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Biochemical Characterisation of KDM2A Jin Chuan Zhou
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Abstract

Mammalian genomes are characterised by unigue regions of non-methylated DNA
known as CpG islands (CGls). These genomic elements are characterised by a high
density of CpGs and an elevated GC content compared to the surrounding, bulk of
the genome. CGls are prevalently associated with the 5 end of genes and
represent key nucleation sites where specific transcription factors and chromatin

modifiers are recruited to impact on gene function.

This thesis is focused at understanding the biochemical properties of the recently
discovered H3K36-specific histone demethylase, KDM2A. This enzyme is
specifically recruited to CGIs but how it interfaces with local chromatin in vivo
remains unknown. Using defined chromatin templates in vitro, this study
demonstrates that KDM2A binding to DNA relies on a zinc finger CXXC domain that
preferentially recognizes non-methylated CpGs. In particular, nucleosomes
represent a major barrier to KDM2A binding and chromatin substrates are
interpreted by the CXXC domain through specific interaction with CpGs within
linker DNAs. Moreover, the adjacent PHD domain does not contribute to KDM2A

binding to chromatin.

Together these observations suggest that sequence, methylation status and
accessibility of DNA define how CGI chromatin is interpreted by CXXC domain

proteins. In particular, the precise targeting of KDM2A to CGls contributes to the
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creation of a unique chromatin architecture that highlights gene regulatory regions

within large and complex mammalian genomes.
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1. Chapter One — Introduction

1.1. Chromatin

The “bead on a string” model

Genetic information is stored in the form of DNA. The human genome contains
approximately 3.2 x 10° nucleotides (Alberts, 2002). If these were joined together,
the genome would be approximately 2 m long. Since the discovery of the double
helical structure of the DNA molecule (Watson and Crick, 1953), effort has been
focused at understanding how such a long, negatively charged, polymer can be
efficiently enclosed within a 6 um wide nucleus while allowing important processes
like DNA replication, gene transcription, DNA repair and chromosome segregation

to occur.

Early insights came from the analysis of interphase chromosomes isolated from a
comprehensive set of mammalian tissues. It revealed that approximately 90% of
the total chromosome mass consists of DNA-histone complex, with the remaining
fraction characterised by non-histone proteins (Mirsky and Ris, 1947, 1951). This
complex of DNA and nuclear proteins was defined as chromatin. The later
identification and biochemical isolation of the basic repeating units in chromatin,
known as nucleosomes, was achieved by treating chromatin with DNA

endonucleases such as micrococcal nuclease (MNase) derived from Staphylococcus
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aureus bacteria (Hewish and Burgoyne, 1973; Noll and Kornberg, 1977). It led to
the suggestion that the first layer of DNA compaction in the nucleus starts with the
wrapping of the long DNA filament around an array of nucleosome core units,
forming a 10 nm wide chromatin fibre. Within this fibre, the nucleosomes were
described as “beads” in what was known as the “beads on a string” model
(Kornberg, 1974). Crosslinking of extracted chromatin subunits by dimethyl
suberimidate allowed further characterisation of the exact stoichiometry of the
histone components and it was proposed that an octameric histone complex forms
the core of a nucleosome (Thomas and Kornberg, 1975). Electron micrographs of
chromatin fibres derived from interphase nuclei (Figure 1.1) (Olins and Olins, 1974)
and small angle neutron scattering (SANS) analysis of nucleosomes released from
MNase-digested interphase chromatin (Hjelm et al., 1977) supported this view of
chromatin organisation. However, it was only until more recently that X-ray
diffraction data of in vitro reconstituted nucleosome provided a high-resolution
map of the nucleosome core allowing the precise interactions between histones

and the DNA double helix to be deciphered (Luger et al., 1997a).
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Figure 1.1 — Interphase chromatin under the electron microscope

Isolated interphase chromatin spread derived from chicken erythrocyte nuclei is
stained with uranyl acetate and visualised under EM. Nucleosomes (indicated by
fat and thin arrows) appear as “beads on a string”. EM magnification is 357,000 X.
Figure adapted from (Olins et al., 1976). Originally published in J Cell Biol 68, 787-
793.

The elusive higher order chromatin

The packaging of DNA into a 10 nm chromatin fibre allows for an order of 6-fold
compaction (Fussner et al., 2011), which is difficult to reconcile with the highly
condensed structure we can observe in mitotic chromosomes. Even within
interphase nuclei, two forms of chromatin are known to be present: a highly
condensed, transcriptionally inactive “heterochromatin” and a less condensed,
transcriptionally active “euchromatin” (Alberts, 2002). These two chromatin
domains vary significantly in terms of their sensitivity to MNase digestion as a
result of the different accessibility of their underlying DNA (Levy and Noll, 1981).
Heterochromatin domains are less accessible than euchromatin regions due to
molecular crowding and volume exclusion, the effect of which has been evidenced
by fluorescent microscopy analysis and measurement of the diffusion rate within
heterochromatic regions (Bancaud et al., 2009). It is clear indeed that regardless of
mitotic or interphase state, additional levels of chromatin folding must occur in the
cell. To date, the exact nature of this second layer of chromatin organisation (the
first being the nucleosome) remains elusive. It has long been noted however that

in the presence of Mg”* and histone H1, a linker DNA-specific histone protein, the
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10 nm chromatin filament can adopt a 30 nm solenoidal structure (Finch and Klug,
1976). Reconstitution of regularly spaced nucleosome arrays has demonstrated
that a 30 nm chromatin filament can be formed in vitro in the presence of the
linker histone H1 (Robinson, 2006; Routh et al., 2008). The crystal structure of an in
vitro obtained tetra-nucleosome complex, assembled in the absence of the linker
histone H1 but in the presence of high levels of Mg?*, suggested that a 30 nm fibre
may be generated by stacking oligonucleosomes in a zigzag ribbon fashion (Schalch
et al., 2005). The in vivo biological relevance of these in vitro structures, which rely
on high concentrations of divalent cations, has however recently been questioned

(Fussner et al., 2011).

Early in vivo observation of a 30 nm-like chromatin structure was reported from
small angle X ray scattering (SAXS) measurements of chromatin derived from a
diverse range of mitotic and interphase cell types (Langmore and Paulson, 1983;
Widom and Klug, 1985; Woodcock et al., 1984). Later electron microscopy (EM)
and electron spectroscopic imaging analysis (ESI) of starfish sperm chromatin
(Bazett-Jones, 1992; Horowitz et al., 1994) have also provided evidence of a 30 nm
chromatin organisation. However, this view was disputed when cryo-EM analysis
of mitotic chromosomes in Hela cells failed to detect any higher order 30 nm
structure (Eltsov et al., 2008; Maeshima et al., 2010; McDowall et al., 1986). Unlike
conventional EM, cryo-EM does not require chemical fixation and alcohol
dehydration during sample processing, and is therefore favoured because less

prone to artefact formation. Recently, a comprehensive study of Hela mitotic
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chromosomes that combined cryo-EM, SAXS and ultra-SAXS may have brought an
end to the long-standing controversy. It has demonstrated that the 30 nm
diffraction peak observed in previous SAXS studies of mitotic chromosomes did not
originate from the chromatin itself, for which only a 11 nm peak could be detected,
but from chromatin-associated ribosome aggregates (Nishino et al., 2012).
Therefore, instead of bearing a rigid structure composed of periodic units, it is
likely that chromosomes consist simply of an irregular meshwork of chromatin
fibres. Based on the new SAXS results, it was suggested that a flexible and dynamic
way of chromatin folding is likely to be also present in most interphase nuclei

(Maeshima et al., 2010).

A recent Hi-C (a variant of the chromosome conformation capture, 3C technique)
mapping study of large scale chromatin domain interactions in a human
lymphoblastoid cell line has proposed a novel model where chromatin has been
described to adopt a fractal organisation (Figure 1.2) (Lieberman-Aiden et al.,
2009). According to this model, chromatin fibres can fold into globular structures
through local chromatin looping, a prominent feature of nuclear organisation
(Misteli, 2007). Each globule can be seen as a monomer. Multiple monomers
cluster together to form a bigger globule, the next level monomer. This hierarchy is
repeated, creating larger and larger chromatin domains. The ultimate level of
chromatin organisation is likely to be represented by whole chromosome
territories. These have been recently visualised through 3D fluorescent in situ

hybridisation (FISH) painting of human fibroblast nuclei (Bolzer et al., 2005).
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Moreover, regions of open, active and closed, inactive chromatin are kept distinct
from each other, clearly demarcated through the action of insulator proteins
(Vogelmann et al., 2011). Interestingly, the fractal nature of such proposed
chromatin organisation had already been predicted to exist following previous
diffusion rate studies in differentially packed chromatin states (Bancaud et al.,
2009). Importantly, the proposed system allows for transition between open and
closed chromatin conformations without altering the underlying 10 nm structure.
This is necessary to allow for dynamic changes in global chromatin organisation
such as those observed by ESI during early embryogenesis (Imhof et al., 2010).
Recently, a follow-up Hi-C study comparing global chromatin region association in
human and mouse has indicated that such way of spatial organisation may

represent a conserved feature in metazoan genomes (Dixon et al., 2012).

Nucleus scale Chromosome scale Megabase scale

Chromosome Open Closed Fractal
territories globule

Figure 1.2 — Model for a fractal organisation of chromatin
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Recent Hi-C data suggests that high order chromatin may be organised with
disordered, fractal nature starting from whole chromosome territories down to
local chromatin domains. Reprinted from Trends in Biochemical Sciences 36,
Fussner, E., Ching, R.W., and Bazett-Jones, D.P. Living without 30nm chromatin
fibers, 1-6, Copyright (2011), with permission from Elsevier.

1.2. Nucleosome

The nucleosome core particle

Since a precise knowledge of the higher order chromatin structure in eukaryotes is
currently lacking, the nucleosome, the fundamental unit of chromatin, remains to

date the best studied form of chromatin organisation.

In a nucleosome, two molecules of each of the four types of canonical core
histones H2A, H2B, H3 and H4 assemble together in a disc-shaped octameric core,
around which 147 bp of DNA double helix is tightly wrapped 1.65 turns in a left-
handed coil (Figure 1.3) (Luger et al., 1997a). This is known as the canonical
nucleosome core particle. In the “beads on a string” model, each nucleosome core
particle is separated by a variable length of linker DNA. A nucleosome is technically
defined by the nucleosome core particle plus the connected linker DNA on one
side although the term can be used more generally to refer to just the nucleosome

core particle.

The core histones are among the most evolutionarily conserved proteins from

yeast to humans (Delange et al., 1969) and share a common domain architecture.
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This comprises of a C-terminal structural motif, known as the histone fold, and an
extended N-terminal unstructured tail (Luger et al., 1997a). A histone fold is
characterised by three a helices joined by two loops. The specific folding of this
domain is critical for the union of the four types of core histones into the octamer.
This process can be thought to occur in a sequential fashion according to the
strength of interaction between each histone molecule. Firstly, two heterodimers
are formed between the H3 and H4 histones and between the H2A and H2B
histones. Secondly, two H3-H4 dimers combine together to form an H3-H4
tetramer. Thirdly, two H2A-H2B dimers join one H3-H4 tetramer to form a

complete octamer.

Figure 1.3 — Crystal structure of the nucleosome core particle
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The four core histones H2A (yellow), H2B (pink), H3 (blue), H4 (green) form an
octameric core surrounded by 146 bp of DNA. Views are looking down the DNA
superhelical axis (left) and perpendicular to it (right). Figure adapted and reprinted
by permission from Macmillan Publishers Ltd: Nature, (Luger et al., 1997a),
copyright (1997).

Histone-DNA interaction and nucleosome positioning

Histones are small basic proteins rich in lysines and arginines. These residues
contribute to an overall positive charge that serves to neutralise the negatively
charged backbone of the DNA. Importantly, in a nucleosome numerous hydrogen
bonds exist between the amino acid backbone of the histones and the
phosphodiester backbone of the DNA (Luger et al., 1997a). The non-specific nature
of these interactions allows virtually any DNA sequence to be packaged into a
nucleosome, in fitting with the need to accommodate the vast diversity of
sequences represented in all eukaryotic genomes. However, as the DNA winds
around the histone octamer, sharp bending of the double helix occurs at both
major and minor grooves with a 5 bp periodicity (Widom, 2001). Because some
nucleotide sequences are more easily bent than others (Satchwell et al., 1986),
nucleosomes do display DNA sequence preference and tend to occupy positions in
the DNA that are most thermodynamically favourable (Widom, 2001). In vitro
SELEX (systematic evolution of ligands by exponential enrichment) studies have
demonstrated that such difference in DNA-nucleosome binding affinity can be of
several orders of magnitude (Thastrom et al., 1999). Nonetheless, synthetic

nucleosome positioning sequences derived from the SELEX enrichment process are
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likely to represent extreme cases of DNA-histone interaction. In vivo, nucleosome
affinity for a specific DNA sequence does not need to be as strong as that observed
in an artificial setting. It is rather intuitive to think that in a cell, sequence-extrinsic
factors, like transcription activators or chromatin remodelling enzymes, must
dominate over sequence-intrinsic determinants in order to regulate nucleosome
positions as required and depending on the on-going DNA function. Indeed,
accumulating research evidence suggests that interplay between DNA-encoded
sequence preference and active nucleosome sliding and/or eviction is responsible
for the genome wide nucleosome organisation (Sadeh and Allis, 2011; Valouev et

al., 2011).

