B).
Tyr488 forms a t-1r stacking interaction with the pyrimidine ring of MC3095, which
stabilises the planar pyrimidine ring. Finally the ketone oxygen present in the linker of
MC3095 forms polar interactions with the backbone nitrogen of Val99 and a solvent DMSO
molecule (DMS3 in Figure 46 B), and this functional group is missing in tested analogues
of MC3095 with lipophilic linkers. The aromatic ring of the linker positions itself between
residues Arg98 and His499. The DMSO molecule (DMS3 in Figure 46 B) is conserved
across multiple crystal structures (see paragraph 2.3.3) and it is likely that the DMSO
molecule may in fact be partially responsible for stabilisation of this conformation of the

linker due to steric hindrance.
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Figure 46. Crystal structure of JARID1B in complex with MC3095. The residues within the 20G binding
pocket in JARID1B are shown with green sticks and MC3095 with yellow sticks. Mn?* that was used in
crystallisation is shown as an orange sphere whereas the water molecules are shown as red spheres.
Hydrogen bond interactions with the side-chains are depicted as red dashed lines and solvent mediated
interactions as cyan dashed lines. Three alternative conformations with occupancies of 0.1, 0.3 and 0.4 for
MC3095 are built to fit the density, and the Fo-Fc OMIT density map is contoured at 3c A) MC3095 is nt-1t
stacking with Tyr488 and Phe496. Asn509 is found in two alternative conformations B) Top view showing
complex water network surrounding the ligand and water mediated indirect metal binding through W315.
Tyr488 not shown for clarity. Phe496 in B lies below the ligand.

Discussion

Compound MC2230 could create a dimer due to the disulphide formation and addition of
a methyl group to the sulphur atom would stop the dimerisation, which could explain the
observed increase of the inhibition with MC2209. MC3095 inhibits NO66 with an ICso value
of 25.3 uM. MINAS3 is inhibited by MC3095 with an ICso value of 3.0 uM. We have used
JARID1B as a surrogate of MINA53 in this study since the soaking system of JARID1B
was readily available, validated and the active site has proven to accommodate various
binding modes of ligands. However, other enzymes such as FIH could potentially be a
more related surrogate of MINA53. The alignment of JARID1B and MINA53/NOG66 points
to considerable structural differences within the 20G binding site that likely imply different
binding poses for MC3095 in MINA53 and NOG66 (Figure 47). In MINA53 (PDB: 2XDV)
Leul76 is found in a similar position as Phe496 in JARID1B, and in NO66 (PDB: 4DIQ)
Phe337 is found in a similar location, but is flipped and pointing towards the outside of the

metal binding site (Figure 47 A and B). The position of Phe496 in JARID1B stabilises the
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ligand whereas in the alignment with NO66 and MINA53 MC3095 would form steric
clashes with the current poses of the corresponding residues possibly indicating
conformational changes are necessary for this binding pose. Amino acid differences within
the 20G binding site may explain the selectivity of this compound towards MINA53 and
NOG66. In JARID1B Ala427 is found in the same position as GIn136 and Arg297 in MINA53
and NOG66, respectively, and it is possible that these residues form polar interactions with
the 4-hydroxypyrimidine-5-carboxylic acid motif. Conversely, in JARID1B, Asn509 is found
in a similar position as 1le187 and Vall187 in MINA53 and NO66. Finally, despite the fact
that the hydrogen bond interaction mediated by Asn509 in JARID1B is abolished by the
lipophilic residues 1le187/Val348 in MINA53/NOG66 it is likely that Ala597 in JARID1B
replaced with His253/417 in MINA53/NO66 could also mediate this interaction. Hence, the
binding of MC3095 in its JARID1B pose to MINA53/NO66 requires multiple conformational
changes and it is possible that the ligand conformation in addition its pose changes in
order to accommodate the differences between the active sites. Nevertheless, the
identified compounds in series 2 provide promising novel leads for optimisation of MINA53
inhibitors. The structure activity relationships of series 2 are mainly carbon substitutions
with the exception of MC3095 and MC2223, and further SAR should include introducing
hydrogen bond acceptors, such as ketone oxygen in MC3095 identified to interact with

backbone nitrogen of Val99.

Ala597/ B Asn509/
His253  Tyr488/ Val348
Tyrl67

Asn509/ Tyra8s/

1le187

Ala427/
Arg297

Ala427/  Ser507/
GIn136 Val185

Lys51f Lys355

Asp181 Asp342
Phe496/
His587/ Leul76

Histas - Phe496/
. His340 Phe337

MINA53 and JARID1B NOG66 and JARID1B

His240
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Figure 47. Superposition of the MC3095 JARID1B crystal structure with A) MINA53 PDB ID 2XDV (grey)
and B) NO66 PDB ID 4DIQ (purple). NO66 Leul176 and MINA53 Phe337 would form steric clashes with the
ligand and are highlighted in red.
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4.1.3. Series 3 — hydroxamic acid - uracil based inhibitors

Introduction

Compounds in series 3 and their analogues have been characterised as inhibitors of
histone deacetylases by Mai et al. [201]. MC1648 was found to inhibit maize HDAC HD2,
HD1-B (class | HDAC) and HD1-A (class Il HDAC) in-vitro with an ICso value of ~1 uM as
shown in Table 37 [201]. Extension of the carbon linker between the hydroxamic acid and
the uracil moiety by one extra carbon (linker p), and also between the uracil moiety and
the phenyl ring (linker q) shifts the ICso values against maize HDACs to 20-100 nM [201]
(see Table 37 for comparison). A further increase of the length of both linkers to up to 5

carbons keeps the nanomolar ICs for maize HDACs [201].

MC1648, a hydroxamic acid member of series 3, was identified in the initial screening of
potential MINA53 and NOG66 inhibitors (Table 37). The core 2-thiouracil motif is shared
between series 2 and series 3 and in fact the same tautomeric states can be observed
(Figure 45). Series 3 represents 2,6 substitutions and series 2 2,5 substitutions of common

2-thiouracil core (Table 37).

Activity screening of MC1648 analogues

Similar to series 1 and 2, we determined the ICso values for MC1648 and available
analogues with representative members of JmjC-oxygenases as shown in Table 37.
Compound MC1648 inhibits MINA53 with an ICso of 6.0 uM, and is 27-fold selective over
NOG66. Thus, the inhibition of IMID2A and JMJD2D is very similar to MINA53 with an ICsg

of 8.7 UM and 10.5 uM respectively, while JARID1B is inhibited with an ICso 0f 900 nM.

The first structure-activity relationship (SAR) studied was the variation of the length of the
carbon linker between the phenyl ring and the uracil moiety. Extension of the phenyl group
linker to one (MC1630) or two carbons (MC1654) decreases the activity across the panel

of JmjC-oxygenases with the exception of IMID2A, which keeps ICso values of 5.6-10.5
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uM. The extended linker of two-carbons found in MC1654 shifts the selectivity profile
towards JMJID2A with an 1Cso value of 5.6 pM, yielding MC1654 inactive against MINA53

and NOG66 at a concentration of 200 uM.

The second systematic modification of the MC1648 template was variation of the length
of the carbon linker between the hydroxamic acid motif and the uracil moiety. Replacing
the two-carbon linker of MC1648 with a three-carbon linker as in MC1640, shifts the
JARID1B ICs from 900 nM to 39.9 uM, with no change observed in the IMJD2A ICs, and
a 3-fold decrease in the MINA53 ICs value. Replacement of the alkane-based hydroxamic
acid linker with a more rigid alkene linker as in compound MC1711, dramatically reduces

the activity for JARID1B by reducing the 1Cso to 41.8 uM.

In summary, any extension of the phenyl or hydroxamic linker has detrimental effects on
the inhibition of oxygenases shifting the compound activity towards inhibition of maize
HDAC'’s in the nanomolar range. Based on the activity data the initially identified MC1648

compound is the “lead” in the series with optimal lengths of the linkers.
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Table 37. Selectivity heatmap of series 3 against JmjC-type oxygenases in comparison with published
maize HDAC activity [201]. ICso values for JmjC-type oxygenases were performed in duplicate of an 11-point
3-fold dilution series and are coloured from red (low) to green (high). *Published data on inhibition of Maize
HDACS HD2, HD1-B and HD1-A extracted from [201] for comparison ?no inhibition (0%) at 20.9 uM [201].

Crystal structures of JARID1B in complex with either MC1648 or MC3962
We have attempted soaking of all the compounds presented in Table 37 into JARID1B

crystals. Soaking of MC1711 and MC3962 was performed in the manual method with
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maximum soaking concentration of 10 mM and remaining compounds were soaked using
the automated protocol at 12.5 mM concentration, both methods are described in section
2.3. Crystal structures of all soaked crystals were determined and resulted in successful
determination of complex structures for MC1648 and MC3962, whereas no ligand density
was observed for any of the other soaked compounds. Both MC1648 and MC3962 bind

within the active site and also on the surface of the protein, away from crystal contacts, as

shown in Figure 48.

Figure 48. The binding of MC1648 to the surface of JARID1B. Hydrogen bond interactions between MC1648
and residue side-chains are depicted as red dashed lines and solvent mediated interactions as cyan dashed
lines. The hydroxamic acid is stabilised by interactions with water molecules 97, 159, 86 and a hydrogen
bond between the backbone nitrogen of Val34 and the carbonyl moiety of the hydroxamic acid.

MC1648 chelates the active site Mn?* ion in a bidentate manner with the hydroxamic acid
motif displacing two metal bound water molecules as shown in Figure 49. The hydroxamic
acid is further stabilised by hydrogen bond interactions to the side-chain of Asn509, which
frequently is found in two conformations (see Figure 46 A) and Ser507. The 2-thiouracil
motif is stabilised by three hydrogen bond interactions: first between N¢ in Lys517 and

pyrimidine nitrogen, second between the carboxamide nitrogen of Asn591 and the 2-
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thiouracil oxygen, and third between a water molecule and the 2-thiouracil oxygen. In
addition to stabilisation by hydrogen bond interactions the uracil- and the phenyl- moiety

fit perfectly into a hydrophobic pocket formed by Tyr488, Phe496 and Tyr425.

A Lys517
Asn509 Trp519
Ser507 ! Asn509 \ 4
e

Thr581

Glu501

Phe496
Figure 49. Crystal structure of JARID1B (green) in complex with MC1648 (yellow). Fo-Fc OMIT electron
density map for the ligand is contoured to 30. Two DMSO molecules derived from the crystallisation are not
shown for clarity. A) Side view of the active site of MC1648 showing the m-nt stacking with Tyr488 and
Phe496. B) Top view showing a water network surrounding the ligand and its bidentate metal binding.
Tyr488 is not shown for clarity. Hydrogen bond interactions with the residue side-chains are depicted as red

dashed lines, solvent mediated interactions as cyan dashed lines and metal coordination in black dashed
lines.