Genome-wide nucleosome distribution

With the advent of massively parallel sequencing technology, high-resolution maps
of nucleosome locations in the genome of a number of organisms from yeast to
human have become recently available (Barski et al., 2007; Lee et al., 2007b;
Mavrich et al., 2008b; Schones et al., 2008; Valouev et al., 2008). A common theme
of nucleosome organisation started to emerge at the majority of gene-coding
regions in these model organisms (Figure 1.4). The transcription start site (TSS) is
usually preceded by a putative nucleosome free region (NFR) flanked by two highly
phased (i.e. preferentially positioned) nucleosomes, denoted as -1 and +1 with

respect to the TSS (Jiang and Pugh, 2009). Such phasing is progressively lost at
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farther distances from the TSS. A statistical positioning model has been proposed
to account for this phenomenon (Fedor et al., 1988; Mavrich et al., 2008a). It
suggests that an array of nucleosomes is initially packed against a physical “barrier”
that prevents nucleosome formation, presumably located in the NFR, which is
known to be occupied by the transcription machinery. The degree of phasing of
nucleosomes emanating from this barrier is then dictated by the statistical

probability of each nucleosome to adopt a given position as they randomly

fluctuate along the DNA template.
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Figure 1.4 — Nucleosome distribution surrounding the transcription start site (TSS)

Shown here is a composite view of nucleosome positions around 4799 TSS in S.
cerevisiae. -1 and +1 nucleosomes are among the most highly phased and flank the
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nucleosome free region (NFR) with the degree of phasing fading further away from
the TSS. This pattern is in accordance with the proposed statistical model of
nucleosome positioning (top). Figure from (Mavrich et al., 2008a). Originally
published in Genome Res 18, 1073-1083.

This stereotypical view of nucleosome localisation around TSS applies well to the
major class of promoters known (Cairns, 2009; Lenhard et al.,, 2012). These are
associated with housekeeping genes that are constitutively and ubiquitously
expressed in all cell types (Carninci et al., 2006). However, as discussed below, a
different nucleosome landscape can be observed at other promoter classes, such
as those linked to genes that are specific to terminally differentiated tissues and
whose expression is consequently subject to tight regulation (Bai and Morozov,

2010).

It needs to be noted that the conservation of nucleosome organisation genome
wide across species is not perfect and subtle discrepancies can be observed, even
in relation to the highly phased nucleosomes. For example, the Drosophila -1
nucleosome is less well positioned with respect to the Saccharomyces counterpart
while the +1 nucleosome is generally shifted an average 75 bp further downstream
of the TSS, giving rise to a slightly larger NFR in flies (Mavrich et al., 2008b). These
differences are thought to have an impact on how the TSS is engaged by RNA
polymerase Il (Pol II) and may reflect species-specific mechanisms of transcription

regulation.
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A genomic code for nucleosome organisation

In an attempt to account for the non-random pattern of nucleosome distribution
observed in vivo, computational modelling studies using in vitro positioned
nucleosome sequences have led to the proposition of an evolutionarily conserved
genomic “code” that has the ability to dictate nucleosome positioning in a cell
(Kaplan et al., 2008; Segal et al., 2006). It was suggested that rigid DNA sequences
such as poly dAdT tracts (lyer and Struhl, 1995) disfavour nucleosome assembly
and are therefore enriched at specific genomic loci like the NFRs as a consequence
of evolutionary selection. Importantly, this sequence bias is most pronounced at
gene regulatory regions including promoters and enhancers (He et al., 2010;

Sekinger et al., 2005), suggesting a functional relevance may exist.

The universality of such nucleosome positioning code however is questionable, as
evolutionary sequence divergence around TSS is known to exist between lower
and higher eukaryotes. As discussed below, in contrast to yeast and worm where
AT-rich sequences clearly dominate at promoter regions (Johnson et al., 2006; Lee
et al., 2007b), most mammalian promoters are enriched in G/C base pairs (Saxonov,
2006), which positively correlate with nucleosome occupancy in vitro but to much
lesser extent in vivo (Tillo and Hughes, 2009; Valouev et al., 2011). Interestingly, a
recent study using human primary T cells has shown that a nucleotide combination
of G/C-rich core region flanked by A/T-rich sequences may be embedded at

mammalian promoters. These short stretches of DNA have been suggested to act
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as nucleosome “container” sites and have the capacity to accurately pinpoint the
position of the most highly phased nucleosomes (Figure 1.5) (Valouev et al., 2011),
which can in turn function as barriers to statistically distribute neighbouring

nucleosomes.
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Figure 1.5 — Favourable and repressive sequences cooperate to pinpoint
nucleosome position

(A) Combination of sequence signals observed for both in vitro and in vivo
nucleosome positions indicate a prevalence of GC-rich core flanked by AA/TT-rich
side sequence. (B) Schematic illustrating how nucleosome favouring and repelling
signals can act in concert to dictate precise nucleosome position. Figure adapted
and reprinted by permission from Macmillan Publishers Ltd: Nature, (Valouev et al.,
2011), copyright (2011).
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Chromatin remodelling and nucleosome positioning

To date, there is on-going controversy over the predictive power of these
sequence-intrinsic rules in establishing nucleosome localisation in vivo (Zhang et al.,
2009). It has been argued that a genomic code for nucleosome positioning is
unlikely to be the major determinant for nucleosome organisation in a cell because
of the presence of trans-acting factors like chromatin remodelling proteins. Indeed,
a vast repertoire of ATP-dependent chromatin remodelling complexes is known to
exist that has the capacity to reposition or evict nucleosomes over any particular
DNA region (Saha et al., 2006). Recent triple knockout studies in S. cerevisiae have
shown that in the absence of the three remodelling enzymes Isw1, Isw2 and Chd1,
the existing organised pattern of nucleosome distribution in the genome fails to be
maintained (Gkikopoulos et al., 2011). This effect is most striking over coding
regions and less significant around TSS, where additional factors are likely to be
involved in preserving the NFR. Interestingly, yeast mutants that carry null alleles
for these three chromatin remodelers do not show mitotic defects under normal
growth conditions but are more susceptible to various environmental stresses
(Tsukiyama et al., 1999). This result suggests that these enzymes may have a more
prominent role in regulating inducible promoters that do not usually display NFRs
and whose associated genes are tightly controlled according to environmental cues.
A complementary study in S. cerevisiae has indicated that formation of NFRs is

likely due to DNA binding by transcription factors like Rebl and Abf1, followed by
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active sliding of the flanking nucleosomes (Hartley and Madhani, 2009).
Importantly, this process seems to be dependent on the RSC remodelling complex.
In contrast to Iswl, Isw2 and Chd1, RSC is essential for mitotic growth in yeast and
estimated to be at least 10 times more abundant, which highlights the importance
of keeping an open chromatin state at NFRs (Cairns et al., 1996; Laurent et al.,
1992). Moreover, comparison studies of in vitro assembled chromatin in the
presence or absence of ATP-dependent chromatin remodelers have indicated that
chromatin remodelling complexes do have the ability to overcome intrinsic DNA-
nucleosome preferences and relocate nucleosomes to less thermodynamically
favourable positions (Perales et al., 2011; Whitehouse and Tsukiyama, 2006; Zhang
et al.,, 2009). Indeed, the pattern of nucleosome distribution obtained in the
presence of ATP-dependent chromatin remodelling is nearly indistinguishable from
that of chromatin isolated from cells. Together these series of studies highlight the
key role played by chromatin remodelers in actively shaping global nucleosome

distribution in vivo.

Nucleosome positioning in gene regulation

Whether dictated by DNA sequence or chromatin remodelling enzymes, the
striking conservation of nucleosome phasing around TSS found across species is
strongly suggestive of nucleosomes acting as regulators of gene transcription. Two

key properties of nucleosomes are thought to facilitate this role.
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Firstly, nucleosomes have the capacity to limit the accessibility of their underlying
DNA sequence by occluding protein binding sites including those recognised by
transcription factors (Morse, 2007). As discussed below, this is valid for both the
family of general transcription factors that mediate RNA Pol Il recruitment and the

gene-specific ones.

Secondly, nucleosomes are inherently dynamic in nature. Reports have indicated
that nucleosomes are locally mobile and can transiently and spontaneously expose
their underlying DNA (Li et al., 2005). These thermal fluctuations allow DNA
sequences that are buried in the nucleosome to be briefly accessible to nearby
proteins. This property is of particular relevance for transcription factors and
chromatin remodelers as they can potentially trap the nucleosomal DNA during the
unwrapping state, and initiate progressive sliding or eviction of the nucleosome
core particle. The equilibrium constant measured for such nucleosome dynamics
decreases towards the nucleosome dyad (i.e. the midpoint) suggesting that in a
cell DNA unwrapping is likely to proceed from the nucleosome boundaries
(Anderson and Widom, 2000; Tims et al.,, 2011). This is in accordance with a
genome wide mapping study showing preferential localisation of promoter
elements including TATA boxes, transcription factor recognition sequences and
transcription initiation sites near the entry/exit point of nucleosomes (Albert et al.,

2007).
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The above mentioned features allow nucleosomes to dynamically modulate
transcriptional output and contribute to the plasticity of gene promoters. Arguably
such plasticity is most important for inducible promoters that have evolved to
regulate the local concentration of transcription factors in response to changes in
environmental stimuli (Tirosh and Barkai, 2008). The local concentration of
transcription factors can be viewed as a reflection of the number of binding sites
that are accessible at a given time, which is in turn dictated by nucleosome
occupancy. Historically, this relationship has been first described using the S.
cerevisiae PHO5 gene promoter as a model (Reinke and Horz, 2004). During
conditions of inorganic phosphate depletion, the activator Pho4 is recruited to a
single constitutively accessible, low affinity binding site (UASp1) within a short
region of the PHO5 promoter. Following initial binding, chromatin remodeler-
mediated removal of -1 to -4 nucleosomes then allows for transcriptional
activation. It has been originally proposed that activation is dependent on the
exposure of a second, high affinity binding site for Pho4 (UASp2) occluded by the -
2 nucleosome (Venter et al., 1994). Such argument has been disputed by recent
evidence of Pho4 interaction with UASp2 in the presence of the nucleosome
(Adkins et al., 2004). Nonetheless, it is clear that nucleosome remodelling is an
essential requirement for transcription to occur and that the events also involve
local histone acetylation (Reinke and Ho6rz, 2003) through pathways described in
more detail below. Importantly, over recent years, it has become clear that

chromatin remodelling represents a general mode of action that is utilised by
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many other inducible genes and is conserved from yeast to mammal (Bai et al.,
2010; Barbaric et al., 1992; Bryant et al., 2008; Goriely et al., 2003; Moreira and
Holmberg, 1998; Schones et al., 2008; Takahata et al., 2009; Zhang and Boothby,
2006). In the majority of cases, it is a prerequisite that some binding sites for the
activator are already exposed prior to chromatin remodelling. Only a few
exceptions have been reported where transcription factors are able to engage
directly with the nucleosomal DNA sequence (Angelov et al., 2004; Perlmann, 1992;
Perlmann and Wrange, 1988). Moreover, the process described above is
bidirectional and gene silencing can occur via the re-deposition of nucleosomes
over promoter (Adkins et al., 2004). In contrast to these inducible genes, the larger
class of constitutively active genes are believed to display more stable chromatin
architecture with transcription factor binding sites highly localised within the

accessible NFR and therefore less dependent on chromatin remodelling activity.

In vitro gene transcription studies using reconstituted chromatin templates have
shown that nucleosomes constitute a significant physical barrier during both
initiation and elongation stages of gene transcription. Early studies with adenovirus
major late promoter engineered in the presence or absence of nucleosomes have
indicated that RNA Pol Il cannot initiate transcription when a nucleosome is
associated with the promoter (Lorch et al., 1987). Crystal structures of the yeast
and human TATA-binding protein (TBP), a key member of the general transcription
factors, have revealed that upon association of TBP with the TATA sequence, the

DNA double helix is subject to significant distortions and undergoes partial
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unwinding, an effect that is likely to be incompatible with nucleosome assembly
(Kim et al., 1993a; Kim et al., 1993b; Nikolov et al., 1996). This implicates that RNA
Pol 1l recognition sites need to be either constitutively available by residing inside
NFRs as in the case of most housekeeping gene promoters or actively exposed
upon signalling as for the class of inducible promoters. In all instances, the
presence of RNA Pol Il strongly anti-correlates with nucleosome occupancy

independently of the expression state of the gene (Schones et al., 2008).

Upon TBP binding to the promoter sequence, a number of proteins, including RNA
Pol Il, are known to be recruited to form a preinitiation complex (PIC) immediately
upstream of the TSS. Due to the position of the +1 nucleosome relative to the TSS
in Drosophila and mammals, once fired, the elongating RNA Pol Il in these
organisms need to overcome the +1 nucleosome as it attempts to translocate
along the DNA template. Early in vitro transcription assays using RNA Pol Il purified
from Hela cell extracts have shown that the +1 nucleosome represents a
formidable kinetic barrier to transcription elongation (Izban and Luse, 1992) and it
is believed to induce promoter-proximal pausing (Hodges et al., 2009; Mavrich et
al., 2008b; Schones et al.,, 2008), a widespread phenomenon that has been
observed in both Drosophila and human genomes (Core et al., 2008; Guenther et
al., 2007; Muse et al., 2007; Nechaev et al., 2010; Zeitlinger et al., 2007). Clearly,
for transcription elongation to proceed, DNA-histone contacts must be inevitably

disrupted with concomitant transfer or removal of the nucleosome.
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Recent biophysical studies monitoring RNA Pol Il dynamics during translocation
along a nucleosomal template reconstituted in vitro favour the model which
suggests a transient DNA loop may be formed to physically circumvent the
elongating polymerase and mediate transfer of the blocking nucleosome upstream
to the polymerase elongating position (Hodges et al., 2009; Studitsky et al., 1994;
Studitsky et al., 1997). A wealth of evidence indicates that this process requires the
intervention of additional proteins including the transcription elongation factor
TFIIS (Kireeva et al., 2005), the histone chaperone FACT (Reinberg and Sims, 2006),
the transcription factor c-MYC (Rahl et al., 2010) and the chromatin remodelling

complex RSC (Carey et al., 2006).

Together the above studies demonstrate how the physical properties of the

nucleosome alone can profoundly affect different stages of gene transcription.

1.3. Histone modifications

The histone code

In addition to the genetic code embedded in the DNA, over the last ten years a
hypothesis has been advanced that an epigenetic code may exist, “written” on the
tails of the core histones that form the nucleosome (Strahl and Allis, 2000; Turner,

2000). Indeed, the long flexible N-terminal tails of the histones provide an ideal
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platform where an impressive array of chemical modifications is known to be
harboured, together constituting an important layer of biological information
(Figure 1.6) (Kouzarides, 2007). Because such information is found in close
proximity to the DNA, it can be utilised to complement the aforementioned

physical properties of the nucleosome in directly modulating DNA based processes.
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Figure 1.6 — Post-translational modifications of core histones

Diagram depicting the most common modifications present on the four core
histones. It is not an exhaustive representation of all known histone modifications
to date. P, phosphorylation. A, acetylation. M, methylation. U, ubiquitylation.
Figure adapted and reprinted by permission from Macmillan Publishers Ltd: Nature
Biotechnology, (Portela and Esteller, 2010), copyright (2010).

As discussed below, there are generally two ways the histone posttranslational

modifications (HPTMs) are thought to affect genome function (Figure 1.7) (Allis et
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al., 2006). Firstly, they can impact on the overall structure of chromatin by
interfering with the histone-DNA contacts within the nucleosome or facilitating
changes in the level of chromatin compaction. This can be achieved through charge
disruption or steric occlusion. Secondly, they can act as nucleation sites and attract
or repel classes of enzymes that have evolved to recognise specific HPTMs or
combinations of HPTMs. These effector proteins have the capacity to interpret and
translate the information encoded in the HPTMs into biologically relevant
downstream functional outputs (Kouzarides, 2007). Interestingly, accumulating
research evidence suggests that a single HPTM can be associated with different
binding effector proteins that specialise in distinct cellular processes. For example,
trimethylation on histone H3 lysine 36 (H3K36me3) in D. melanogaster is
recognised by the male-specific lethal (MSL) complex that is required for
transcriptional up-regulation of the fly male X chromosome (Larschan et al., 2007).
In comparison, the human MRG15 protein, which is evolutionarily related to the
MSL3 component of the Drosophila MSL complex (Marin and Baker, 2000), also
binds to H3K36me3 but plays a role in the regulation of alternative pre-mRNA
splicing (Luco et al., 2010). It is consequently clear that H3K36 methylation has
acquired species-specific roles across evolution. This finding argues against the
existence of a true epigenetic code where a given modification is associated to a
unique predictable functional outcome. Instead, the function is likely to be
dependent on the biological context where the modification is found. Recent

research has evidenced functional analogies between the chromatin modifications
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and the receptor tyrosine kinase modifications leading to the proposal of a
signalling network model as an alternative view to the original histone code

hypothesis (Schreiber and Bernstein, 2002).
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Figure 1.7 — Mechanisms of action for histone modifications in chromatin
regulation

Histone modifications (mod) can exert their influence on chromatin state in several
ways. Firstly, as in the case of acetylation, they can directly induce change in local
chromatin structure (top). Secondly, they can occlude the binding site of specific
chromatin-associated factors (CF) (middle). Thirdly, they can favour the
recruitment of other chromatin-binders (mod binder) by acting as nucleation sites
(bottom). Figure from Allis, C.D., Jenuwein, T., and Reinberg, D. (2006). Epigenetics
(Cold Spring Harbor, N.Y.: Cold Spring Harbor Laboratory Press), reprinted with
permission from Cold Spring Harbor Laboratory Press, copyright (2007).

Regardless of whether a strict histone code can be defined, a crucial advantage of
having a HPTM system in support of the DNA based genetic code lies in its dynamic

nature. Indeed, almost all of the HPTMs known to date are reversible and a
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plethora of enzymes that catalyse the addition and removal of these marks has
been recently identified. Importantly, patterns of HPTMs are known to be
responsive to environmental triggers and can be maintained accordingly to
mediate both short-term and long-term, possibly cross-generational, cellular
memory. Arguably, the potential to dynamically establish, maintain and erase
epigenetic programmes in response to environmental influences over time is one

of the greatest strengths of the HPTM system.

The number of HPTMs known has been ever increasing over recent years. They can
be broadly separated into large chemical modifications that include ubiquitylation
and sumoylation for example, and smaller chemical modifications like acetylation,

methylation and phosphorylation.

The functional relevance of histone acetylation and methylation in relation to gene

transcription will be discussed further here.

Histone acetylation in transcription regulation

Histone acetylation is known to occur on lysine residues on the N-terminal tails of
all four core histones. The presence of an acetyl group has the capacity to
counteract the intrinsic positive charge of the lysine side chain and therefore
reduce the affinity between histones and the negatively charged DNA molecule

(Hong et al., 1993). The charge neutralisation is believed to induce two main
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effects. First, in vitro binding assays using hyperacetylated nucleosomes have
shown that acetylation can cause partial unfolding of the nucleosome structure
exposing DNA binding sites previously buried within the nucleosomal core and
consequently facilitating interaction by proteins like transcription factors (Lee et al.,
1993; Vettese-Dadey et al.,, 1996). Secondly, chromatin assembly experiments
where hyperacetylated histones have been incorporated into nucleosome arrays
have demonstrated that histone acetylation antagonises compaction of the
chromatin fibre into more condensed, higher order structures (Shogren-Knaak et
al., 2006). In both cases, histone acetylation has a clear role in favouring open,
transcription-permissive chromatin architecture with increased accessibility of
associated DNA elements as evidenced by the high correlation between
acetylation and DNase | hypersensitive sites (Hebbes et al., 1994). In accordance
with this observation, recent genome wide mapping studies of histone acetylation
have revealed that this modification is preferentially enriched at the 5’ end of
active genes including promoters and TSS in both yeast and higher eukaryotes with
a few residue-specific histone acetylation occurring also over the transcribed
regions of active genes (Bernstein et al., 2005; Pokholok et al., 2005; Roh et al.,
2004; Roh et al., 2005; Wang et al., 2008). In particular, the level of acetylation
seems to correlate proportionally with the transcriptional status of the gene with
the most active genes being also the most heavily acetylated (Pokholok et al., 2005;

Schubeler et al., 2004; Wang et al., 2008).
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Another major mechanism by which histone acetylation mediates its
transcriptional activation effect is the recruitment of ATP-dependent chromatin
remodelling enzymes (Hassan et al., 2002; Horn and Peterson, 2001). Indeed, a
number of remodelling complexes are known to contain a specific histone lysine-
binding domain known as the bromodomain. Crystal structures of this domain
obtained for several histone-associated proteins indicate that it can specifically
recognise acetylated lysine residues on the histone tails and such binding occurs
mainly through hydrophobic interactions (Dhalluin et al., 1999; Hudson et al., 2000;
Jacobson et al., 2000; Owen et al., 2000). Studies using the well characterised yeast
PHO5 promoter have demonstrated that following acetylation of histones by the
HAT Gcen5 specifically at promoter region, these acetyl marks can function as
targeting sites to attract chromatin remodelers like the Swi/Snf complex. At the
human IFN-8 gene promoter, SWI/SNF recruitment by GCN5 acetylation occurs via
the bromodomain of BRG1 subunit. SWI/SNF mediated nucleosome translocation
in turn allows for loading onto chromatin of general transcription factors like TFIID
and consequent gene activation (Agalioti et al., 2002; Gregory et al., 1998; Reinke

and Horz, 2003; Syntichaki et al., 2000).

Alternatively, studies of another yeast HAT, NuA4, have shown that acetylation at
gene promoter can also lead to direct recruitment of TFIID with subsequent PIC
assembly (Durant and Pugh, 2007). Importantly, such recruitment is again
dependent on the recognition of the acetyl group by a bromodomain-containing

subunit known as Bdfl. Interestingly, in addition to TFIID, Bdfl has also been
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shown to interact with the SWR-C complex, a Snf2 family related chromatin
remodeler. It therefore reveals a potential pathway that brings together both
direct and indirect effects of histone acetylation on the recruitment of general

transcription factors like TFIID (Krogan et al., 2003b).

The first histone acetyltransferase (HAT) enzyme that has been shown to mediate
the deposition of the acetyl group on histone tails was isolated from the
macronucleus of the ciliate Tetrahymena termophila (Brownell et al., 1996). To
date, several main families of histone acetyltransferases have been identified in
eukaryotes including GNAT (GCN5-related N-acetyltransferase), MYST and
CBP/p300. All of them function by catalysing the transfer of an acetyl group from
acetyl-coenzyme A (acetyl-CoA) to the e-amino group of lysine side chains but
display some degree of overlapping specificity in terms of the specific substrate
residue targeted (Sterner and Berger, 2000). Importantly, most HATs like the yeast
Gen5 are able to acetylate nucleosomal substrates only when found in multi-
molecular complexes such as the SAGA or ADA complex evidencing the
requirement for auxiliary chromatin-modulating factors in aiding their HAT activity
and substrate specificity in vivo (Grant et al., 1997; Ruiz-Garcia et al., 1997).
Moreover, certain HATs are known to be in complex with either the initiating form
of RNA Pol Il as in the case of the human CBP/p300 or with the elongating
polymerase as exemplified by PCAF (Cho et al., 1998). These associations are likely
to influence the genomic region targeted by individual HATs and may account for

the different distribution of specific acetylated residues over gene promoter versus
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coding region. The importance of correct targeting of histone acetylation is
evidenced by the fact that aberrant acetylation can lead to erroneous transcription
initiation from cryptic promoters within coding regions of genes (Carrozza et al.,

2005).

Remarkable sequence identity has been observed in certain HATs like GCN5
between yeast and human homologues in support of an evolutionarily conserved
function of histone acetylation in gene regulation across eukaryotes (Xu et al.,
1998). Interestingly, most HATs contain functional bromodomains, suggesting that
such domain may be used by HATSs to interpret and further propagate or reinforce
already established sites of acetylated chromatin. Association of the Gcn5
bromodomain with H4K16ac, for example, has been demonstrated to be important
for the retention of the SAGA complex on acetylated nucleosomes after the initial

recruiting factor has been removed (Hassan et al., 2002).

In parallel to HATSs, a class of evolutionarily conserved histone deacetylases (HDACs)
are known to counteract histone acetylation. Based on sequence analogy, HDACs
are generally divided into three distinct groups (Yang and Seto, 2003). Enzymes of
the first group display high homology with the yeast HDAC Rpd3 while members of
the second groups are more related to the yeast Hdal protein and show Zn?**
dependent HDAC activity. The third group includes the Sir-2 like proteins, which
display NAD" dependent catalytic activity. Similar to HATs, many HDACs function

within multimeric enzyme complexes. These associating factors serve to locally
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modulate the broad and overlapping substrate specificity displayed by HDACs

genome-wide (Shahbazian and Grunstein, 2007).