The binding interactions of MC3962 and amino acid residues are the same as in MC1648
with the exception of Arg98 which in MC3962 points towards the metal centre and forms
a hydrogen bond with water molecules as shown in Figure 50. Arg98 in MC3962 positions
itself in place of water molecules present in MC1648 (labelled in orange, Figure 50). The
water network of MC3962 includes an additional water molecule coordinated by pyrimidine
nitrogen of the MC3962 and a water molecule (labelled in green, Figure 50) which is no

longer clashing with the sulphur atom of MC1648.
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Figure 50. Overlap of JARID1B complexes of MC1648 (compound and water molecules are shown in
yellow sticks and spheres) and MC3962 (compound and water molecules are shown in magenta coloured
sticks and spheres). JARID1B residues of the MC1648 complex are shown in green and residues of MC3962
are shown in cyan. Additional water molecules are present in MC3962; W176 and W177 are highlighted in
green and red respectively, whereas water molecules of MC1648 displaced by Arg98 in MC3962 are
highlighted in orange.

Exploration of alternative metal binding groups of MC1648 based on fragment hits

Hydroxamic acid based compounds are extensively used as a metal chelating motif in
medicinal chemistry projects based on targeted inhibition of human HDACs [217]. Since
compounds of series 3 were known to inhibit maize HDACs we decided to replace the
hydroxamic acid motif in an attempt to generate JmjC-selective molecules. Based on the
crystal structures of MC1648 and MC3962 we optimised compound MC1648 further by
replacing the hydroxamic acid motif with alternative metal binding groups identified in the

fragment complexes as described in chapter 2.3.

The available fragment X-ray crystal structures identify distinct metal binding motifs as

presented in Figure 51.
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Figure 51. Crystal structures of fragments bound to JARID1B with different metal binding groups. The ICso
values were determined in an AlphaScreen activity assay in duplicates in an 11-point 3-fold dilution series.
MC1648 is shown for reference. The metal binding triad His587, Glu501 and His499 is shown together with
the Mn?* coordinating water molecules, shown as red spheres and labelled W1 and W2 for comparison.
Hydrogen bond interactions with the residue side-chains are depicted as red dashed lines, solvent mediated
interactions as cyan dashed lines and metal coordination in black dashed lines.

Fragments presented in Figure 51 inhibit JARID1B with ICso values not exceeding 500 puM,
with the exception of NO5859, however the underlying electron density strongly supports

the modelled conformation with full occupancies for N09996a, N19963a, N05859b and
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occupancy of 0.83 for N11297a after the refinement. Compounds N09996a and N10063
are both based on the same lysine interacting oxindole scaffold with monodentate
chelation of the active site metal; with a carboxylic acid for NO9996a and a nitrile motif for
N19963a which is especially interesting since no inhibitors with this feature have been
published for JmjC-type oxygenases. The difference in the compound activity could be
attributed to the metal binding motif with the nitrile having 2-fold lower 1Cso values for
JARID1B of ~500 uM. N11297 is inactive at the tested concentrations and was found to
bind to the metal site with a carboxylic acid oxygen and nitrogen of primary amine which
displaces two Mn?* bound water molecules. Interestingly the 3-fluorochlorobenzene group
of N11297 points to the outside of the binding pocket. Finally NO5859b, a compound
similar to 2,4-PDCA, binds to the metal via the pyridine ring and the carboxylic acid forms
a hydrogen bond with the Lys517. Fragment NO5859b has an ICs of 1.4 uM against

JARID1B making it the most potent fragment of the tested set.

Since both carboxylic acid (N09996a) and nitrile based (N19963a) oxindole scaffolds place
themselves in similar locations in the active site as described in Figure 52 we have decided
to design follow-up compounds replacing the hydroxamic acid group with the nitrile and
carboxylic acid motifs as shown in Table 38. The use of metal binding motifs represented

by N11297 and N05859b was not attempted.

MC1648 and N09996a MC1648 and N19963a

Figure 52. Overlay of the crystal structure of JARID1B in complex with hydroxamic acid MC1648 (yellow)
with A) JARID1B in complex with N09996a (cyan) and B) JARID1B in complex with N19963a. The black
arrow indicates the position of the carbon where fragment linking will be attempted replacing the
hydroxamic acid metal chelation group with the nitrile- and carboxylic acid motifs.
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We have decided to test a one- and two- carbon linker length between the 2-thiouracil and
the metal binding group which allowed to identify possible metal binding poses as
determined by docking and flexible compound alignment in ICM [218] (Figure 53). The
conformations of both one- and two- carbon linker with the nitrile metal binding motif
(MC3949 and MC3960) overlap well with the existing structure of hydroxamic acid
MC1648 by docking (Figure 53). The carboxylic acid derivatives of MC1648 with the linker
length of one (MC3948) and two (MC3963) also have shown conformations that would
allow metal binding. The compounds used in the experiments described below were

synthesised by our collaborators in the Prof. A. Mai laboratory at Sapienza University,

Rome.
Lvs517 w Lvs517 w
Glus01 e = N Glus01 an}_, ®
His587 ﬁ
His499 His499
MC1648 and MC3960-docked MC1648 and MC3949-docked
Lys517 W Lvs517 W
Glus01 M e Glus01 - ‘ y >
His587 His587
His499 His499
MC1648 and MC3948-docked MC1648 and MC3963-docked

Figure 53. Docking of carboxylic acid and nitrile analogues of MC1648 into the crystal structure of JARID1B
in complex with MC1648 (shown as yellow sticks). The docking was performed in ICM with presence of
solvent [218].
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Table 38. Series of carboxylic acid and nitrile based analogues exploring alternative metal binding motifs.
ICso values were determined by assays as indicated on top of the table.

Both carboxylic acid and nitrile analogues are significantly less potent than the MC1648

prototype. Nitrile and carboxylic acid derivatives of MC1648 with a single carbon linker

resulted in an I1Cso value for JARID1B of ~100 uM and ~326 uM, respectively, which is a

4-5- fold improvement from the 1Cso 0of 584 uM and 1200 pM for the nitrile- and carboxylate-
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metal chelating fragments respectively (see Figure 51). The two carbon linker analogues
did not inhibit any of the other JmjC-type oxygenases at tested concentration of 100 uM.
In conclusion, these activity data suggest that the hydroxamic acid metal binding motif is

the most suitable for this particular scaffold.

Crystal structures of carboxylic acid and nitrile metal binding analogues of MC1648

The compounds presented in Table 38 were soaked into JARID1B crystals which resulted
in crystal structure complexes of MC3960 and MC3948, the one-carbon linker nitrile and
carboxylic acid derivatives of MC1648 respectively (Figure 54). The 2-thiouracil motif of
MC3960 and MC3948 forms the same hydrogen bond interactions as observed in the case
of MC1648. Both compounds chelate the metal ion in a monodentate manner with the
carboxylic acid oxygen in MC3948, and nitrile nitrogen in MC3960. The nitrile motif of
MC3960 does not place itself perfectly radially to the active site Mn?* but at an angle of
~55° as shown in Figure 55. Interestingly, in the structure of MC3948 residue Arg98 points
towards the metal thereby displacing water molecules, and interacts with the carboxylic
acid oxygen of MC3948. In the nitrile derivative MC3960 the Arg98 residue does not move
in relation to the MC1648 crystal structure thereby keeping water molecules (coloured in

orange in Figure 54) at their position.
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Figure 54. Comparison of JARID1B crystal structures in complex with A) MC1648 (ligand and water
molecules shown in yellow sticks and spheres respectively, residues in green sticks) and MC3948 (ligand,
residues, and water molecules shown as cyan sticks and spheres) and B) MC1648 and MC3960 (ligand,
water molecules and residues in magenta). The difference in positions of water molecule between the
corresponding structures is highlighted in orange.

Glu501

His587

His499

Figure 55. The binding mode of MC3960 in the 20G binding pocket of JARID1B showing the distance
between the Mn?* and the nitrile nitrogen and the angle of the nitrile motif in relation to Mn?*. The Fo-
Fc OMIT electron density map is contoured to 3o.

Structure-based optimisation of MC1648 based on the GSK-J1 template

Since modifications of the metal binding motif resulted in lower ICso values in comparison
to the MC1648 precursor, we decided to focus on madifications to the phenyl ring of
MC1648. The GSK-J1 chelates the metal via its pyridyl-pyrimidine core, mimics the 20G

binding with an aminopropanoic acid moiety and mimics the peptide with the benzazepine
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motif [77]. Based on an overlay of the JARID1B crystal structures of MC1648 with the
demethylase inhibitor GSK-J1 (unpublished) we have attempted to replicate an aromatic
feature of GSK-J1 with the second series of MC1648 analogues by placing a phenoxy
group on the meta and para positions of the MC1648 phenyl ring and keeping the
hydroxamic moiety intact. The activity of compounds of this resulting series is shown in
Table 39 and the GSK-J1 comparison in Figure 56. Interestingly GSK-J1 displaces a
conserved solvent DMSO molecule present in the MC1648 structure (Figure 56) indicating

that exploration of this location of the binding site is possible.
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Table 39. Activity of the MC1648 analogues with a phenoxy group on the meta- and para- positions of the
phenyl ring.

MC3971

Both analogues MC3970 and MC3971 appear less potent than MC1648 and result in ICsg

values against JARID1B of 20.6 pM and 9.5 pM, respectively. Thus, the para substitution
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is more active of the two, with meta-substitution having no detectable inhibition at the

highest tested concentration of 100 pM with FBXL11 and JMJD3.