Histone methylation in transcription regulation

Methylation of histones generally occurs on lysine and arginine residues on all core
histone tails (Byvoet et al.,, 1972; Murray, 1964; Young et al., 2010). Unlike
acetylation, up to three methyl groups can be added to one single residue side
chain. Together with the large number of methylation sites on histone tails
identified so far, the combinatorial coding potential represented by histone
methylation is rather impressive and constitutes an ideal system for regulating
complex dynamic cellular processes like gene transcription (Jenuwein and Allis,
2001; Lee et al., 2005a; Zhang and Reinberg, 2001). Because the installation of
methyl groups does not alter the charge of the modified residue, it is believed that
the main function of histone methylation is to provide nucleation sites for the
recruitment of chromatin effector molecules that are able to interpret the
methylation signal and alter the local chromatin state (Taverna et al., 2007).
Indeed, a large number of protein domains have been found to specifically interact
with methylated histone lysine or arginine residues including PHD fingers,
chromodomains, Tudor domains, PWWP domains, WD40 repeats, CW domains,
ankyrin repeats and MBT repeats (Bannister et al., 2001; Collins et al., 2008;

Hoppmann et al.,, 2011; Kim et al., 2006; Lachner et al., 2001; Margueron et al.,
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2009; Shi et al., 2006a; Wang et al., 2009; Wysocka et al., 2006; Yang et al., 2010).
The diversity of these histone methyl-binding motifs is a reflection of the
complexity of the histone methylation code. This is in agreement with the general
view that histone methylation on a specific residue with a specific methylation
state is interpreted by a particular chromatin reader that is associated with a

defined nuclear function in a context dependent manner.

Early biochemical studies of chromatin modifiers in human and mice have
identified an evolutionarily well conserved protein domain known as the SET
domain that is capable of catalysing the transfer of methyl groups from S-
adenosylmethionine (SAM) to the ge-amino group of histone lysine side chains (Rea
et al.,, 2000). The domain was part of the SUV39H1 protein, the first ever
characterised mammalian histone lysine methyltransferase (HKMT). Following this
initial discovery, an extended family of HKMTs has been found over recent years
that share the same catalytic domain. To date, all known HKMTs with the
exception of Dotl, are SET domain dependent enzymes (Feng et al., 2002).
Another family of protein methyltransferases characterised by the PRMT catalytic
subunit is responsible for the deposition of methyl groups on histone arginine

residues in eukaryotes (Bedford and Clarke, 2009).

In contrast to HATSs, in vitro methylation studies have shown that HKMTs display
much higher specificity both in terms of the substrate lysine modified and the

degree of methylation introduced. Such specific activity is mainly attributable to
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the presence of key residues contained within the active site of the enzyme.
Depending on the physical property of the residues, these can sterically exclude
lysine side chains carrying a certain number of methyl groups. For example,
mutational analysis of the HKMT DIM-5 in Neurospora crassa has shown that a
single Phe to Tyr point mutation is sufficient to alter the product specificity of the
enzyme from tri- to mono-methylation (Zhang et al., 2003). Interestingly, unlike
the previously mentioned HATs, several HKMTs including the yeast Set2, Dotl and
the human PR-Set7 display enzymatic activity that is selectively targeted to
nucleosomal substrates in the absence of any associating factor (Nishioka et al.,
2002b; Strahl et al., 2002; van Leeuwen et al., 2002). Because no structure of any
SET domain dependent HKMTs in complex with nucleosome has been so far solved,
it remains to be determined whether the nucleosome substrate specificity is

attributable to the physical architecture of these proteins.

Although global histone methylation level is subject to a low turnover rate, local
sites of histone methylation are known to be dynamically regulated (Byvoet et al.,
1972; Duerre and Lee, 1974; Zee et al.,, 2012). Alongside the HKMTs, an ever
growing number of histone demethylases that are responsible for the removal of
methyl groups from histone tails has been recently the focus of intense research
(Klose et al., 2006). So far, two main families of histone lysine demethylases
(HKDMs) have been identified (Figure 1.8). These can be distinguished based on
their conserved catalytic domains: the KDM1 family characterised by the FAD-

dependent amine oxidase domain and the Jumoniji C (JmjC) family which features a
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Fe(ll) and a-ketoglutarate (a-KG) dependent oxygenase domain. Sequence
homology comparison has allowed further classification of the JmjC family
members into subgroups that include KDM2, PHF, KDM3, KDM4, KDM5 and KDM®6
(Klose et al., 2006; Pedersen and Helin, 2010). A combination of in vitro activity
assay with recombinant histone peptides or nucleosomes and in vivo
immunofluorescence (IF) imaging coupled with RNA knockdown approaches has
allowed the substrate specificity of many of these HKDMs to be identified. Similar

to the HKMTS, HKDMs demonstrate high degree of specificity with respect to both

the lysine residue targeted and the number of methyl groups that can be removed.
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Figure 1.8 — The two families of histone lysine demethylase (HKDM) enzymes

Listed here are the currently known members of the two families of histone lysine
demethylases. All conserved domains are shown. Note the Tower domain (light red
box) splits the amino oxidase domain (dark red box) of KDM1A in two parts.
Reprinted from Trends in Cell Biology 20, Pedersen, M.T., and Helin, K., Histone
demethylases in development and disease, 662-671, Copyright (2010), with
permission from Elsevier.

Crystallographic data has shown that several mechanisms exist that ensure the
uniqgue substrate specificity of these histone demethylases. For example,
biochemical studies have identified in KDM1, which catalyses the removal of
H3K4mel and H3K4me2, a particular protein domain known as the Tower domain.
This region of the protein provides a docking site for KDM1 association with a
regulator named Co-REST (co-repressor of RE1-silencing transcription factor) (Yang
et al., 2006). Such interaction is necessary to confer KDM1 efficient H3K4
demethylase activity on nucleosome substrate in vivo and also to provide a means
of recruiting KDM1 to Co-REST target genes where removal of H3K4 methylation is
required (Lee et al., 2005b; Shi et al., 2004; Shi et al., 2005). Interestingly,
chromatin immunoprecipitation (ChIP) experiments indicate that KDM1 can also
associate with the nuclear androgen receptor (AR). Following AR binding, KDM1 is
readily converted to a H3K9 demethylase that localise to AR responsive genes
(Metzger et al., 2005). These results illustrate how the catalytic domain of KDM1
has evolved to accommodate different substrate specificity and the ultimate target
of demethylation is strictly dependent on the nature of its associated factor. In

contrast to KDM1, the exact conformation of the catalytic core and the amino acid
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sequence surrounding the target residue on the histone tail contribute to a less
promiscuous substrate specificity of the JmjC family of demethylases. Crystal
structures of KDMA4A, for example, have shown that due to the shape of the
binding pocket surrounding the catalytic site, bending of the preferred H3K9
substrate peptide is necessary to facilitate insertion and contact with the co-factor
o-KG. Such requirement implies that specific residues like glycine or proline need
to be present at the tip of the bend within the peptide (Chen et al., 2006; Ng et al.,

2007).

To date, the most well characterised histone methylation marks implicated in gene
transcription regulation are H3K4, H3K36, H3K9, H3K27, H4K20 (Barski et al., 2007).

Each of these modifications will be discussed in detail below.

H3K4 methylation

Early ChIP analysis of both chicken B-globin and yeast mating-type loci indicated
H3K4 methylation as a hallmark of euchromatin (Litt et al., 2001). Indeed, genome
wide H3K4 methylation distribution has been observed to correlate highly with
regions of “open” acetylated chromatin domains (Wang et al., 2008). In particular,
H3K4me3 has been shown in S. cerevisiae to be deposited preferentially at the 5’
end of active genes by the HKMT Setl (Pokholok et al., 2005; Santos-Rosa et al.,

2002). ChlP coupled with DNA microarray analysis in human embryonic stem cells
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have confirmed that H3K4me3 association with the TSS of actively transcribed
genes is conserved in mammals and occurs genome wide (Guenther et al., 2007).
Several mechanisms have been uncovered which allow for the precise targeting of
Setl and therefore H3K4me3 at the 5 end of genes. Firstly, co-
immunoprecipitation analysis have shown that Set1 physically associates with both
the Ser-5 phosphorylated form of the early elongating RNA Pol Il and the PAF1
component of the transcription elongation complex (Figure 1.9) (Krogan et al.,
2003a; Ng et al., 2003). Interestingly, Setl does not interact with the Ser-2
phosphorylated form of RNA Pol I, which corresponds to the late phase of
transcription elongation (Phatnani and Greenleaf, 2006). Such binding specificity
may be responsible for the preferential enrichment of H3K4me3 around gene
promoters as opposed to the body of genes. Secondly, ChIP experiments have
shown that H2BK123ub1l is required for the proper establishment of H3K4
methylation likely by creating a local chromatin environment that is permissive to
Setl activity (Lee et al., 2007a; Nakanishi et al., 2009; Sun and Allis, 2002).
Importantly, H2BK123ub1 is known to be placed by the ubiquitin-conjugating
enzyme Rad6, which also interacts with the elongating RNA Pol Il via PAF1 (Robzyk
et al., 2000; Wood et al., 2003). Thirdly, as discussed in more detail below, recent
studies have shown that the mammalian CFP1 component of the SET1 complex can
specifically recognise regions of non-methylated CpG DNA whose genome wide

distribution highly correlates with the 5’ end of genes (Thomson et al., 2010).
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The best studied function of H3K4me3 is to favour gene transcription initiation
through the coordinated recruitment of specific activators and the concomitant
exclusion of repressor elements. Indeed, evidence suggests that in human
H3K4me3 is recognised by both the PHD domain of the BPTF component of the
NURF chromatin remodelling complex that facilitates nucleosome translocation or
eviction at gene promoters and also by the SGF29 protein, part of the SAGA HAT
complex (Vermeulen et al.,, 2010; Wysocka et al., 2006). In addition, reports
suggest methylation at H3K4 can preclude docking of the HDAC repressor complex
NuRD on the H3 tail at gene promoters (Nishioka et al., 2002a). Finally, structural
data has revealed that methylation at lysine 4 residue prevents interaction of the
mammalian DNMT3L, a de novo DNA methyltransferase-associated factor, with the
histone H3 tail (Ooi et al., 2007). It has been therefore suggested that H3K4
methylation may act to inhibit the de novo deposition of DNA methylation at
promoter regions, a mechanism that, as discussed later, is critical to long-term

gene silencing in cells.

Recent genome-wide mapping indicates that H3K4me2 distribution closely
resembles that of tri-methylation with peaks observed at the 5’ end of genes. In
contrast, H3K4me1 preferentially localises at enhancer elements (Heintzman et al.,
2007). The genomic function of these two H3K4 methylation states is still poorly

characterised.
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H3K36 methylation

H3K36 methylation is a chromatin mark that has been associated with different
aspects of transcription regulation (Wagner and Carpenter, 2012). It is ubiquitously
present in both lower and higher eukaryotic organisms where it has acquired
species-specific functions. In S. cerevisiae, all three methylation states are
deposited by a single H3K36-specific HKMT known as Set2 (Strahl et al., 2002).
While H3K36mel remains poorly characterised, the genomic distributions of di-
and trimethylation states are known. H3K36me3 is prevalently enriched over the
transcribed region of genes with peaks rising towards the 3’ end and levels
positively correlating with the transcriptional activity of the gene (Pokholok et al.,
2005). The specific distribution of this modification state is attributable to Set2
interaction with the elongating RNA Pol Il. Similarly to Set1, Set2 directly associates
with the phosphorylated C-terminal domain (CTD) and the transcription elongation
factor PAF1 (Krogan et al., 2003c; Xiao et al., 2003). However, unlike Setl, the SRI
domain of Set2 preferentially interacts with RNA Pol Il phosphorylated at Ser-2, a
form that generally accumulates over the body and the 3’ end of genes (Figure 1.9)
(Bannister et al., 2005; Bell et al., 2007). In contrast, H3K36me2 targeting is
independent of the SRI domain and its localisation strictly correlates with regions
of active transcription but not with the gene transcriptional rate (Rao et al., 2005;
Youdell et al., 2008). These observations have led to speculation that H3K36me2
and me3 may act within distinct biological contexts. Further investigation is

required to elucidate the exact nature of these.
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To date, many lines of evidence suggest that both H3K36 methylation states
contribute to suppression of transcription initiation over the coding region of
genes. Indeed, many gene bodies contain cryptic transcription start sites that can
be erroneously activated by the wave of acetylation that accompanies the
elongating RNA Pol Il. Studies in S. cerevisiae have shown that H3K36me2 functions
as nucleation site that is recognised by the Eaf3 subunit of the Rpd3 HDAC complex
which in turn mediates removal of the acetyl groups from nucleosomes in the
wake of transiting RNA Pol Il (Carrozza et al., 2005; Joshi and Struhl, 2005; Keogh et
al., 2005; Li et al., 2009a; Reid et al., 2004; Youdell et al., 2008). Yeast proteome-
wide peptide array analysis has recently identified Nto1, which is part of the NuA3
HAT complex, as a specific binder of H3K36me3 (Shi et al., 2006b). Whether such
recognition also occurs in vivo warrants further investigation but this suggests that
H3K36me3 may also contribute to transcription activation via histone acetylation
hints to the potential complexity of the H3K36 methylation system and, as
exemplified below, the need to interpret this modification based on the biological

context.

While the yeast Set2 is responsible for the deposition of all three methyl groups on
H3K36, in mammals a number of H3K36 methyltransferases have been identified
which display preference for a specific methylation state (Wagner and Carpenter,
2012). Numerous in vitro assays using recombinant nucleosome or octamer
substrates and in vivo RNA knockdown studies indicate that the nuclear receptor

SET domain containing 1 (NSD1) and 2 (NSD2) proteins can catalyse the addition of
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up to two methyl groups on H3K36 while the human orthologue of Set2, known as
SETD?2, is responsible for tri-methylation (Hu et al., 2010; Kuo et al., 2011; Li et al.,
2009b; Lucio-Eterovic et al., 2010; Nimura et al., 2009; Qjao et al., 2010; Yuan et al.,
2009). Depletion of NSD3 by RNAi has been shown to lead to a decrease in
H3K3me3 (Rahman et al., 2011) but whether this enzyme is specific for mono, di or
tri-methylation has not been examined in vitro yet. In a similar fashion to the yeast
Set2, SETD2 also interacts with the Ser-2 phosphorylated form of RNA Pol Il and
such binding occurs within a multi-protein complex that also incorporates ISW1
and Spt6 (Yoh et al., 2008). Recent ChIP sequencing data indicates conservation of
H3K36me3 distribution exists between S. cerevisiae and human, where this
modification also correlates with actively transcribed genes and peaks towards
their 3’ ends (Barski et al., 2007). Interestingly, a more careful inspection of
mammalian H3K36me3 distribution has revealed its specific enrichment over
exons, in particular at their 5’ ends (Hon et al., 2009; Spies et al., 2009). Even more
intriguing was the observation that H3K36me3 levels reflect exon usage as this
mark is noticeably depleted in the spliced out exons compared to the spliced in
ones. Therefore, H3K36me3 appears to play a role in the alternative splicing of
RNA transcripts, a phenomenon that is most prevalent in higher eukaryotes.
Indeed, a cross talk is thought to be present between splicing activity and
H3K36me3 deposition. SETD2 recruitment is directly influenced by the level of
splicing (de Almeida et al., 2011; Kim et al., 2011) while MRG15, a known member

of the retinoblastoma binding protein 2 (RBP2) H3K4 demethylase complex
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(Hayakawa et al., 2007), specifically recognises H3K36me3 via its chromodomain
(Zhang et al., 2006), an interaction which in turn leads to the recruitment of the
splicing regulator polypirimidine tract-binding protein (PTB) (Luco et al., 2010).
Recently, the p52 isoform of PC4 and SF2-interacting protein 1 (Psipl) has also
been shown to bind H3K36me3 via a PWWP domain and this is required for the

recruitment of splicing factors like SRSF1 (Pradeepa et al., 2012).

The function of H3K36me3 in exon definition can also be observed in worms
(Kolasinska-Zwierz et al., 2009). Here, MES-4 (maternal effect sterile 4) and MET-1
(histone methyltransferase like 1), the orthologues of mammalian NSD1 and SETD2
respectively, are known to coordinate H3K36 di- and trimethylation (Andersen and
Horvitz, 2007; Bender et al.,, 2006). Although the role of MET-1 in alternative
splicing is poorly characterised, it has been suggested to perform a role similar to
the yeast Set2 in preventing inappropriate transcription initiation, specifically in
the context of germ line development (Andersen and Horvitz, 2007). Reports
indicate that MES-4 is also involved in regulation of germ line-expressed genes
although in a trans-generational fashion and independently of RNA Pol Il activity
(Furuhashi et al., 2010; Rechtsteiner et al., 2010). It has been suggested that MES-4
contributes to the maintenance of a defined expression program in the progeny
germ line partially by counteracting Polycomb group-mediated repression (Gaydos

et al.,, 2012).
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In Drosophila, H3K36 methylation is known to specialise in yet another unique
function: dosage compensation. Here, to compensate for the presence of only one
X chromosome in males, transcription of the genes on the male X chromosome is
up-regulated two-fold with respect to the genes on the autosomes. The fly
orthologues of human NSD1 and SETD2 enzymes are known as MES-2 and HYBP
respectively (Bell et al.,, 2007). According to in vivo protein-specific siRNA
knockdown, both proteins display conserved di- and trimethylation state specificity.
Like in yeast, these two methylation states are found in correspondence of
transcribed regions although H3K36me2 tends to peak closer to the 5’ end of
genes as opposed to H3K36me3, which is more abundant near the 3’ region. Such
divergence is also reflected in their opposing influence with regard to H4K16
acetylation (Bell et al., 2007). Indeed, RNAi experiments indicate that while
reduction of H3K36me3 alone leads to an increase in acetylation genome wide,
reduction of both H3K36me2 and me3 produces the opposite effect. Interestingly,
unlike in S. cerevisiae, where alteration of H3K36me2 and me3 is responsible for
global changes in histone acetylation, in flies the effect is limited to the H4K16
residue hinting to the possibility that different mechanisms are at play in the two
organisms. Recent studies in dosage compensation have helped to clarify the link
between H3K36me3 and H4K16 acetylation in Drosophila. As mentioned above,
the male specific lethal (MSL) complex is recruited to specific binding sites on the
fly male X chromosome through a combination of H3K36me3 interaction and

recognition of GA-rich sequence motifs (Alekseyenko et al., 2008; Bell et al., 2008).
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Once established, MSL mediates H4K16 acetylation through its HAT subunit MOF
(Male absent on the first) (Gelbart et al., 2009; Gu et al., 1998). Further spreading
of the MSL complex over the X chromosome occurs through binding of H3K36me3
by the chromodomain of the MSL3 subunit, a homologue of the yeast Eaf3 (Bell et
al., 2008). The increased H4K16 acetylation in turn favours RNA Pol Il elongation
through X-linked gene bodies likely by facilitating mobility over a de-compacted
chromatin template and therefore leading to transcription up-regulation (Larschan

et al.,, 2011).

Yeast cells with defective Set2 are viable but display abnormal transcription
elongation as evidenced by the different sensitivity to the drug 6-azauracil (Kizer et
al., 2005). In human, SETD2 is an essential protein, and its mutations have been
implicated in sporadic renal cell carcinoma (Duns et al., 2010). Equally, defects in
NSD1 and NSD2 have been associated with the Wolf-Hirschhorn syndrome and
various forms of cancer (Nimura et al., 2009; Wagner and Carpenter, 2012).
Together these disorders highlight the importance of an efficient H3K36

methylation system.
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Figure 1.9 — H3K4 and H3K36 methylations regulate gene transcription initiation
and elongation respectively

The early elongating Ser-5 phosphorylation on the C-terminal domain (CTD) of RNA
Pol 1l recruits Setl which mediates H3K4 methylation at gene promoter while the
late elongating Ser-2 modified polymerase attract Set2 leading to deposition of
H3K36 methylation over the transcribed region of the gene. Figure from Allis, C.D.,
Jenuwein, T., and Reinberg, D. (2006). Epigenetics (Cold Spring Harbor, N.Y.: Cold
Spring Harbor Laboratory Press), reprinted with permission from Cold Spring
Harbor Laboratory Press, copyright (2007).

H3K9 methylation

The first ever characterised HKMT is the mammalian SUV39H1 enzyme, which
displays specific catalytic activity towards H3K9 (Rea et al., 2000). IF studies in
mouse embryonic fibroblasts (MEFs) have shown that both SUV39H1 and SUV39H?2
contribute to H3K9me3 while another HMT, known as G9a, is responsible for mono
and di-methylation on the same residue (Rice et al., 2003). In opposite fashion to
H3K4me3, which is a characteristic feature of euchromatin domains, H3K9me3 is
an important attribute of pericentromeric heterochromatin with a genome-wide

distribution that highly correlates with regions of hypoacetylated histones.
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The principal mechanism that leads to the establishment of H3K9 methylation and
therefore heterochromatin formation is through a RNA interference (RNAI)
dependent pathway. Studies focused at characterising the structure of
centromeres in fission yeast have shown that these genomic regions contain large
amounts of repetitive elements, which are subject to bidirectional transcription
(Steiner et al., 1993; Takahashi et al., 1991). These transcripts are processed into
short interfering RNAs (siRNAs) by the dicer component of the RNAi machinery and
lead to the localisation of the RNAi silencing complex (RISC) to centromeric
domains (Volpe et al.,, 2002). Co-immunoprecipitation experiments demonstrate
that RIK1, a WD-domain containing subunit of the Clr4 complex, which is the
equivalent of SUV39H1 in S. pombe, can physically interact with RISC resulting into
the specific targeting of H3K9 methylation at centromeric regions (Zhang et al.,
2008). The H3K9 methyl group is in turn interpreted by the chromo domain of
heterochromatin protein 1 (HP1), which, as the name suggests, is a
heterochromatin-specific protein known to be responsible for the position-effect
variegation (PEV) observed in the Drosophila genome (Bannister et al., 2001;
Eissenberg et al., 1990; Lachner et al., 2001). Once bound, HP1 can attract further
H3K9 methylation activity initiating a self-perpetuating mechanism of
heterochromatin spreading to neighbouring regions (Hall et al., 2002; Nakayama et
al., 2000; Nakayama et al.,, 2001). Accumulating evidence suggests that the
HP1/SUV39H1 complex provides a platform for the downstream recruitment of

additional chromatin modifiers including HDACs and chromatin remodelers that
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cooperatively induce changes in local chromatin structure and ultimately gene

silencing (Sugiyama et al., 2007).

H3K27 methylation

Methylation at H3K27 has been historically associated with gene silencing
specifically at a handful of well-studied developmental genes like the HOX genes in
Drosophila. These genes are known to carry Polycomb group (PcG) responsive
elements (PRE) which, as the name indicates, serve to recruit various PcG
repressive complexes (Bantignies and Cavalli, 2011). The first two of these
complexes to be isolated are the Polycomb repressive complex 1 (PRC1) and 2
(PRC2). They display biochemically distinct components but act in concert to
mediate an evolutionarily conserved mechanism of long term gene silencing and
critically contribute to the maintenance of established cell lineages during
embryogenesis. Not surprisingly, the HMT responsible for the deposition of H3K27
methyl group, known as EZH2, is a core member of the PRC2 complex (Cao et al.,
2002). Similarly to H3K9 methylation, H3K27me3 functions as a binding site to
attract the chromo domain of the Polycomb (PC) component of PRC1 complex. EM
analysis has shown that the presence of PRC1 can in turn alter local chromatin

state possibly through direct interaction with nucleosomes (Francis et al., 2004).
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In addition to PcG-mediated gene repression, H3K27 methylation has also been
implicated in X chromosome inactivation and tissue-specific imprinting (Plath et al.,

2003; Yamasaki-Ishizaki et al., 2007).

H4K20 methylation

Extensive research has been carried out in recent years in understanding the
contribution of H4K20 methylation to transcription regulation. This modification is
catalysed by PR-Set7, the main histone methyltransferase responsible for the
deposition of H4K20mel and SUV4-20H1 and SUV4-20H2, which mediate
conversion to di and tri-methylation states from PR-Set7 modified histone H4 tail

(Nishioka et al., 2002b; Yang et al., 2008).

Early studies have demonstrated the exclusive localisation of H4K20mel at
transcriptionally silent regions in Drosophila polytene chromosomes in support of a
function of this histone modification in gene repression possibly by influencing
chromatin compaction (Lu et al., 2008; Nishioka et al., 2002b). Evidence suggests
that the human transcription repressor L3MBTL1 can induce chromatin
compaction in a H4K20 mono and di-methylation-dependent manner (Trojer et al.,
2007). In support of its association with gene repression, H4K20mel is also
enriched on the inactive X chromosome in mice (Kohlmaier et al., 2004). However,

recent genome-wide mapping of H4K20mel in human T cells has revealed a high
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correlation of this mark with sites of active transcription although a mechanistic

link between H4K20 methylation and gene activity is lacking (Barski et al., 2007).

These apparent conflicting results may be partly attributable to the multifunctional
role played by PR-Set7. Indeed, levels of this enzyme and consequently H4K20mel
have been observed to dynamically shift across phases of the cell cycle and such
behaviour is believed to be important not only for gene expression but a number
of other key cellular events including cell cycle progression, DNA replication and
DNA damage response (Beck et al., 2012; Oda et al., 2010). All these activities can
lead to indirect effects on specific local gene expression state. It is possible that
H4K20 methylation may have a general global transcription facilitator role while

still retaining defined local repressive function.