We have observed reduced solubility of the compounds in crystallisation solution which
was improved when compounds where first dissolved in ethylene glycol cryoprotectant
and then in crystallisation solution mix which was added to the crystal as a soaking
solution. We were unable to obtain crystal structures of MC3970 and MC3971 in complex
with JARID1B, despite multiple soaking attempts using manual method described in
section 2.3 no electron density was observed in the active site. However, in the docking
simulations of MC3971 and MC3970 shown in Figure 56 C and D the phenoxy group
overlaps with the position of DMSO in the MC1648 structure and the aromatic benzene

ring of GSK-J1 indicates a possible binding mode.

oy}

Lys517
A &/
Asn591

Glu501
Glu501

ﬁ:iﬁ
Tyra2s
Tyra2s «DM%
His499

X-ray structure of MC1648 and GSK-J1 MC1648 and MC1648-docked
C D Asn591
Asn591

Glus01 " Glus01 Mn - %
His587

Tyrd25 Tyr425

His499 His499
GSK-J1 and MC3971-docked GSK-J1 and MC3970-docked

Figure 56. A. Overlay of crystal structures of GSK-J1 (ligand cyan and residues magenta) and MC1648
(ligand yellow and residues green) bound to the 20G binding pocket in JARID1BA. B. Comparison of
crystal structure of MC1648 with the docked pose of MC1648 shows an RMSD of 0.50 A increasing the
confidence in the following docking results. Docking included receptor water molecules and a restrained
hydroxamic acid metal binding motif. C. Comparison of GSK-J1 with the docking pose of MC3971. D.
Comparison of GSK-J1 with the docking pose of MC3970.
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Cellular demethylation assay

In order to assess if inhibitors in series 3 have JARID1B 0 T |
§ X N\)J\N/\/N\

inhibition activity in cells we have used a miniaturised o

cellular immunofluorescence assay as reported in Figure 57. Structure of KDOM25
[161]. The assay overexpresses JARID1B transiently which results in near complete
demethylation of H3K4me3 methyl mark (see Figure 58 DMSO control). Inhibition of
JARID1B would therefore manifest itself in high levels of the H3K4me3 methyl mark, which
is indeed the case when cells are treated with small molecules such as KDOAM25 (Figure
57) or transfected by an inactive JARID1B mutant enzyme instead. We have initially
attempted to transfect HelLa cells with JARID1B, but the number of transfected cells have
been low. We therefore resorted to U20S cells which were shown to transfect well [Dr C.
Yapp, personal communication].

H3K4me3 ARID1B-FLAG

oK

: ‘ KDOAM25e 200 uM

MC1648 100 uM

DMSO control
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Figure 58. MC1648 displays no increase in the H3K4me3 methyl mark, whereas KDOAM25 positive control
shows levels of H3K4me3 comparable to untransfected cells. The U20S cells in immunofluorescence
images were stained with DAPI nuclear stain (blue), a specific antibody against H3K4me3 (green) and Flag-
tag antibody (red).

The ECsowas determined for KDOAM25 to be 52 + 30 uM and both MC1648 and MC3970
showed a marginal increase in the fluorescence intensity suggesting either fluorescence
of the compounds or increase in H3K4me3 methylation (Figure 59). Compound MC3971
showed a dose-dependent increase of fluorescence signal at 100 and 50 and 25 puM
concentrations indicating either concentration dependent increase of fluorescence signal
due to compound fluorescence or accumulation of H3K4me3 methylation as a result of

weak inhibition of JARID1B demethylation activity in cells.

A B
2500- - .
= KDOAM25e-WT et 52(3):7’\12?4? MT
_ 20004 *+ MCI648-WT x 20004 4+ MC1648-MT
() . _ —_
35 v MC3970-WT 83 v MC3970-MT r
g <.15001 ¢ MC3971-WT M @ <, 15001 Ty
a2 3 = [ ] I §au =
22 2
5 2 1000- £% 1000 * i "
=y} =292 L]
LL = uw < L n "
500+ 5004 "
C T T T T 1 C T T T T 1
-8 7 -6 5 -4 -3 -8 7 -6 5 -4 -3
[Cmpd] Log M [Cmpd] Log M

Figure 59. A. ECso curves for positive control KDOAM25e, MC1648 and MC3970/71 in cells overexpressing
JARID1B. KDOAM25 shows ECso of 52 pM. Marginal increase in fluorescence intensity is observed for
MC3971 (blue) and to lesser extend for MC1648 (green), but not MC3971 (black). Data point at
concentration of 100 uM of MC1648 and MC3970 are outliers due to increased background fluorescence
observed in those wells likely due to incomplete wash of the antibody in these two wells. B. ECso curves for
MC1648, MC3970 and MC3971 for inactive JARID1B mutant control. All three compounds increase
fluorescence intensity. Values are mean and SEM.

Discussion

The chemical optimisation of the MC1648 structure aimed to improve the activity and
selectivity of inhibition against JARID1B. Based on the available fragment complexes we
have explored two alternative metal binding motifs using a carboxylic acid and a nitrile
group which turned out to have significantly lower activity than the MC1648 starting point.
It is likely that the hydroxamic moaiety is in fact the optimal metal binding group for the 2-

thiouracil scaffold. The remaining parts of the molecule amenable to chemical modification
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were the 2-thiouracil motif and the phenyl ring. We did not attempt to modify the 2-thiouracil
motif since it generated favourable hydrogen bond interactions with Lys517 and Asn591,
instead we decided to focus on the modification of the phenyl ring of MC1648. Based on
the crystal structure of GSK-J1 with JARID1B we have added a phenoxy group on the
meta- and para- positions of the phenyl ring which based on our docking simulations
should place itself in the position of the phenyl ring in the GSK-J1 benzazepine motif
displacing the DMSO molecule found in the crystal structure of MC1648 (Figure 55). The
resulting compounds MC3970/71 have shown lower solubility at 2100 mM concentration
than the MC1648 precursor which could be the reason why we were unable to generate a
crystal structure with the established soaking method despite multiple attempts. Since
crystal structures of MC3970/71 would test the hypothesised binding mode co-
crystallisation or other soaking methods would be another path to explore in pursuit of the
crystal structures of MC3970/71. Despite the fact that these analogues did not show
increased inhibitory activity the phenyl ring of MC1648 remains a good starting point for
further chemical optimisation. The cellular demethylation experiments need to be repeated
with control for the fluorescence of tested compounds, which could cause increased levels
of fluorescence intensity and is an alternative explanation other than low activity of the
hydroxamic acids MC1648, MC3970/71 in osteosarcoma U20S cells. The observed
increased methylation of inactive JARID1B mutant control with increasing concentration
of KDOAM25 can be explained as inhibition of endogenous JARID1B levels, or possibly
as increase of methylation as a result of compound-induced cell death, or as mentioned
previously by fluorescence caused by the compound. It is also possible that suspected
low inhibition of demethylation is a result of poor cellular permeability of the compounds.
The permeability of the compounds could be tested by Caco-2 permeability assay [219],
which is frequently used in industry, or by attempting to detect compound using LC-MS of
the cell extract. The latter experiment would have to be carefully designed in order to

eliminate detection of compound which is still present in the cell media. We would
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anticipate further studies in the cellular effect with HelLa cells and cell lines in which

inhibition of JARID1B have shown to reduce proliferation such as multiple myeloma cells.
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4.1.4. Effects on cellular proliferation

In order to assess the effect of identified compounds on cellular proliferation selected
representatives of FBXL11 inhibitors series 1 (MC3126, MC3054, MC3096), MINA53
inhibitors series 2 (MC3095, MC3098, MC2204) and JARID1B series 3 (MC1648,
MC3970, MC3971, MC1711) were profiled in 5 human multiple myeloma cell lines: MM1S,
JIM3, U226, KMS11 and JIN3. The assays were performed by N. Wu and the results are

described briefly for completion in this chapter.

Introduction

Compounds in series 3 inhibit JARID1B, however the selectivity profile indicates, albeit
weaker, inhibition of MINA53 and JMJD2A. Compounds selectively inhibiting JARID1B
such as the Epitherapeutics EPT-103182 have been shown to have antiproliferative effect
in multiple myeloma in vitro and promising activity in vivo as described in 1.6. Compounds
in series 2 inhibit MINA53 with 10-30- fold selectivity as described in 4.1.2. High levels of
MINA53 are found in multiple myeloma as reported by Thakur et al. [220] but no inhibition
studies have been reported to date. Compounds in series 1 inhibit FBXL11 and likely other
enzymes in KDM2/7 family as discussed in paragraph 4.1.1 and there are currently no

reports on inhibitory effect of KDM2/7 on the proliferation of human multiple myeloma.

Cellular proliferation

Two compound concentrations of 100 uM and 50 uM were tested and the proliferation was
measured by PrestoBlue® cell viability staining after 5 and 7 days of incubation.
Compounds from series 1, despite good in vitro activity (0.2 — 0.5 uM) for FBXL11 and a
good selectivity profile, demonstrated no significant effects on proliferation of any of the
cell lines tested. Compounds in series 2 have been shown to inhibit MINA53 in vitro with
ICso value of 1 uM and at least 17-fold selectivity against other demethylases. Although
inhibition of MINA53 could result in suppression of cellular proliferation [127] [221], a 1.5-

2- fold increase in cellular proliferation was observed after 5 and 7 days in all tested human
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multiple myeloma cell lines. More experiments would be necessary to discern the many
guestions posed by this result. Compounds in series 3 showed time-dependent inhibition
of proliferation of MM1S, JIM3 and JJN3 cells in a range of 30-95% at 100 uM and 50 uM
concentrations and 90% at 100 uM for U226 cell line with no effect at 50 uM concentration.
Inhibition of proliferation of KMS11 cells did not exceed 30%. Dose response studies in
JIM3 cell line show Glso of ~100 uM after 7 days of incubation and of ~75 uM after 10 days
of incubation for MC3970, Glso of ~90 uM at day 5 and 7 but could not be determined at
day 10 for MC3971. MC1648 and MC1711 did not show any inhibition in the tested
concentration range. Initial data from JIN3 cell line show the Glso of 50 £ 7 uM for MC3970

and 40 £ 8 uM for MC3970 after 5 days of incubation (Figure 60).
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Figure 60. Glso of the proliferation of the human multiple myeloma JIN3 cell line measured after 5 days
of incubation with MC3970 and MC3971. The dose response was set up in triplicates based on 2-fold
dilution of 100 uM starting concentration. Cell proliferation was measured by presto blue cell viability
reagent relative to the DMSO control. Data points are mean + standard deviation of 4 replicates.

Discussion

Compounds in Series 1 did not have an effect on the proliferation of the cells and Series
2 in fact appeared to induce proliferation. Since inhibition via SIRNA knockdown of MINA53
has not been tested in multiple myeloma, but displayed antiproliferative effects in other
cancers (see 1.3) the induced proliferation effect was unexpected. It is likely that the
compounds in Series 2 developed in this study are not selective enough to attribute this
effect to the inhibition of MINAS3. It is also possible that a methyl-ester pro-drug form

would be required in order to increase the cellular permeability and therefore increase the
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active concentration of the compounds inside cells. In vitro activity of compounds in Series
3 have translated to inhibition of proliferation of multiple myeloma cell lines or cytotoxicity,
in line with the data from the Epitherapeutics compound. The effect is cell line specific and
appears in a time-dependent manner, which could be due to differences in permeability
between the cell lines. Although the in vitro ICso value of MC3970/71 against JARID1B is
lower than that of MC1648 the antiproliferative activity of MC3970/71 is better than for
MC1648. It is possible that in addition to inhibition of JARID1B MC3970/71 inhibits other
enzymes which could result in reduced proliferation, and/or the phenoxy group is
metabolised in cells and the metabolites are potent inhibitors, and/or there are differences
in cellular permeability between MC1648 and MC3970/71. Further experiments such as
tests for cytotoxicity and cellular permeability would be necessary in order to answer many

guestions posed by these results.
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5. Discussion and future directions

In order to characterise inhibitors of JmjC-type oxygenases we have first profiled the
selected representatives of the family with libraries of fragments in activity assays and
then obtained crystal structures of JARID1B with the identified fragment hits. We have
then pursued development of assays and crystallography system for NO66 and MINA53
ribosomal histidinyl hydroxylases, for which no specific inhibitors have been reported.
Finally, we have obtained crystal structure complexes of JARID1B with the identified
inhibitors and performed initial chemical optimisation based on the available JARID1B

fragment crystal structure complexes.