1.4. DNA methylation

DNA methylation in higher eukaryotes

Similar to histones, DNA can be enzymatically modified in the form of methylation,
specifically on the adenine and cytosine bases. Firstly identified in Mycobacterium
tuberculosis (Johnson and Coghill, 1925), DNA methylation is a widespread
genomic feature that can be found in all three domains of life: bacteria, archea and

eukaryotes (lyer et al.,, 2011). However, a few organisms exist where DNA
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methylation is absent or detectable at very low levels (Antequera et al., 1984;
Gowher et al., 2000; Lyko et al., 2000; Proffitt et al., 1984; Simpson et al., 1986). In
those species whose genomes are subject to DNA methylation, the relative
abundance and functional contribution of this modification to genome regulation
varies. In this thesis, the biological importance of DNA methylation in mammalian

genomes will be discussed.

In contrast to invertebrates which generally display mosaic pattern of DNA
methylation, genomes of vertebrate organisms are subject to extensive
methylation (Tweedie et al., 1997), with methylated bases representing about 1%
of the total DNA content, the highest level observed in the animal kingdom (Ehrlich
et al., 1982). Early comparison studies of animal DNA from different taxonomic
groups have revealed that this covalent modification occurs almost exclusively on
the cytosine base in mammals (Vanyushin et al., 1970) and predominantly in the
context of the dinucleotide sequence CpG on both strands of the DNA helix. This
has been evidenced by recent single-base resolution mapping of DNA methylation
by sodium bisulphite sequencing (BS-Seq) in both human embryonic stem cells and

foetal lung fibroblasts (Lister et al., 2009).

A class of evolutionarily conserved DNA methyltransferase enzymes specialise at
depositing CpG methylation genome wide. Early investigation using retroviral
genomes injected into mouse pre-implantation embryos has shown that

methylation is established during the early stages of embryogenesis (Jahner et al.,
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1982) by the de novo DNA methyltransferases DNMT3a and DNMT3b (Okano et al.,
1998). Indeed, mouse embryonic stem (ES) cells lacking both DNMT3a and
DNMT3b are unable to methylate the transfected proviral DNA and a number of
genomic elements including imprinted genes such as /gf2, the promoter of the X-
inactive specific transcript (Xist) gene and centromeric satellite repeats (Okano et
al., 1999). Inactivation of DNMT3a in mice leads to postnatal death while loss of
DNMT3b or both is early embryonic lethal suggesting the two enzymes are likely to
have distinct genomic targets and functions during embryonic development.
Moreover, another member of the DNMT3 family known as DNMT3L (Aapola et al.,
2001), which lacks the conserved methyltransferase motifs, has been found to be
required for enhancing de novo methyltransferase activity through direct physical
association with DNMT3a and DNMT3b in human 293T cells (Chedin et al., 2002;
Suetake et al., 2004). Crystallographic analysis indicates that DNMT3L can
modulate DNMT3a activity by forming a tetrameric complex consisting of two
active sites separated about one DNA helical turn apart. In vitro DNA methylation
assay has revealed that such fixed distance between the two catalytic sites may be
responsible for the 8-10 bp periodic distribution of methylated CpGs observed
across the genome (Ferguson-Smith and Greally, 2007; Jia et al., 2007; Jurkowska
et al., 2008). Due to the extent of DNA contacts, the oligomeric enzyme can only
methylate its substrate in a non-processive fashion (Gowher and Jeltsch, 2001; Jia
et al., 2007). Genetic analysis in mice has shown that deletion of the DNMT3L gene

severely affects male germ cell development and leads to azoospermia. The
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presence of DNMT3L is also required for the correct establishment of DNA
methylation over maternally imprinted loci and retrotransposon elements

(Bourc'his and Bestor, 2004; Bourc'his et al., 2001).

Sucrose gradient sedimentation assays have shown that the majority of DNMT3a
and DNMT3b proteins are found tightly associated with nucleosomes within
regions of methylated CpG rich sequences and repetitive elements in vivo (Jeong et
al., 2009). In fitting with this observation, recombinant DNMT3a can efficiently
methylate DNA in a nucleosomal context (Gowher et al., 2005). Additional
biochemical studies have demonstrated that recognition of nucleosomes by
DNMT3a and DNMT3b is likely to be mediated by both PWWP and PHF-like ADD
domains, contained within the N-terminal portion of the protein, interacting with
H3K36me3 and H3K4meO respectively (Dhayalan et al., 2010; Zhang et al., 2010).
Recent crystal studies have also evidenced the capacity of the DNMT3L subunit to
specifically associate with the non-methylated form of H3K4 residue (Ooi et al.,

2007).

Investigation of global methylation patterns in mice embryos indicates that DNA
methylation by the de novo methyltransferases is dynamically regulated during
early development (Feng et al., 2010). Interestingly, immunofluorescence imaging
of one cell embryo has shown that immediately after fertilization both paternal
and maternal genomes first undergo active and passive demethylation respectively

(Mavyer et al., 2000). This wave of demethylation ensures the erasure of parental
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epigenetic programs and contributes to the totipotent nature of the zygote. Such
genome wide reduction in DNA methylation is allowed to proceed until the
blastocyst stage, following which the action of de novo methyltransferases
promotes the gradual restoration of methylation level to that observed at birth

(Monk et al., 1987).

In contrast to germ cells, which undergo a second wave of global demethylation,
active removal of DNA methylation in somatic cells is rare and strictly limited to
specific cell types and gene loci. Indeed, the established pattern of DNA
methylation is faithfully maintained in somatic cells following each DNA replication
by the maintenance DNA methyltransferase DNMT1 (Li et al., 1992) in a semi-
conservative fashion (Bestor and Ingram, 1983; Song et al., 2010). Biochemical
studies indicate that DNMT1 can physically interact with the DNA polymerase
clamp loader complex (PCNA) (Chuang et al.,, 1997). Such association allows
DNMT1 to track alongside the DNA replication machinery and catalyse the addition
of methyl groups onto the nascent chain of hemi-methylated DNA originating from
the replication fork. In fitting with the maintenance function, in vitro binding assay
has demonstrated a marked preference of DNMT1 for hemi-methylated DNA as
opposed to the non-methylated substrate (Yoder et al., 1997). Recent structure
data of DNMT1 suggests that the presence of a zinc finger CXXC domain, a DNA
binding module that has been shown in other chromatin modifiers to specifically
interact with non-methylated CpG dinucleotides (Voo et al., 2000), can sterically

preclude insertion of DNA into the catalytic pocket when DNMT1 is in contact with
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non-methylated CpGs (Song et al., 2010). The stability and heritability of DNA
methylation through cell generations makes it an important epigenetic system of

cellular memory.

The major function of DNA methylation is transcriptional repression (Bird and
Wolffe, 1999) whether in the context of X-inactivation (Panning and Jaenisch, 1996;
Wolf et al., 1984), genomic imprinting (Li et al., 1993), retrotransposon silencing
(Bourc'his and Bestor, 2004), chromosome stability (Dodge, 2004; Gaudet, 2003) or
tissue-specific gene expression (Bruniquel and Schwartz, 2003). There are two
known mechanisms that account for the effect of DNA methylation on gene
expression. Firstly, the presence of a methyl group in the major groove of the DNA
helix can prevent binding of a number of transcription activators that recognise
CpG containing sequences at promoter regions (Bell and Felsenfeld, 2000; Iguchi-
Ariga and Schaffner, 1989; Mancini et al., 1999; Renda et al., 2007; Watt and
Molloy, 1988; Zhu et al., 2003). Secondly, methylated DNA can recruit a class of
methyl-CpG binding domain (MBD) proteins (Defossez and Stancheva, 2011) that
can target repressor complexes to methylated gene promoters and mediate gene

silencing (Jones et al., 1998; Nan et al., 1998).

Aberrant DNA methylation system is associated with a number of disorders (Amir
et al., 1999; Ehrlich, 2003) and many forms of cancer (Kulis and Esteller, 2010),

highlighting the importance of DNA methylation for normal genome function.
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CpG islands

Although DNA methylation is widespread across the genome, its distribution is not
uniform. Methyl-CpGs (meCpGs) prevalently accumulate over repetitive and
transposon elements as well as exons, introns and 3’ UTR of genes but are
significantly depleted at most transcription start sites (TSS) and CpG islands (CGls)
(Figure 1.10) (Lister et al., 2009). It is estimated that around 70% of mammalian
CpGs are methylated (Ehrlich et al., 1982). The remaining non-methylated fraction
of CpGs are clustered into CGls, segments of the genome historically isolated by
cleavage using the methylation-sensitive Hpall restriction enzyme and therefore
initially named as “Hpall tiny fragments” (Bird et al., 1985). These constitute
around 1% of the full genome, have an average length of 1 kb and display
amorphous DNA sequences, except for a fraction containing repeat elements (e.g.

Alu repeats) (Lander et al., 2001).

According to a commonly accepted definition of CGls (Gardiner-Garden and
Frommer, 1987), these genomic regions are characterised by = 50% GC content
and > 0.6 observed over expected (obs/exp) ratio of CpG frequency. In comparison,
the average genome GC content is around 41% with an obs/exp CpG ratio of only

0.2 (Josse et al., 1961; Lander et al., 2001).

Such base composition discrepancy between CGls and the bulk of the genome is
believed to be a direct consequence of the innate resistance of CGls to global DNA

methylation (Cooper et al., 1983). Indeed 5-methylcytosine is known to mutate
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spontaneously to thymine via deamination resulting into a C to T mutation that
cannot be efficiently corrected despite the existence of a dedicated repair system
(Hendrich et al., 1999; Millar, 2002). The mutability of 5-methylcytosine has been
proposed as the origin of CpG deficiency in the non-CGI fraction of the genome

over evolutionary time (Bird, 1980).
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Figure 1.10 — CpG islands

CpG islands (CGls) are clusters of non-methylated CpGs with higher than genome
average CpG density and GC content. They are predominantly associated with the
5’ end of most human genes.

A major limitation of the algorithms that have been developed to bioinformatically
predict CGI distribution across different genomes is the inevitable dependence on
the arbitrary nature of the threshold selected and, importantly, the fact that they

do not take into consideration the methylation status of predicted CGIl sequences.
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As a consequence, initial discordance arose when CGI predictions were compared
between the mouse and the human genomes. More recently a biochemical
approach using affinity purification via CXXC protein domain was developed which
takes advantage of the non-methylated status of CGls (lllingworth et al., 2008). By
applying this new method, a striking conservation of CGl patterning between
humans and mice was revealed (lllingworth et al., 2010). Since the emergence of
genome-wide DNA methylation is believed to coincide with the invertebrate to
vertebrate transition in evolution (Tweedie et al., 1997), the resulting appearance
of CGI regions that are refractory to DNA methylation is necessarily an event
specific to vertebrate genomes. Moreover, the high degree of conservation of CGls
between different species suggests an important role in vertebrate genome

function.

Although the functional significance of CGI in gene regulation is not well
understood, their almost exclusive association with promoter elements, as
revealed by recent mapping studies (lllingworth et al., 2010; Maunakea et al.,
2010), strongly supports a role in transcription initiation. Indeed at least 70% of
mammalian genes carry a CGl containing promoter (Saxonov, 2006), including
almost all house-keeping genes as well as many tissue-specific genes (Larsen et al.,
1992; Zhu et al., 2008). It is estimated that around 50% of CGIls mapped in the
mouse and human genomes are associated with currently annotated TSSs with the
remaining fraction, denoted as “orphan” CGls, distributed across intragenic and

intergenic regions (lllingworth et al., 2010). To date, RNA sequencing data indicates
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that around 40% of these orphan CGls are associated with novel transcription
initiation sites although this proportion is expected to increase significantly as
more sequencing results are collected. It has been suggested that most if not all
orphan CGls represent alternative promoters associated with nearby annotated
genes or sites of non-coding RNA transcript initiation (lllingworth et al., 2010;

Maunakea et al., 2010).

That all CGIs almost unequivocally correspond to some form of transcription
initiation is in agreement with the observation that chromatin at these promoters
is enriched in trimethylation of lysine 4 on histone H3 (H3K4me3), a mark of
transcription initiation (Guenther et al., 2007). Indeed, presence of RNA Pol Il at
these sites as well as nascent RNA transcripts can be observed (Core et al., 2008).
Conversely, recent focus on the function of histone H3 lysine 36 dimethylation
(H3K36me2), a modification that contributes to transcription repression in yeast (Li
et al., 2009a; Strahl et al., 2002; Youdell et al., 2008), reveals that this modification
is specifically depleted at CGls in keeping with the idea of CGl promoting a
chromatin environment that is permissive to transcription initiation (Blackledge et

al., 2010; Zhou et al., 2011).

Genome-wide profiling data suggests that CGls present a unique chromatin
architecture whereby the CG content and the length of CGI positively correlates
with the degree of nucleosome depletion observed at NFRs (Fenouil et al., 2012).

Such nucleosome deficiency could be partially due to an active exchange process in
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which canonical nucleosomes are replaced with less stable variant forms (Jin et al.,
2009). These features are accompanied by highly phased nucleosomes
immediately adjacent to the NFR and overlapping DNase | hypersensitivity, a
general indicator of open chromatin structure (Boyle et al., 2008; Fenouil et al.,
2012). Importantly the above stated characteristics are independent of any
productive transcription elongation events (Core et al.,, 2008; Guenther et al.,

2007).

Such promoter architecture generally remains unperturbed throughout cellular
differentiation. This is especially valid for those CGl promoters associated with
ubiquitously expressed housekeeping genes (Meissner et al., 2008) (Figure 1.11).
However, studies in mouse ES cells have evidenced the existence of a class of
bivalent CGl genes where activating H3K4me3 and repressive H3K27me3
chromatin marks coexist in the same promoter (Bernstein et al., 2006). This type of
promoters belongs to the unique group of highly regulated developmental genes
(e.g. some of the HOX loci) that are transcriptionally poised in pluripotent cells but
become either fully activated or repressed upon cellular differentiation. This is
concomitant to the erasure of one of the two modifications (Bernstein et al., 2006).
Moreover, in case of permanent silencing of the gene (i.e. in the absence of PcG-
mediated repression), DNA hypermethylation of the CGl promoter can be observed
(Meissner et al.,, 2008). Interestingly, at these genes, there seem to be an
antagonistic relationship between the presence of H3K4me2 and the level of DNA

methylation suggesting that this particular modification may have a role in
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protecting CGls from de novo methylation (Meissner et al., 2008; Mohn et al., 2008;

Weber et al., 2007).

In addition to the above two classes of genes, a minority of CGl promoters is
associated with tissue-specific genes that acquire DNA methylation during the
transition from pluripotency to terminally differentiated cell types (e.g. neurons) as
a result of normal developmental program (Mohn et al.,, 2008) (Figure 1.11).
Additionally, a subset of CGl gene promoters are only expressed in germ lines (e.g.
the testis-specific MAGE family of genes) while subject to methylation in somatic

tissues (De Smet et al., 1999).
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Figure 1.11 — CGI promoters during normal development

Diagram illustrating changes in histone and DNA methylations in three different
types of CGl promoter-associated gene during normal development. Shown on the
left, many highly regulated developmental CGlI gene promoters are non-
methylated and display co-localisation of both H3K4me3 and H3K27me3 chromatin
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marks in ES cells (Bernstein et al.,, 2006). These genes are believed to be
temporarily silenced through PcG-mediated repression. Upon differentiation,
depending on the developmental lineage pathway, either H3K4me3 or H3K27me3
is removed on each promoter and the gene becomes active or repressed
accordingly. If active, the gene promoter remains devoid of DNA methylation. If
permanently repressed, de novo DNA methylation with concomitant loss of
H3K27me3 occurs (Meissner et al., 2008). Shown in the middle, a minority of CGI
promoters belong to tissue-specific genes. These promoters are non-methylated,
also feature H3K4me3 but are predominantly silent in ES cells (Mohn et al., 2008).
The presence of H3K4me3 strongly anti-correlates with DNA methylation and vice
versa. Indeed, upon differentiation, most of these promoters lose H3K4me3,
acquire DNA methylation and become permanently silenced. Only a handful
instead become active in specialised tissue types (e.g. neurons). In such cases, an
increase in H3K4me3 is observed (Meissner et al., 2008). Shown on the right, the
vast majority of CGl promoters are associated with housekeeping genes. These
constitutively display H3K4me3, absence of DNA methylation and are ubiquitously
expressed in both pluripotent and differentiated cell types. Green and red boxes
represent CGl promoter and gene body regions respectively. Open and closed
lollipops represent non-methylated and methylated CpGs respectively. Blue and
purple hexagonals represent H3K4me3 and H3K27me3 respectively. Vertical bar
indicates the position of the TSS and the arrow the direction of transcription. Red X
over the arrow indicates that transcription is silenced.

It is unclear how CGls in general remain refractory to the wave of global DNA
methylation during embryogenesis. Several hypotheses have been proposed.
Given their strong correlation with transcription, it is possible that transcription
factors or the transcription machinery itself may act to exclude DNA methylation
from these regions (Straussman et al., 2009). It has also been suggested that the
H3K4me3 in CGI chromatin could interfere with binding of DNMT3L, a regulatory
component of the de novo DNA methyltransferase system, to its recognition sites
(Ooi et al., 2007). Alternatively, CGls could be depleted of DNA methylation

through an active, targeted demethylation process although the molecular
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mechanism involved is still undefined (Wu and Zhang, 2010). Recent efforts in
understanding a novel DNA modification, have pointed at 5-hydroxymethylation by
the TET1 enzyme (Tahiliani et al., 2009) as a new attractive route to remove DNA
methylation (Guo et al.,, 2011) at CGls, where TET1 is found to preferentially

localise (Ficz et al., 2011; Pastor et al., 2011; Williams et al., 2011; Wu et al., 2011).

1.5. Interpretation of DNA methylation

Methyl-CpG binding proteins

Early work aimed at elucidating the molecular mechanism that gives rise to DNA
methylation induced silencing effect has identified the methyl-CpG binding protein
MeCP2, a previously known Rett syndrome associated factor, as a critical translator
of the repressive DNA methylation signal (Boyes and Bird, 1991). Further sequence
comparison analysis has allowed the discovery of a number of DNA binding
proteins that are related to MeCP2 and share the same methyl-CpG-binding
domain (MBD) (Clouaire and Stancheva, 2008). Indeed, with the exception of the
Kaiso family, all currently known methyl-CpG-binding proteins are MBD domain-
dependent. Despite conservation of the DNA binding module, evidence suggests
that each MBD protein is likely to be targeted independently to distinct, non-

overlapping genomic regions. For example, recent biochemical characterisation of
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MeCP2 DNA binding specificity has shown a clear preference of its MBD domain for

methyl-CpGs that are surrounded by AT-rich sequences (Klose et al., 2005).

Understanding of how recognition of methylated DNA by MBD proteins can result
into transcription repression came from biochemical fractionation analysis of
MeCP2 associated complex in Xenopus oocyte extract. It was found that MeCP2 co-
purifies with the HDAC Sin3A and such interaction is important for MeCP2-
mediated repression effect (Figure 1.12) (Nan et al., 1998). Indeed, the presence of
HDACs and other repressive HKMTs can induce the formation of a permanently
silenced promoter environment. Additional work has shown that other members
of the family like MBD2 and MBD3 also associates with the NuRD chromatin
remodelling and deacetylase complex (Wade et al., 1999; Zhang et al., 1999).
Therefore, it seems that recruitment of HDAC corepressor elements represents a

unified mechanism for MBD protein-dependent transcriptional repression.
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Figure 1.12 — Mechanism of methyl-CpG binding proteins mediated repression

An initially active gene promoter (top) is subject to de novo DNA methylation
(middle) causing transcriptional silencing. The methyl-CpGs recruit the mediator
MeCP2, which in turn promotes the local assembly of the Sin3A histone
deacetylase complex (HDAC) and specific histone lysine methyltransferases
(HKMTs). Removal of acetylation and installation of repressive methylation marks
together contribute to a permanently silenced chromatin state. Figure from Allis,
C.D., Jenuwein, T., and Reinberg, D. (2006). Epigenetics (Cold Spring Harbor, N.Y.:
Cold Spring Harbor Laboratory Press), reprinted with permission from Cold Spring
Harbor Laboratory Press, copyright (2007).
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Non-methyl-CpG binding proteins

In similar fashion to methyl-CpG targeted gene silencing, lack of DNA methylation
favours the recruitment of a different set of nuclear proteins that share a common

DNA binding module known as the zinc finger CXXC domain.

The CXXC domain is a cysteine-rich protein domain found to be highly conserved
through a numbered of DNA binding proteins such as DNMT1, MLL1, MBD1, CFP1,
KDM2A/B and TET1 (Bestor et al., 1988; Blackledge et al., 2010; Cross et al., 1997;
Frauer et al., 2011; Ma et al., 1993; Voo et al., 2000). Structural data indicate that
each three of the six highly conserved cysteine residues within the CXXC domain
constitute a particular sequence motif, CGXCXXC, which is able to coordinate a
single zinc ion. Together the two motifs dictate the folding of the protein domain
and contribute to its overall crescent-like structure. The domain was first shown in
CFP1 to bind preferentially to non-methylated CpG dinucleotides in vitro (Voo et al.,
2000). The molecular details of this specific interaction emerged from recent
structural studies of the MLL1 CXXC domain in complex with DNA (Figure 1.13)
(Allen et al., 2006; Cierpicki et al., 2009). It was clear that the CXXC domain carries
a short extended loop that is able to insert into the major groove of the DNA helix
and mediate CG base pair recognition. This is achieved through both protein side
chain and backbone interactions, the latter playing a critical role in allowing the
protein to discriminate between methylated and non-methylated CG states. In

addition to base specific recognition, several additional residues are involved in
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electrostatic and hydrophobic interactions with the minor groove of DNA

contributing to the overall stability of the binding complex.

(A) (B)

Figure 1.13 — Crystal structure of the zinc finger CXXC domain in DNMT1 and CFP1

(A) DNMT1 CXXC domain (red) in contact with a portion of DNA (pink). The view is
perpendicular to the DNA helix. Arrows highlight the two zinc ions (purple) that are
coordinated by the cysteines within the CXXC domain. Note the loop from the
domain inserting into the major groove of the DNA helix and mediating recognition
of the CG base pairs (yellow). (B) CFP1 CXXC domain in complex with DNA viewed
looking down the DNA helix. Note both major and minor grooves of the DNA helix
are in contact with the CXXC domain. Figure from (Song et al.,, 2010) Song, J.,
Rechkoblit, O., Bestor, T.H., and Patel, D.J. (2010). Structure of DNMT1-DNA
Complex Reveals a Role for Autoinhibition in Maintenance DNA Methylation.
Science 331, 1036-1040. Reprinted with permission from AAAS.

Given the specificity of the CXXC domain-DNA interaction characterised in vitro, it
was hypothesised that the CXXC domain could mediate protein localisation to non-
methylated CG-rich sequences of the genome, namely CGls. Indeed, a functional
study of CXXC3 in MBD1 first confirmed the ability of this domain to act as a
targeting module to non-methylated CpGs in vivo (Jorgensen et al., 2004).

Following this early observation, recent genome wide map of CFP1 localisation in
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mice further supported the idea that the CXXC domain may represent a unified
mechanism for the recruitment of several chromatin modifiers to CGls (Thomson

et al., 2010).

1.6. KDM2

It is worth mentioning that among the class of CXXC domain containing proteins,
two distinct groups can be found, namely the MLL and the KDM2 families, which
are known to be associated with H3K4 and H3K36 methylation systems
respectively. As evidenced previously, both modifications play important roles in
the regulation of gene transcription. While accumulating research over the years
has contributed to the appreciation of the biological function of MLL1, which
belongs to the historically well characterised group of Trithorax proteins
(Schuettengruber et al., 2011), relatively little is known regarding the genomic role
of the two KDM2 proteins (KDM2A and KDM2B), the founding members of the
only recently discovered family of JmjC domain containing histone lysine

demethylase enzymes (Tsukada et al., 2005).

KDM2A was originally identified from a human T cell cDNA library through yeast
two-hybrid screen and bioinformatically from the public GenBank sequence
database (Cenciarelli et al.,, 1999; Winston et al., 1999). Because the protein

incorporates a C-terminal F-box domain and adjacent leucine-rich repeats, KDM2A
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was initially named as FBXL11 (F-box and leucine-rich repeat protein 11) and
characterised as a member of the F-box family of proteins that associate with the

Skp1 component of the ubiquitin ligase complex SCF (Skp-Cullin-F-box).

The F-box motif was first discovered in the cell cycle regulator cyclin F as a 40
amino acid (aa) sequence that mediates Skp1-specific interaction (Bai et al., 1996).
Historically, F-box-containing proteins are known to form integral components of
the SCF complex and are responsible for the ubiquitylation of cellular proteins
destined for degradation via the proteasome pathway (Ho et al., 2008). However,
it was not until recently that FBXL11 was rediscovered as the pioneering member
of a novel class of HKDMs (Tsukada et al., 2005). In contrast to the family of KDM1
enzymes, which are FAD-dependent amine oxidases, FBXL11 features a previously
poorly characterised JmjC catalytic core domain. In view of its newly uncovered
function, FBXL11 was renamed as KDM2A (Lysine demethylase 2A), together with

its paralogue KDM2B, the other member of the KDM2 family.