Despite the fact that significant effort has been committed to crystallisation of NO66 and
MINA53, we were unable to obtain reproducible high resolution diffracting (< 2.5 A)
crystals. We largely relied on constructs optimised previously at the SGC exploring various
downstream crystal optimisation methods. This optimisation has led to reproducible 3.0 A
diffraction of MINAS53 crystals, where presence of 20G was required for stabilisation, and
sporadic 2.0 A diffraction of NO66 crystals. Although low resolution (>3 A) crystal
structures of MINA53 with inhibitors are possible to obtain, the resulting electron density
(if any) will likely result in an ambiguous ligand model of limited value. In search for
reproducible crystallisation of NO66 future studies should explore shorter constructs of
NOG66 which have proven to generate higher resolutions structures. An interesting avenue
of future work would therefore be further construct modification which has been recently
explored at the SGC with the surface mutations of the NO66 (Alal67-Asn641) and
MINA53 (Ala26-Val464) constructs designed in order to manipulate crystallisation
contacts. This approach called ‘epitope screening’ has already proven successful for one
of the 20G oxygenases JMJD1B, where a construct with crystals diffracting to 2.3-3.0 A
was modified with double mutation to diffract to 1.7 A [Dr M. Fairhead personal
communication]. The promising results with diffraction of crystals of MINA53 surface

mutants (~2.3 A resolution) could make it amenable to fragment soaking, should the
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diffraction prove reproducible. This early success suggests that surface mutations are a
possible avenue of further exploration not only with NO66 and MINA53 but also with other
20G oxygenases, hopefully generating reproducible, highly diffracting crystals amenable
to compound soaking. It is possible that the fragment soaking efforts will identify novel
allosteric binding sites, where initial data suggest a proof of principle for JmjC-type
oxygenases by the crystal structure of JARID1B with N10072a. The modulation of the
activity with compound N10072a has to be confirmed by a mode-of-action enzyme kinetics
characterisation in order to assess whether N10072a is indeed an allosteric inhibitor, or
whether the compound is simply not visible in the active site by crystallographic studies
but modulates the activity through the active site binding. Further allosteric sites should
also be also assessed by mode of inhibition studies and since activity of JmjC-type
enzymes can depend on the oligomerisation state it is possible that compounds binding in

the domains involved in oligomerisation can result in inhibition of the enzymatic activity.

Reproducible high resolution diffraction of crystals is a prerequisite for successful X-ray
based fragment screening campaigns, as represented here by the JARID1B soaking
system. JARID1B and JMJD2D [Prof F.V. Delft personal communication] soaking systems
are one of the first attempts on fragment soaking with JmjC-type oxygenases which have
generated an unprecedented number of small molecule complexes for JmjC-type
oxygenases. The high throughput X-ray based fragment soaking protocol developed at
the Diamond synchrotron substantially increases the potential of X-ray crystallography as
a primary screen. The protocol first limits the amount of compound material required, by
using the Echo acoustic dispenser (Labcyte) to transfer compounds directly onto the wells
with crystals (for example just a ~20 nl compound transfer volume is required for a final
12.5 mM soaking concentration) and secondly uses robot assisted mounting allowing up
to 150 crystals to be mounted in an hour (as in the case of JARID1B soaking), substantially

increasing the throughput of this previously labour intensive exercise.
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Another major achievement in recent years is the development of miniaturised activity
assays for most of the JmjC-type enzymes allowing for compound selectivity to be easily
assessed. The availability of assays has previously been a bottleneck as exemplified by
GSK-J1 inhibition of JARID family of enzymes which was unknown at the time of the
publication [222]. Furthermore, the availability of high throughput mass spectrometry
system RapidFire has enabled the development of label free activity assays for
demethylases and ribosomal hydroxylases. Availability of high quality mass spectrometry
assays allows for additional comparison of in-vitro ICso between orthogonal activity assays
such as luminescence based AlphaScreen or fluorescence based FDH-coupled enzymatic
assays which are prone to false positives. The family-wide activity screen of JmjC-type
demethylases provided us with a method to identify fragments with inhibitory activity and

promising selectivity profiles.

Compounds in series 1-3 were initially identified in the activity assays of MINA53 and
NOG66. The family-wide profiling identified series 1 as active inhibitors of FBXL11, series 2
as inhibitors of MINA53 and series 3 as inhibitors of JARID1B, hence a dramatic shift from
initial “assignment” as MINA53 and NOG66 inhibitors. Early selectivity screening therefore
has provided us with crucial information on the identification of the potential target of the
molecule. The crystal structure of JARID1B with compound MC3095, which does not
directly bind to the metal ion, despite structural differences between the active sites
provides information on possible non-metal chelating binding mode with MINA53/NO66.
The development of non-metal chelating MINA53 inhibitors based on MC3095 is an
interesting avenue for future work. Hydroxamic acids in series 3 have proven to be
especially amenable to crystallographic studies. The activity assays of synthesised
carboxylic- and nitrile-metal binding analogues indicated improved activity from their
fragment starting points, but not over the MC1648 starting point, and two other analogues

of MC1648 designed based on existing JARID1B complex with GSK-J1 have been tested
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in human multiple myeloma cell lines resulting in time-dependent inhibition of proliferation

possibly due to cytotoxicity, which needs to be further evaluated.

We anticipate that the activity profiles determined in this work for two fragment libraries
together with the crystal structures from this and future fragment soaking ‘campaigns’ for
the JmjC-type oxygenases will form a fragment characterisation set for this class of
enzymes. The structural and activity information of identified chemotypes could be used
to generate structure-activity hotspots identifying site-specific differences and leading to

more informed structure-based drug discovery of these exciting targets.
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Supplementary Information

A. Constructs, expression and purification

All cloning was performed by Biotechnology group at the SGC.
NOG66 and MINAS53 expressed in E. coli

Constructs for bacterial expression of NO66 and MINA53 were available at the SGC.
NO66 (Alal67-Asn64l and Serl83-Asn64l) and MINA53 (Metl-Val464 and Ala26-
Val464) were subcloned into pNIC28-Bsa4 and pNIC-CTHF vectors, for expression with
Tobacco Etch Virus (TEV) protease cleavable N- and C- terminal histidine tags,
respectively. The plasmids were transformed using standard protocol into BL21(DE3)-R3-
pPRARE?2 cell line, a phage-resistant derivative of BL21(DE3) carrying a pRARE2 plasmid

to enhance expression of eukaryotic proteins that contain codons rarely used in E. coli.
Expression

Overnight cultures (100 ml) were prepared from glycerol stocks or freshly transformed
cells using terrific broth (TB) supplemented with 100 pg/ml Kanamycin. 10 ml of overnight
culture was then added per 1L TB supplemented with 100 pg/ml Kanamycin and 4 ml
glycerol. The cultures were grown in incubators at 160 rpm, 37 °C until average OD600 of
2.5 and cooled for 30 min in incubator at 18 °C before they were induced with 0.1 mM
IPTG at 18 °C overnight. The cells were harvested by centrifugation at 3000xg for 20 min
and the supernatant discarded. The cell pellet was either frozen at -20°C or processed
immediately. Cell pellets from 1L expression, were re-suspended in 50 ml buffer containing
50 mM HEPES pH 8.0, 500 mM NaCl, 10 mM Imidazole, 0.5 mM tris(2-
carboxyethyl)phosphine (TCEP) and 5 % (v/v) glycerol, supplemented by 1 ul benzonase
nuclease (Sigma Aldrich) and 50 pl of protein inhibitors cocktail Il (Merck).

Purification

The cells were disrupted by sonication followed by centrifugation for 45 minutes at

23800xg and the supernatant collected for affinity chromatography. Proteins expressed in
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E. coli were purified by nickel affinity chromatography at 4°C, using a gravity column and
a stepwise gradient of imidazole. All fractions from the immobilised affinity
chromatography (IMAC) step were analysed on 4 - 12 % SDS-PAGE. The eluted fractions
were pooled and concentrated using Amicon 30 kDa cut-off concentrators to 5 ml and
filtered through a 0.22 um PVDF filter before it was injected manually onto a size-exclusion
chromatography column (S200) using AKTA xpress equilibrated in 10 mM HEPES pH 7.5,
500 mM NacCl (or 150 mM NacCl for MINAS53), 5 % (v/v) glycerol and 0.5 mM TCEP. The
fractions from S200 columns were analysed on 4 - 12 % SDS-PAGE and affinity tag
removed by Tobacco Etch Virus (TEV) protease (30 pg per mg of protein) incubated
overnight at 4°C. The TEV protease and uncleaved protein was removed by Ni-sepharose
and the mass of the cleaved proteins verified by electrospray mass ionization time-of-flight
mass spectrometry (Agilent LC/MSD). The TEV cleaved proteins were concentrated in
Amicon 30 kDa spin concentrators and the protein concentrations determined with
NanoDrop (Thermo Scientific) using the absorption at 280 nm and the estimated extinction
coefficient.

Biotinylated NO66 and MINA53 expressed in E. coli

For in vivo biotinylation we have used protocols developed at the SGC [198]. Briefly, NO66
(Alal167-Asn641) and MIN53 (Metl-Val464) were subcloned into the pNIC-Bio2 vector
with an N-terminal 10-Histidine-tag and a C-terminal biotin acceptor site. The plasmids
were transformed into a BL21(DE3)-R3-BirA cell line, which also contains the pCDF-BirA
plasmid for co-expression of BirA, a biotin-protein ligase that covalently adds a biotin
moiety to the lysine residue in the C-terminal acceptor site. Biotinylated proteins were
expressed and purified as described above, but 50 uM biotin was added at the stage of

induction with IPTG and the affinity tag was not removed.

NO66 and MINA5S3 expressed in Sf9 cells
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For expression in insect cells, MINA53 (Metl-Val464, Ala5-Val464, Ala26-Val464, Metl-
Val464, Ala5-Val464, Ala26-Val464) and NO66 (Alal67-Asn641, Metl-Asn641, Ala6-
Asn641, GIn116-Asn641 and Alal67-Asn641) were amplified from an MGC cDNA clone
(accession BC014928 — MINA53 and BC011350 — NO66), and subcloned into the pFB-
LIC-Bse and pFB-CT10HF-LIC baculovirus transfer vectors (Bac-to-Bac) with tobacco
etch virus protease-cleavable N- and C-terminal 10His-flag-tag, respectively, both with
ampicillin resistance. Generation of recombinant baculoviruses, insect cell culture, and
infections were performed by the Biotechnology group at the SGC according to the
manufacturer instructions (Invitrogen). Briefly, the constructs were transformed and
proteins expressed in Sf9 cells and the cells collected 72 hours post infection. The cells
were harvested by centrifugation at 400xg for 20 min and the supernatant discarded. The

cell pellet was either frozen at -20°C or processed immediately.

Proteins expressed in Sf9 cells were purified using the same procedure as described for
E. coli expressed proteins, but the nickel affinity step was performed using a batch method.
After washing with a stepwise gradient of imidazole, the resin was transferred to a gravity

column and proteins eluted with 300 mM imidazole.

MINA53 and NOG66 surface mutants

Expression, purification, and crystallisation of surface mutants was performed by Dr M.
Fairhead. Briefly, all of the mutants and the wild type proteins were expressed in E. coli
and purified with Ni-affinity chromatography using a stepwise gradient of imidazole. The
imidazole was then removed by desalting on PD10 column (GE Healthcare) and the
histidine tag removed by TEV protease followed by Ni-affinity column. Proteins were
concentrated in Milipore centricon 10 kDa MW concentrator to average concentration of

12 mg/ml.
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B. Crystallisation and structure determination

Crystallisation and structure determination of NO66 and MINA53

Crystallisation of MINA53 and NO66 was performed with protein expressed and purified
from E. coli or Sf9 cells using the 3 drop sitting drop vapour diffusion method at either 20
or 4°C. Crystallisation drops were set up with protein at a concentration of 5-15 mg/ml
(NO66) and 10-40 mg/ml (MINA53) and for co-crystallisation both proteins were pre-
incubated with 2 mM compound and 2-8 mM MnCl,. The protein compound mix was
transferred onto a 96-well Swiss CI crystal plate (SWISSCI, Neuheim, Switzerland) with
mosquito robot (TTP Labtech) and mixed with precipitant solution in a 2:1, 1:1 or 1:2 ratio
resulting in a final volume of 150-300 nl. JCSG, LFS, MIDAS, HIN and HCS sparse matrix
crystallisation screens and individual components of the optimisation screens were
obtained from Hampton Research and Molecular Dimensions. Crystallisation plates were
imaged with a Minstrel HT system (Rigaku) and viewed in TexRank [223]. Crystals of
NO66 and MINA53 appeared after 2-14 days. Crystals were soaked in cryoprotectant
containing either 25% (v/v) ethylene glycol or 25% (v/v) glycerol in well solution, and then
flash cooled in liquid nitrogen at 100°K. Crystals were first screened for diffraction on in-
house rotating anode X-ray generator (Bruker). Diffracting crystals were selected for
screening and data collection at Diamond Light Source. The datasets were collected at
Diamond Light Source beamlines 102, 103, 104, 104-1 and 124 on samples at 100°K.

The processing for NO66 datasets was done using the CCP4 program suite and the
phasing performed by molecular replacement based the PDB ID 4DIQ in Phaser v2.5.2
[224]. MINAS3 datasets in complex with 20G was processed in Xia2 and was solved with
PHENIX MRage pipeline [224], [225] based on all 3 available crystal structures PDB:
2XDV, 4BU2, 4BXF. lterative model building with COOT [226] and refinement with cycles
of PHENIX [225] and BUSTER v2.10.1 [227] resulted in final models. Data collection and

refinement statistics can be found in D. Table 1 below.
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Crystallisation of surface mutants of NO66 and MINA53

Vapour diffusion crystallisation plates were prepared with 12 mg/ml purified protein (as
described above) in JCSG sparse matrix screen from Molecular Dimensions.
Crystallisation was performed without supplementing of the protein with any compounds

or divalent metals.

Crystallisation and structure determination of JARID1B

Purified JARID1B based on deletion construct (Phe26-Leul01-GlyGlyGlyGly-Ala374-
lle502) was available at the SGC from Dr C. Johansson. JARID1B was crystallised using
the 3 drop sitting drop vapour diffusion method at 4°C in 0.1 M HEPES pH 7.5, 0.8 M
potassium phosphate dibasic, 0.8 M sodium phosphate monobasic supplemented with 2
mM MnCl,. Crystallisation drops (150 nl or 300 nl) were set up with a mosquito robot (TTP
Labtech) using protein at a concentration of 8-9 mg/ml in 2:1, 1:1 and 1:2 protein to
precipitant ratios, with and without addition of 20 nl of 1:100 (v/v) dilution of a seed stock.
Preparation of seed stock was performed as described below. 30 — 100 crystals were
reproducibly grown in Swiss CI plates (SWISSCI, Neuheim, Switzerland) in the uniform
condition described above. Crystals were flash frozen in liquid nitrogen at 100 K. Data
were collected at Diamond Light Source beamlines 104-1 or 102 and 104. Datasets were
processed using Xia2 [228] followed by molecular replacement and initial refinement in
DIMPLE pipeline [229] based on the PDB ID: 5A1F. Iterative model building with COOT
[226] and refinement with PHENIX [225] and BUSTER v2.10.1 [227] resulted in final

models. Data collection and refinement statistics can be found in the Table 40 below.

Matrix Micro Seeding and seeding

Seed stock was prepared from crystals obtained from optimisation screens (see main text)
and homogenised with a seed bead (Hampton Research) using standard laboratory vortex
at full speed in 100-150 ul corresponding reservoir solution. The seeds were vortexed

several times for 1 minute with 1 min ice incubation intervals and frozen at -80°C. The
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matrix micro seeding was done following a previously described method [208]. Briefly, the
protein mix was transferred onto a 96-well Swiss CI crystal plate with mosquito robot (TTP
Labtech) and mixed with precipitant solution in a 1:2, 1:1 or 2:1 ratio resulting in a final
drop volume of 150-300 nl followed by 20 nl transfer of concentrated or 1:10, 1:100 (v/v)

dilution of seed stock to the crystallisation drops.

Manual soaking

In order to determine maximum tolerated compound concentration crystals were
transferred in a series of drops with 2-fold dilution of compound with final concentration of
10-25 mM and 25% (v/v) ethylene glycol based on crystallisation well solution. Solution
with maximum compound concentration for which no morphological changes to the crystal
were observed, was then added directly to Swiss CI plate (SWISSCI, Neuheim,
Switzerland) sub well containing crystals. Crystals were incubated with the soaking

solution for 15 min to 120 min and mounted and flash frozen in liquid nitrogen at 100 K.

MC3970 and MC3971 where first dissolved in 100% ethylene glycol cryoprotectant in 2-
fold dilution with maximum concentration of 10 mM. The crystallisation well solution was
then added to final concentration of 25% ethylene glycol. The crystallisation solution mix
was used as a soaking solution. The remaining procedure was performed as described

above.

Semi-automated soaking

Crystallisation was performed following a protocol developed by Lab36, Diamond Light
Source, Harwell, UK. Briefly, crystals grown in 300 nl well volumes were soaked with
addition of 100 nl of 100% ethylene glycol, followed by addition of compounds to final
concentration of 12.5 mM or 20 mM using Echo Acoustic Dispenser (Labcyte). Crystals
were incubated for 2-3 h. Crystal harvesting was assisted by a robotic plate positioning
system developed by N. Wright, which allowed for 150 crystals to be mounted in an hour.
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C. JARID1B Table 1

Statistics for the highest-resolution shell are shown in parentheses.

Wavelength (A)
Resolution
range (A)

Space group
Unit cell
a(A),b(A),c(A)
aBy

Total reflections

Unique
reflections
Multiplicity

Completeness
(%)
Mean I/sigma(l)

Wilson B-factor
R merge T (%)

R-meas
CC1/2

Cc*
R-work¥
R-free§

Number of non-
hydrogen atoms

macromolecules
ligands
water
Protein residues
RMS (bonds) T+
RMS (angles) T+
Ramachandran
favoured (%)
Ramachandran
outliers (%)

206G
0.9173
71.17
-2.15
(2.227
-2.15)
P6522
142.34
142.34
152.26
9090 120
962030
(95849)
49913
(4898)
19.3 (19.6)

100.00
(100.00)
29.51
(5.25)
38.12
0.06963
(0.6652)
0.07154
1
(0.954)
1
(0.988)
0.1830
(0.2454)
0.2259
(0.3105)
4263

3708

66
489
454
0.008
1.09
98

0

Succinate
0.9173
71.07
-2.1
(2.175
-2.1)
P6522
142.14
142.14
152.1
9090 120
1057061
(102944)
53306
(5232)
19.8 (19.7)

100.00
(100.00)
19.90
(1.50)
45.47
0.1085
(2.232)
0.1114
0.999
(0.571)
1
(0.853)
0.1977
(0.3096)
0.2337
(0.3581)
3935

3667

50
218
465
0.009
1.10
97

0.22

Fumarate
0.9173
64.28
-2.47
(2.558
-2.47)
P6522
141.68
141.68
153
9090120
623357
(64550)
33072
(3235)
18.8
(20.0)
99.99
(100.00)
10.31
(1.51)
57.76
0.2032
(2.196)
0.209
0.994
(0.64)
0.999
(0.884)
0.1909
(0.2835)
0.2263
(0.3297)
3855

3727

60

68
452
0.009
1.20
96

0.44

181

Acetate
0.9795
57.07
-1.87
(1.937
-1.87)
P6522
142.18
142.18
152.15
9090120
1488447
(144030)
75058
(7363)
19.8
(19.6)
99.99
(100.00)
23.02
(1.35)
37.06
0.08522
(2.097)
0.08747
1
(0.563)
1
(0.849)
0.1991
(0.3230)
0.2333
(0.3387)
4242

3750

72
420
453
0.008
1.06
98

Pyruvate
0.9795
57.13
-2.03
(2.103
-2.03)
P6522
142.29
142.29
152.65
9090120
1173428
(114395)
59212
(5808)
19.8
(19.7)
99.99
(100.00)
18.29
(1.50)
40.40
0.1325
(2.432)
0.136
0.999
(0.598)

1

(0.865)
0.2253
(0.3196)
0.2559
(0.3701)
3904

3762

69

73
453
0.008
1.18
98

Malate
0.9795
61.57
-1.86
(1.926
-1.86)
P6522
142.2
142.2
152.47
9090120
1516065
(144566)
76431
(7507)
19.8
(19.3)
99.99
(99.96)
15.64
(1.22)
36.15
0.1153
(2.334)
0.1184
0.999
(0.533)
1
(0.834)
0.2061
(0.3341)
0.2402
(0.3563)
4161

3770

68
323
453
0.008
1.10
98



Clashscore
Average
B-factor ()

macromolecules
ligands
solvent

5.14
44.80

43.20

47.90
56.00

Table continues below

Wavelength (A)
Resolution
range (A)

Space group
Unit cell
a(A),b(A),c(A)
aBy

Total reflections

Unique
reflections
Multiplicity

Completeness (%)
Mean I/sigma(l)

Wilson B-factor
R merge T (%)

R-meas
CC1/2

CC*
R-work$
R-free§

Number of non-
hydrogen atoms
macromolecules
ligands
water
Protein residues
RMS (bonds) T+
RMS (angles) tt

D-2HG
0.9173
47.88
-1.89
(1.958
-1.89)
P6522
142.08
142.08
152.47
9090 120
1438569
(143766)
72769
(7169)
19.8
(20.1)
99.97
(99.80)
18.85
(1.36)
35.77
0.1097
(2.566)
0.1126
1
(0.539)
1
(0.837)
0.1949
(0.3144)
0.2261
(0.3392)
4266

3768
73
425
453
0.008
1.10

4.12
50.10

50.00

53.80
50.90

L-2HG
0.9173
47.69
-2.05
(2.123
-2.05)
P6522
141.8
141.8
151.41
9090 120
1108750
(112488)
56673
(5560)
19.6
(20.2)
100.00
(100.00)
15.78
(1.30)
41.76
0.1434
(2.398)
0.1472
0.999
(0.624)
1
(0.877)
0.1970
(0.3175)
0.2372
(0.3568)
4256

3762
73
421
453
0.008
1.15

5.93
65.30

65.20

77.10
56.20

N10072a
0.9795
29.71
-2.099
(2.174
-2.099)
P6522
141.37
141.37
153.105
9090 120
106135
(10333)
53089
(5188)
2.0 (2.0)

99.90
(99.03)
24.65
(4.16)
36.84
0.02047
(0.153)
0.02894
0.999
(0.933)
1
(0.982)
0.1913
(0.2445)
0.2256
(0.2745)
4136

3761
87
288
453
0.008
1.11
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3.74
44.40

43.30

49.70
53.50

NO05859b
0.9795
31.03
-1.84
(1.906
-1.84)
P6522
141.58
141.58
151.6
90 90 120
1551312
(154963)
77744
(7641)
20.0
(20.3)
99.96
(99.82)
14.77
(1.29)
32.17
0.1372
(2.354)
0.1408
0.999
(0.566)
1

(0.85)
0.1950
(0.3054)
0.2315
(0.3113)
4343

3727
79
537
453
0.007
1.09

4.12
48.10

47.80

54.40
56.70

N10042a
0.9173
71-2.06
(2.134 -
2.06)

P6522
142.01
142.01
152.2

90 90 120
1116035
(112525)
56316
(5510)
19.8
(20.4)
99.99
(99.98)
18.67
(1.46)
45.37
0.1067
(2.196)
0.1096
0.999
(0.576)
1
(0.855)
0.1956
(0.3088)
0.2310
(0.3149)
4089

3727
88
274
454
0.008
1.11

5.98
43.40

42.80

49.40
48.80

N09996a
0.9173
70.91
-1.87
(1.937
-1.87)
P6522
141.81
141.81
151.83
9090 120
1475583
(147490)
74509
(7316)
19.8
(20.2)
99.99
(99.96)
19.62
(1.30)
33.93
0.1251
(2.608)
0.1284
1

(0.56)

1
(0.847)
0.1820
(0.3028)
0.2193
(0.3650)
4226

3752
113
361
455
0.031
2.38



Ramachandran 97 98 97 98 98 98
favoured (%)
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Ramachandran 0.44 0.22 0.66 0 0.44 0.22
outliers (%)
Clashscore 4.25 7.58 5.73 3.63 4.96 8.21
Average 43.50 48.30 42.50 40.00 54.50 39.70
B-factor ()
macromolecules  42.30 47.10 42.00 38.20 54.00 38.80
ligands 47.70 54.50 49.90 44.70 59.70 47.50
solvent 53.70 57.80 47.00 51.80 60.40 46.60
Table continues below
N10063a N11297a E48115b N09954a
Wavelength (A) 0.9173 0.9795 0.9278 0.9278
Resolution 95.58-1.75 64.74 - 2.01 96.35-2.39 71.03-2.55
range (A) (1.813 - 1.75) (2.082-2.01)  (2.475-2.39)  (2.641-2.55)
Space group P6522 P6522 P6522 P6522
Unit cell 141.88 141.88 141.99 141.99 143.3143.3 142.07 142.07
a(A),b(A),c(A) 152.08 152.29 152.89 151.05
afBy 9090120 9090120 9090120 9090120
Total reflections 1806515 (179167) 1193588 912305 588078
(121676) (91435) (59670)
Unique reflections = 90823 (8915) 60272 (5963) 37197 (3620) 29907 (2922)
Multiplicity 19.9 (20.1) 19.8 (20.4) 24.5 (25.3) 19.7 (20.4)
Completeness (%) 99.99 (99.96) 99.49 (100.00)  100.00 100.00
(100.00) (100.00)
Mean I/sigma(l) 19.37 (1.35) 13.71(1.32) 28.89 (5.17) 19.03 (1.42)
Wilson B-factor 30.45 40.15 44.15 59.41
R merge T (%) 0.1009 (2.463) 0.1438 (2.216) | 0.0974 (0.904) 0.1716 (2.608)
R-meas 0.1036 0.1476 0.09947 0.1761
CC1/2 1(0.55) 0.999 (0.65) 0.999 (0.936) 0.999 (0.631)
CcCc* 1(0.843) 1(0.888) 1(0.983) 1(0.88)
R-work¥ 0.1960 0.1943 0.1850 0.1911
(0.3184) (0.2940) (0.2543) (0.3057)
R-free§ 0.2300 0.2319 0.2148 0.2465
(0.3287) (0.3042) (0.3306) (0.3909)
Number of non- 4162 4277 4019 3912
hydrogen atoms
macromolecules 3727 3752 3772 3770
ligands 82 97 86 74
water 353 428 161 68
Protein residues 453 453 448 453
RMS (bonds) tt 0.033 0.008 0.009 0.008
RMS (angles) tt 2.54 1.10 1.18 1.23
Ramachandran 97 98 98 95
favoured (%)
Ramachandran 0 0 0.66 0.66
outliers (%)
Clashscore 7.93 4.65 5.56 9.16
Average B-factor (3) 38.00 47.10 52.70 65.30



macromolecules
ligands
solvent

37.20
42.20
45.40

Table continues below

Wavelength (A)
Resolution
range (A)

Space group
Unit cell
a(A),b(A),c(A)
aBy

Total reflections
Unique reflections

Multiplicity
Completeness (%)

Mean I/sigma(l)
Wilson B-factor
R merge T (%)

R-meas
CC1/2

Cc*
R-work¥

R-free§

Number of non-
hydrogen atoms
macromolecules
ligands
water
Protein residues
RMS (bonds) T+
RMS (angles) T+
Ramachandran
favoured (%)
Ramachandran
outliers (%)
Clashscore
Average
B-factor ()
macromolecules

MC3095
0.9763
95.6- 1.95
(2.02
-1.95)
P6522
141.97
141.97
152.03 90
90 120
1305566
(129987)
66099
(6498)
19.8 (20.0)
100.00
(100.00)
18.67 (1.72)
38.20
0.1119
(2.216)
0.1148
0.999
(0.585)
1(0.859)
0.1869
(0.3030)
0.2237
(0.3373)
4344

3791
132
421
461
0.008
1.17
98

4.46
44.80

43.40

45.80
54.50
56.80

MC1648
0.9795
51.85-1.87
(1.937
-1.87)
P6522
142.11
142.11
151.67 90
90120
1487026
(144870)
74171
(7245)
20.0 (20.0)
99.26
(98.63)
15.61 (1.30)
33.44
0.1312
(2.223)
0.1346
0.999
(0.572)
1(0.853)
0.1902
(0.3200)
0.2234
(0.3720)
4361

3737
130
494
455
0.007
1.09
98

4.39
40.20

38.70

184

52.40
61.40
53.80

MC3962
0.9795
70.86 - 1.97
(2.04
-1.97)
P6522
141.71
141.71
150.91 90
90 120
1256367
(128540)
63439
(6220)
19.8 (20.7)
100.00
(100.00)
16.08 (1.73)
37.33
0.1333
(2.071)
0.1368
0.999
(0.634)
1(0.881)
0.1797
(0.2889)
0.2142
(0.3178)
4136

3718
133
285
457
0.008
1.14
98

0.22

4.69
42.80

41.90

MC3960
0.9795
70.89 - 2.02
(2.092
-2.02)
P6522
141.79
141.79
150.89 90
90 120
1169939
(115034)
58989
(5803)
19.8 (19.8)
100.00
(99.98)
15.37 (1.48)
39.15
0.1466
(2.27)
0.1505
0.999
(0.568)
1(0.851)
0.1848
(0.3013)
0.2186
(0.3314)
4037

3690
84
263
453
0.008
1.10
97

0.22

3.82
44.40

43.80

65.40
70.20
57.30

MC3948
0.9795
71.05 - 2.12
(2.196
-2.12)
P6522
142.09
142.09
151.24 90
90 120
1019326
(101088)
51493
(5037)
19.8 (20.1)
100.00
(100.00)
13.56 (1.33)
39.69
0.188
(2.461)
0.193
0.999
(0.531)
1(0.833)
0.1829
(0.2837)
0.2159
(0.2941)
4139

3742
114
283
457
0.009
1.18
97

0.65

3.22
44.60

44.00



ligands 50.10 47.70 53.10 53.40 51.50
solvent 56.20 50.30 49.90 49.90 49.70

Table 40 Data collection and refinement statistics for JARID1B.

TR merge = 2ot 21 |lithkD) — (IChKD) | /34, 3 IhKD) where 1i(hkI) is the intensity of the ith
measurement of reflection hkl and I(hkl) is the mean value of li(hkl) for all i
measurements.

/3 mt |Fobe| where F ops is the observed structure factor and F
calc IS the calculated structure factor.

8 R free is the same as R st €Xcept calculated with a subset (5%) of data that were
excluded from the refinement calculations.

TTEngh Huber (1991).

£ R o = b || Fob] = [Fosi
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D. MINA53/NO66 Table 1

Statistics for the highest-resolution shell are shown in parentheses.

Wavelength (A)
Resolution range (A)
Space group

Unit cell 88.53 154.06 208.06 81.32 151.52 105.09
a(A),b(A),c(A) 90 96.41 90 90 90 90

aBy

Total reflections 354182 (31144) 2427624 (150757)
Unique reflections 100025 (9722) 95122 (4037)
Multiplicity 3.5(3.2) 33.0(37.3)
Completeness (%) 98.46 (96.13) 99.91 (99.33)

Mean I/sigma(l) 13.71(1.91) 20.12 (2.69)

Wilson B-factor 85.61 31.50

R merge T (%)

MINA53 (20G)
0.9763

77.03-3.09 (3.2 -3.09)

P12,1

0.06581 (0.6077)

NO66

59.2-1.95(2.02-1.95)

P21212

0.7836 (2.525)

R-meas 0.07777 0.7963

CC1/2 0.998 (0.791) 0.824 (0.681)
cc* 1(0.94) 0.951 (0.9)
R-work+ 0.1935 (0.2971) 0.1901 (0.3147)
R-free§ 0.2532 (0.3588) 0.2350 (0.3512)

Number of non-hydrogen atoms

20721

8298

macromolecules 20216 7428
ligands 67 36
water 438 834
Protein residues 2552 929
RMS (bonds) 0.012 0.008
RMS (angles) Tt 1.69 1.11
Ramachandran favoured (%) 87 96
Ramachandran outliers (%) 3.5 0.22
Clashscore 21.38 4.83
Average B-factor (?) 90.90 41.30
macromolecules 91.30 40.90
ligands 81.50 43.20
solvent 75.40 44.00

Table 41 Data collection and refinement statistics for NO66 and MINA53.

TR merge = 2ot 21 |lithkD) — (IChKD) | /374, 3 kKD where 1i(hKI) is the intensity of the ith
measurement of reflection hkl and I(hkl) is the mean value of li(hkl) for all i
measurements.

R work = 2 !“"*"l = |Feae 3w [Fore|, where F obs is the observed structure factor and F
calc IS the calculated structure factor.

8 R free is the same as R «yst €XCept calculated with a subset (5%) of data that were
excluded from the refinement calculations.

TTEngh Huber (1991).
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E. Differential Scanning Fluorimetry (DSF)

We have followed a protocol developed at the SGC which uses SYPRO orange
fluorescent dye in a readout [199]. All DSF experiments were performed in DSF buffer (50
mM HEPES pH 7.5, 150 mM NacCl, 1:1000 (v/v) SYPRO Orange Dye). NO66 and MINA53
were diluted to 1 uM in DSF buffer supplemented with 50 uM NiCl, for NO66 or 50 uM
MnCl, for MINA53. The solution was then plated with multichannel pipette onto a 96-well
PCR plate 19.5 pl per well. Compounds in 96-well plates were available at concentration
of 0.4 mM, 1 mM or 2 mM and 0.5 ul of each compound in a plate well was mixed by
pipetting up and down 10 times. DSF was conducted using a Stratagene Mx3005P qPCR
instrument (Agilent) with the temperature range from 20°C to 90°C with the gradient of
3°C/min. The nonlinear Boltzmann fitting used to extract the thermal shift values was
initially performed in GraphPad Prism (GraphPad Software, San Diego, California, USA),
and then in an automated analysis macro developed for this work in Microsoft Excel 2010,
substantially speeding up the process.

20G and MnCl, titration experiments with MINA53 were performed in DSF buffer (50 mM
HEPES buffer pH 7.5, 50 mM NacCl, 1:500 (v/v) SYPRO Orange Dye). The 96-well plate
was prepared with 25 ul of two-fold eight-point dilution of 20G (along the columns) and
MnCl, (along the rows) with starting concentration of 100 uM each diluted in 50 mM
HEPES buffer pH 7.5, 50 mM NaCl buffer. The 9" column of the 96-well plate contained
only dilution series of MnCl» and no 20G. MINA53 (Ala26-Val464) was diluted to 4 uM in
DSF buffer and 25 pl of the solution was transferred directly to the pre-prepared plate. The

assay was conducted and analysed as described above.
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F. AlphaScreen activity assays

AlphaScreen (Amplified Luminescence Proximity Homogeneous Assay) inhibition assays
were carried out as previously reported [191], [215] and the details on the individual assay
conditions are presented in Table 42. Purified proteins were available at the SGC.
AlphaScreen General IgG detection kit was purchased from Perkin Elmer. Assays were
carried out in 384-well Proxiplates plus from Perkin EImer. HEPES buffer was purchased
from Life Technologies, Ferrous ammonium sulphate (FAS) ((NH4)2[Fe(S04)2].6H20
from Riedel-deHaen) was used as a source of Fe?" diluted in 20 mM HCI to 400 mM
concentration and then to 1 mM in deionised water. Bovine serum albumin (BSA) was
obtained from Sigma Aldrich (A7030). L-ascorbic acid (LAA) and 20G were dissolved in
deionised water and both obtained from Sigma-Aldrich. FAS, 20G and LAA were prepared

fresh each day.

Assays were performed at room temperature (RT) (25° C) and compound solvent is
DMSO. Compounds were dispensed to plates with Echo 550 Acoustic Dispenser
(Labcyte). 5 ul of 2X enzyme solution in assay buffer was added to the plates and
incubated for 15 min at RT. 5 ul of 2X substrate prepared in assay buffer with LAA, 20G
and FAS with concentrations in Table 42, and added to the plate to start the reaction.
Enzymatic reactions were incubated as described in Table 42 and the reaction was
stopped by addition of stop solution (30 mM EDTA, 800 mM NaCl in assay buffer). 5 ul of
AlphaScreen beads previously incubated with the appropriate antibody (Table 42) was
added by multichannel pipette and plates were left to incubate for at least 2h. The
luminescence was detected using a BMG Labtech Pherastar FS plate reader. The data
was normalised to the positive control (100 pM of 2,4-PDCA) and analysed in GraphPad

Prism. ICso determination was done with nonlinear regression curve fitting.

Counter-screen was performed as the main assay described above with two exceptions:

1) enzyme solution was replaced with no-enzyme assay buffer solution, and 2) the peptide
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substrate H3K9(Me3) substrate was replaced with 15 nM of H3K9(Me2)-21mer;

ARTKQTARK(2me)STGGKAPRKQLA-GGK Spacer-Biotin (Anaspec) product peptide.

Enzyme

Expression

system
Assay
Buffer

20G (uM)
FAS (uM)
LAA (uM)
Peptide
(nM)
Protein

Conc. (nM)
Peptide

Description

Antibody

Solvent
Conc. (%)
Reaction
time (min)
Bead
Donor
(mg/ml)
Bead
Acceptor
(mg/ml)
Antibody
Conc.

(ng/ml)

FBXL11
(M1-P517)
N-terminal

His6-
tagged

Insect Cells

JARID1B
(L882-
S1761)

N-terminal
His6-tagged

Insect Cells

JMID1B
(L882-51761)
N-terminal
His6-tagged

Insect Cells

JMID2A  JMID2D
(M1- (M1-
L359) G373)

N-
terminal
His6-
tagged
E. coli E. coli

JMID3
(D1141-
R1641)

E. coli

50 mM HEPES pH 7.5, 0.01% (v/v) Tween-20, 0.1% (w/v) BSA.
*80 nM Non-Biotinylated H3K36Me2 substrate was added to FBXL11 assay
buffer in order to improve the antibody readout.

10
10
100

100

25

H3K36(Me
2)-21mer;
biotin-
SAPATGGV
K(Me2)KPH
RYRPGTVA
L
(Anaspec)
Anti-
Histone
H3K36mel
antibody
(Abcam
AB9048)

0.5

30

0.0075

5
10
100

100

2

H3K4(Me3)
-21mer;
ARTK(3me)
QTARKSTGG
KAPRKQLA-
GGK Spacer-
Biotin
(Anaspec)
Anti-
H3K4me?2

antibody
(CST 97255S)

0.5

20

1in 2500
(v/v)

5
10
100

60
0.4

H3K9(Me2)
-21mer;
ARTKQTARK(
2me)STGGKA
PRKQLA-GGK
Spacer-Biotin
(Anaspec)
Anti
H3K9mel
antibody
(Abcam
Ab8896)

0.5

0.02

0.02

0.05
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10 10
1 1
100 100

30 30

4 2

H3K9(Me3)
-21mer;
ARTKQTAR-K(Me3)-
STGGKAPRKQLA-
GGK-Biotin
(Anaspec)

Anti H3K9me2
antibody (Abcam

Ab1220)
0.5 1
20 8

0.05 0.05

10
10
100

60
0.1

H3K27(Me3)
-21mer;
Biotin-
KAPRKQLAT
KAAR(Kme3)
SAPATGG
(Anaspec)

Anti
H3K27me2
antibody
(Millipore
07-452)
0.5

10

0.4



Bead
Incubation 120
time (min)

Table 42 Conditions of the AlphaScreen assays.

190



G. RapidFire activity assays

NOG66/MINA5S3 hydroxylation assay

Compounds for dose response or single concentration experiments were dispensed using
an Echo 550 acoustic dispenser (Labcyte, Sunnyvale, CA) into 384-well HiBase plates
(Greiner Bio-one) or 96-well plates (Greiner Bio-one) with the last two columns of the plate
dedicated to 1% (v/v) DMSO control and 100 mM 2,4-PDCA control respectively. The plate
was backfilled to a total of 50 nl DMSO. Peptides used in the assays were NO66 substrate
-Rpl8 (Asn205 -Thr224, 20-mer; NPVEHPFGGGNHQHIGKPST) and MINAS53 substrate
Rpl27a (Gly31 -Pro49, 20-mer; GRGNAGGLHHHRINFDKYHP) synthesized by Peptide
Synthetics (Fareham, Hampshire, UK). Other reagents were from commercial sources as

described in section F. FAS was prepared as described in section F.

The hydroxylation assays for NO66 and MINA53 were performed using optimized buffers.
NO66 enzyme was diluted to 375 nM in 50 mM MES pH 7.0, 150 mM NaCl. MINA53
enzyme was diluted to 187.5 nM in 50 mM HEPES pH7.5, 50 mM NaCl. The assay was
performed in the following order: (1) addition of 40 pl enzyme solution to compound in the
desired plate format, (2) 15 min incubation at room temperature (RT) with compounds, (3)
start of the reaction by addition of 10 ul of peptide solution (250 uM FAS, 500 uM LAA, 25
UM 20G and 25 uM peptide in respective assay buffer), (4) 30 or 60 min assay incubation
with MINA53 or NO66 respectively, (5) reaction stopped by addition of 5 pl 10% (v/v)
formic acid. The reaction plates were either processed immediately on RapidFire mass

spectrometer or frozen at -20°C.

Time-course assays for NO66 and MINAS53 at final assay concentrations were carried out
in 96 2ml deep-well plates (Greiner Bio-one) as described above by scaling the total assay
volume to 1 ml. Enzyme reactions were initiated by addition of 250 ul of 5x final
concentration of enzyme to 1.0 ml of 1.25x final concentration of substrate. Hydroxylation
of peptide substrates was monitored in real-time by programing the RapidFire to sample
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the enzyme reaction at two minute intervals. The enzyme reactions were sampled over a

period of 35 min to generate enzyme progress curves.

Km and Vimax determination for 20G and Fe was performed by preparing enzyme progress
curves at 8 concentrations in four replicates each. The concentrations were prepared as
8-point 2-fold dilution series with starting concentration of 20 uM. Each time series was
based on 6 time points (0, 1, 5, 10, 20 and 30 min for NO66 and 0, 1, 3, 5, 7 and 10min
for MINAS53). Assays were performed in 96-well plates (Greiner Bio-one) and the reaction
was started by addition of 10 ul concentrated enzyme solution (3000 nM of NO66 or 1500
nM of MINA53) in respective assay buffer to 40 ul of peptide solution (500 uM LAA, and
12.5 UM peptide) in respective assay buffer with excess of 20G (62.5 uM) or FAS (125
KM) and the reactions were stopped by addition of 10 pl of 10% (v/v) formic acid. First four
reaction data points starting with 1 min time point were used for estimation of the reaction

velocities for each enzyme.

The peptide Ku and Vimax Was determined from time series with 1, 2, 4, 5, 6, 8, 10, 12 and
15 uM concentrations of Rpl27a peptide for MINA53 and Rpl8 peptide for NO66. Assays
were performed in 96 2ml deep-well plates (Greiner Bio-one) and the reaction started by
addition of 250 pl of 5X concentrated enzyme (1500 nM for both NO66 and MINA53) in
respective optimized assay buffer to 1000 pl of 1.25X concentrated substrate (62.5 uM
FAS, 125 uM LAA and 12.5 uM 20G) in respective assay buffer and stopped directly on
the RapidFire at time points of 0, 15, 30, 45, 60, 90, 120, 180s for MINA53 and NOG66.
Reaction velocities were calculated from data points for MINA53 at 15, 30 and 45s time
points or 15, 30, 45 and 60s for 6 UM peptide concentration, and 15, 30, 45 and 60s time
points for NO66. Standard curves were based on the peptide concentrations from 0 time

point.
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NO66 and MINA53 demethylation assay

Demethylation assays for NO66 and MINA53 were carried out by mixing 20 ul of peptide
substrate mix (50mM MES pH 7.0, 100 uM 20G, 100 uM FAS, 200 uM LAA and 20 uM
peptide) with 20 pul of 4 uM MINA5S3 or NOG66 to the final concentrations of 50 uM 20G, 50
uM FAS, 100 uM LAA, 10 uM peptide and 2 uM enzyme (MINA53/NOG66). The reaction
was incubated for 2 h at room temperature (25°C) and stopped with addition of 5 ul of 10%
(v/iv) formic acid and frozen in -20°C. The JMJD2C, JMJD1A, JMJD3, FBXL11 and
JARID1C controls were prepared as described above with incubation times of 1 h. Table
43 indicates the peptide substrates for each enzyme. The readout and data analysis was

performed as described below.

Enzyme Peptide substrate

JMID2C H3K9(Me3)-15mer; ARTAQTARK(Me3)STGGIA
(Peptide Protein Research)

JMID1IA  H3K9(Me2)-21mer; ARTKQTARK(Me2)STGGKAPRKQLA
(Peptide Protein Research)

JMID3 H3K27(Me3)-17 mer; LATKAARK(Me3)SAPATGGVK
(Peptide Protein Research)

FBXL11 H3K36(Me2)-21mer; SAPATGGVK(Me2)KPHRYRPGTVAL
(Peptide Protein Research)

JARIDIC  H3K4(Me3)-21mer; ARTK(Me3)QTARKSTGGKAPRKQLA
(Peptide Protein Research)

MINAS53 Rpl27a; GRGNAGGLHHHRINFDKYHP,
(Peptide Protein Research)

NO66 Rpl8; NPVEHPFGGGNHQHIGKPST,
(Peptide Protein Research)

Table 43 Peptide substrates for the RapidFire assay.

FBXL11 demethylation assay

The FBXL11 (M1-P517; N-terminal His6-tagged) assay was performed by Dr A. Tumber.
Compound plates and dilution series were prepared using Echo acoustic dispenser
(Labcyte) as described in NO66 and MINA53 hydroxylation assay above. Briefly, 25 ul of
FBXL11 diluted to 300 nM in 50 mM MES pH 7.0 buffer was added to the compounds in

384-well plate (Greiner) format and incubated for 15 min at 25°C. The reaction was started
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with addition of 25 pl of the substrate solution (200 uM LAA, 20 uM FAS, 20 uM 20G and
20 uM H3K36me2 peptide substrate (Peptide Protein Research, see Table 43)) and
incubated for 60 min at 25°C. The reaction was stopped by addition of 5 uM of 10% formic
acid and the reaction plate analysed as described below with the signal from charge state

+4.

RapidFire and data analysis

Samples were aspirated under vacuum onto a C4 SPE cartridge on a RapidFire RF360
high throughput sampling robot (Figure 61). Aqueous wash for 5500 ms (0.1% (v/v) formic
acid in mass spectrometry grade water) was followed by elution with organic buffer for
6000 ms (85% (v/v) acetonitrile in water, 0.1% (v/v) formic acid) onto an Agilent 6530 Q-
TOF. The sample sipper was washed with deionised water and 100% acetonitrile, and the
SPE cartridge was washed with aqueous wash buffer in order to remove any cross
contamination between sample injections. We have seen maximum signal for charge state
+4 in Rpl8 and +5 in Rpl27a. lon chromatogram data for these two charge states were
extracted for both hydroxylated and non-hydroxylated peptide and peak area was

integrated using Agilent RapidFire Integrator v. 3.6.

For the ICso or single concentration inhibition studies the data was normalised to the 100
uM 2,4-PDCA positive control and the % inhibition calculated in Microsoft Excel according

to the formula:

x — Average (positive control)

% inhibiti —1_
% inhibition (x) Average ( DMSO signal) — Average (positive control)

where X represents an assay data point.

For the enzymatic constant determination the % conversion was calculated in Microsoft

Excel. Data was analysed using GraphPad Prism and nonlinear curve fitting was
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performed with Michaelis—Menten equation for enzyme Kkinetics studies and sigmoidal

dose response curve with variable slope for the determination of the 1Csq values.

%%~ Agilent Technologies |

Figure 61. Automated sample injection system of the RapidFire mass spectrometer.
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H. Biolayer Interferometry

Biolayer interferometry experiments were performed on ForteBio Octet RED384
instrument using 16 sensors at 25 °C in 50 mM HEPES, 50 mM NacCl, 0.05% (v/v) TWEEN
supplemented with 10 uM MnCl; salt as a substitute for Fe. Biotinylated MINA53 was
attached to Super Streptavidin (SSA) Biosensors (ForteBio) by incubation for 160-s at 2
MM concentration. Compound sample was prepared in assay buffer by 2-fold dilution with
starting concentration of 25 uyM dispensed 50 ul per well. Measurements were performed
using a 120-s baseline in assay buffer followed by 300-s association in compound sample
and 300-s dissociation step in assay buffer on a black 384-well plate (Greiner). Reference
signal was generated as described above with the sensors without the immobilised protein
in order to remove the effect of unspecific binding to the sensor tips. Reference subtraction
to correct for baseline drift and nonspecific binding was performed with the FérteBio data

analysis software. Kp calculations were performed using the Analysis software (ForteBio).
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I. Cellular assays

Demethylation assay

Assay was performed and analysed by Dr C. Yapp and this DPhil candidate (R. Nowak).
U20S/Hela cells were grown, transfected, immunostained and imaged as described in
[161]. Following antibodies were used: anti H3K4me3 (Diagenode, CI5410003),
Monoclonal anti flag M2 Ab produced in mouse (Sigma Aldrich, F3165), Alexa Fluor 488
goat anti-rabbit IgG (Life Technologies, A11034), Alexa Fluor 568 goat- anti mouse

IgG1(y1) (Life Technologies, A21124).

Cellular proliferation assay

Assay was performed by N. Wu and analysed by this DPhil candidate. Briefly, human
multiple myeloma cell lines MM1S, JIM3, U226, KMS11 and JIN3 were cultured in a 96-
well plate at a density of 2000 cells per well and the viability was assessed using
PrestoBlue® reagent (Thermo Fisher) using a FluroStar Optima (BMG) according to the
manufacturer’s instructions. Data was normalised to a vehicle control and plotted using

GraphPad Prism.
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J. Small molecule docking

The docking was performed in ICM (Molsoft, San Diego, US) with the presence of solvent
[218]. The crystal structure of JARID1B in complex with MC1648 (with MC1648 ligand
removed), was used as a docking model for unconstrained docking with compounds
MC1648, MC3949, MC3960, MC3963 and MC3948. The DMS3 molecule and MC1648
ligand were removed from MC1648 model which was used as a docking template for
unconstrained docking of MC3971 and MC3970. Docked compounds were created in ICM
[218]. Five docked conformations were generated each run and the top scoring

conformation was chosen.
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K. Phylogenetic tree of 20G oxygenases

Conserved catalytic JmjC domain of the human of Fe?*- and 20G- dependent oxygenases
was selected as the basis of phylogenetic analysis. To allow for diversity, sequence of
JmjC domain was expanded from N-terminus and C-terminus side by adding amino acids
representing one secondary structural feature (alpha helix or beta sheet) based on
secondary structure prediction (Psipred Server [230]). Multiple sequence alignment
servers were used (Clustal Omega, ClustalW, ClustalW2, MUSCLE, MAFFT) and the
results assessed based on assessment of the alignment of conserved metal binding
residues. The final alignment was performed using MAFFT v6.850 server

(http://www.ebi.ac.uk/Tools/msa/mafft/) [231] and corrected manually using ICM Pro

(Molsoft LLC. San Diego, US). The bootstrap N-J tree was generated from the alignment
file using ClustalX program v1.81 with 1000 bootstrap seeds [232]. The tree was drawn in

PHYLODRAW v0.8 [233] and then processed in Adobe lllustrator.
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