The demethylase activity of KDM2A was originally detected in a single fraction of
crude Hela cell nuclear extract using an in vitro formaldehyde release assay
(Tsukada et al., 2005). The assay was designed to search for enzymatic reactions
that are chemically similar to that catalysed by the family of bacterial DNA
demethylases AlkB (Figure 3.4A) (Trewick et al, 2002). Initial protein
chromatography steps were able to assign the isolated activity to two protein

bands visualised on silver-stained gel. Subsequent peptide mass fingerprint
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analysis revealed the upper protein band to correspond to FBXL11. Further
deletion experiments of this protein allowed mapping of the specific activity to its
N-terminal JmjC domain, a previously bioinformatically identified metallo-binding
domain which was believed to be related to the ancestral cupin superfamily of
metalloenzymes (Clissold and Ponting, 2001). Because of their close homology,
JmjC domain-containing proteins were predicted to carry metal ion-dependent
enzymatic activity (Cikala et al., 2004; Trewick et al., 2005). Indeed, the activity of
all JmjC family of demethylase enzymes known to date depend on the presence of

Fe(ll) as a cofactor in the active site.

Recent structural data has revealed that the JmjC domain of KDM2A carries the
typical His-X-Asp/Glu-X,-His motif, found also in other JmjC family of enzymes. In
this motif, the charged side chains of these three highly conserved amino acids act
together to coordinate one Fe(ll) ion. This binding is further stabilised by the close
presence of one a-KG molecule, which chelates Fe(ll) through its C-1 carboxylate

and C-2 ketone (Han et al., 2007; Hausinger, 2004).

The exact chemical reaction that allows for the JmjC-mediated removal of methyl
groups from histone tail is essentially the same as that catalysed by the DNA
demethylase AlkB, well known for its role in DNA repair of alkylation damage in E.
coli (Trewick et al., 2002). The reaction involves initial hydroxylation of the methyl-

lysine residue (Yu et al.,, 2006). Because the resulting hydroxyl intermediate is
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inherently unstable, it is spontaneously released under the form of formaldehyde

leaving the non-methylated lysine as the final product.

In the case of KDM2A, enzymatic assays in which recombinant protein was
incubated with differentially methylated free histone, mononucleosome and
oligonucleosome substrates have demonstrated that demethylase activity is
specific for histone H3 lysine 36 mono- and di-methylation (Tsukada et al., 2005).
Indeed, it was found that KDM2A is insensitive to H3K36me3, which is the
substrate of another JmjC-containing demethylase, known as KDM4A (Lin et al.,

2008).

Although no crystal structure of the JmjC domain in complex with its H3K36
substrate is currently available, analysis of the catalytic domain alone suggests that
the predicted lysine binding pocket in the active site is likely to be formed by
residues S145, Y199, F215, N298, with the two aromatic side chains trapping the
methyl-lysine in a mechanism analogous to that utilised by the H3K4-specific
chromodomain of the Drosophila CHD1, and commonly found in other histone
lysine binding modules (Flanagan et al., 2005). However, the basis for KDM2A

discrimination between di- and tri-methylation states remains to be established.

In evolutionary terms, the substrate specificity of KDM2A JmjC domain has been
shown to be conserved in both Drosophila and S. cerevisiae. Indeed, the fly
homologue of KDM2A, known as dKDM2, displays an almost identical protein

architecture including JmjC, zinc finger CXXC, PHD and F-box domains. Purification
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studies suggest dKDM2 is a core component of the Drosophila dRAF complex,
which also includes several PcG proteins like PSC (Posterior sex combs) and dRING
(Lagarou et al., 2008). The latter is an E3 ubiquitin ligase generally found in
Drosophila PRC1 complex. Indeed, similarly to PRC1, dRAF can efficiently
monoubiquitylate H2AK119, a mark of transcription repression (Wang et al., 2004)
while its dKkDM2 component catalyses specific removal of H3K36me2 (Lagarou et
al., 2008). In the yeast KDM2A homologue, named Jhd1, only the JmjC and PHD
domain are present with the latter positioned nearest to the N-terminal. Two
independent studies have revealed the conserved substrate preference of Jhdl
JmjC domain for H3K36me2 (Fang et al., 2007; Kim and Buratowski, 2007). Gene
deletion and overexpression experiments indicate that the demethylase activity of
Jhdl functions to antagonise H3K36 methylation by the HKMT Set2 and
consequently contribute to the maintenance of an appropriate H3K36me2

distribution genome wide.

Similarly to KDM2A, KDM2B also has been shown to carry specific activity towards
di-methylated lysine 36 on histone H3 (H3K36me2) (He et al., 2008). Recently,
protein overexpression studies of KDM2B in Hela cells and MEFs have suggested
that this enzyme may also mediate removal of H3K4me3 mark in vivo (Frescas et
al., 2007; Tzatsos et al., 2009). However, a number of experiments using both
recombinant and immunoprecipitated native KDM2B enzymes have reported
discording results in terms of its catalytic activity towards H3K4 trimethylated

histones in vitro (He et al., 2008; Janzer et al., 2012; Tzatsos et al., 2009). Therefore,
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the enzymatic specificity of KDM2B in relation to this particular histone mark

remains a matter of contention.

Interestingly, despite the conservation of enzymatic activity and the high homology
of protein domains between KDM2A and KDM2B, multiple lines of evidence
suggest that the two demethylases may play distinct biological functions. While the
mammalian KDM2A has never been reported in association with any stable protein
complex, purification studies have shown that the paralogue KDM2B can interact
with a number of nuclear proteins including members of the PcG family. Indeed,
mammalian KDM2B has been observed within the corepressor BCOR complex
alongside other PRC1 components and two distinct ubiquitin E3 ligases (Farcas et
al., 2012; Gearhart et al.,, 2006; Sanchez et al., 2007). Genome wide analysis
indicates that such complex is attracted to a group of CGls that are associated with
Polycomb response elements (PRE) via a mechanism dependent on the CXXC

domain of KDM2B (Farcas et al., 2012).

In addition to PcG recruitment, a flurry of recent studies has led to the proposition
that KDM2B may act as a repressor of the INK4a-ARF-INK4b locus, which encodes
replicative senescence-promoting cell cycle inhibitors (Gil and Peters, 2006; He et
al., 2008; Kottakis et al., 2011; Pfau et al., 2008; Tzatsos et al., 2011; Tzatsos et al.,
2009). In MEFs, ectopically expressed KDM2B has been shown to antagonise the
repressive action of miR-101, an EZH2-targeting micro RNA (miRNA), and therefore

contribute to the up-regulation of EZH2. This in turn leads to the PRC2-mediated
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repression of the INK4a-ARF-INK4b locus, a well-known PcG target. In the absence
of the cyclin-dependent kinase inhibitors, namely p15 (INK4b) and p16 (INK4a), the
cell is able to bypass the G1-S phase checkpoint, an important step towards
immortalisation. However, the precise role of KDM2B in tumorigenesis is unclear
as conflicting evidence demonstrate that both high and low levels of KDM2B

protein can be observed in different forms of tumour.

In striking contrast with the cell proliferative function is the finding from a research
group that KDM2B can be recruited to nucleoli through a putative nucleolar
localisation signal (NoLS) (Frescas et al., 2007). It has been suggested that KDM2B
functions as a repressor of ribosomal RNA (rRNA) synthesis by catalysing removal

of H3K4me3 from ribosomal genes with consequent cell growth arrest.

KDM2B has also been shown to facilitate induced pluripotent stem cell (iPSC)
reprogramming but disagreement exists over whether such function is dependent
on the previously documented role in senescence (Liang et al., 2012; Wang et al.,

2011).

Lastly, KDM2B has been implicated in regulating the expression of several genes
including the transcription factors c-Jun and c-Fos, redox-regulators, chemokines
and the non-coding RNA Xist by direct targeting to their promoter regions (Ge et al.,
2011; Janzer et al., 2012; Koyama-Nasu et al., 2007). Given the apparent disparity
of the documented functions of KDM2B, further work is required to assess the

genuine nature of the above claims.
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Like KDM2B, confusing reports have accumulated over recent years with regard to
the biological function of its paralogue, KDM2A. The first published study in Hela
cells has shown KDM2A targeting to pericentromeric heterochromatin where it
interacts with the heterochromatin protein HP1 and mediates transcriptional
silencing of centromeric satellite repeats (Frescas et al., 2008). In agreement with
this finding, recent SILAC (stable isotope labelling by amino acids in cell culture)-
based proteomic analysis indicate that the presence of HP1 may facilitate KDM2A
recognition of H3K9 methylated nucleosomes (Bartke et al., 2010). In similar
fashion to KDM2B, KDM2A has been proposed as a suppressor of rRNA synthesis
and a negative regulator of replicative senescence with both functions dependent
on an active JmjC domain (Pfau et al., 2008; Tanaka et al., 2010). Interestingly, two
distinct reports have evidenced that KDM2A can also demethylate substrates other
than the canonical H3 histone. Indeed, KDM2A has been found to specifically
remove methyl groups from both K218 and K221 residues on the p65 subunit of
the transcription factor NF-kB (Lu et al., 2009a; Lu et al., 2009b). Such activity is

inhibitory to NF-kB function.

It is important to stress that, in addition to the N-terminal JmjC domain, both
KDM2A and KDM2B enzymes also incorporate a downstream CXXC domain, which
may play an important role in selecting the genomic target of these demethylases
through direct DNA sequence recognition. While in vitro electrophoretic mobility
shift assay (EMSA) have demonstrated that the KDM2B CXXC domain is functional

and is required for localisation of this protein to its target genes, no evidence so far
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has been provided about the relevance of the same domain in KDM2A (Koyama-
Nasu et al., 2007). Therefore, how KDM2A is recruited to the aforementioned

target loci remains unknown.

1.7. Aims of this thesis

Since the discovery of the JmjC domain family of HKDMs, the urge to understand
the biological function of these chromatin modifiers has been ever increasing.
Following early studies aimed at characterising the enzymatic specificity of each
demethylase, research focus is now shifting towards the appreciation of the
functional outcome of such catalytic activity in the context of the genomic target
and the associated protein complex. In particular, our current knowledge regarding
the role of KDM2A is limited to sporadic studies with conflicting reports and a lack
of mechanistic detail. In an attempt to achieve a better comprehension of the
biological significance of KDM2A activity in relation to chromatin function, the
work presented in this thesis uses an in vitro biochemical approach to address an
important question: what is the major molecular mechanism that specifies KDM2A

localisation in the genome?

Chapter 3 aims at investigating the enzymatic activity and the basic properties of
the proposed major chromatin-targeting domain. Chapter 4 illustrates the setting

up of a defined recombinant chromatin system with the purpose of clarifying the
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mechanism that allows KDM2A to interpret its chromatin substrate. These series of
experiments uncover an interesting chromatin binding specificity of KDM2A that
may be relevant for other related chromatin readers. Finally, chapter 5 investigates
the possibility of secondary chromatin targeting modules in aiding KDM2A binding

specificity.

Together these works reveal the mechanistic details of KDM2A recognition of
chromatin substrate and provide a molecular basis for the understanding of

KDM2A function in vivo.
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2. Chapter Two - Materials and

Methods

2.1. Common solutions

Phosphate buffered saline (PBS) (1X) — 140 mM NaCl, 3 mM KCl, 2 mM KH,PQ4, 10

mM Na;HPO,.
Tris-glycine SDS (TGS) (1X) — 25 mM Tris, 192 mM glycine, 0.1% SDS
Tris-acetate EDTA (TAE) (1X) — 40 mM Tris pH 8.0, 20 mM acetic acid, 1 mM EDTA

Tris-borate (TB) (1X) — 89 mM Tris pH 8.0, 89 mM boric acid.

2.2. Bacterial methods

Media

Luria-Bertani (LB) media — 10 g/L tryptone, 5 g/L yeast extract (Fisher Scientific), 10

g/L NaCl in Milli-Q H,0. Adjusted to pH 7.0 and autoclaved for 20 min at 121°C.

LB agar — Recipe as per LB media with addition of 16 g/L of agar. Adjusted to pH 7.0

and stored at 4°C.
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2XTY media — 16 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl in distilled H,O.

Adjusted to pH 7.0 and autoclaved.

All media and agar plates were prepared by the media kitchen in the Department

of Biochemistry, University of Oxford.

Antibiotics

Ampicillin — Ampicillin was diluted in Milli-Q H,0 to a stock concentration of 100
mg/ml and stored at -20°C. Ampicillin was thawed at RT and added to LB media or

LB agar at a working concentration of 100 pg/ml.

Kanamycin — Kanamycin was diluted in Milli-Q H,0 to a stock concentration of 50
mg/ml and stored at -20°C. Kanamycin was thawed at RT and added to LB media or

LB agar at a working concentration of 50 pg/ml.

Chloramphenicol — Chloramphenicol was diluted in ethanol to a stock
concentration of 34 mg/ml and stored at -20°C. Chloramphenicol was thawed at RT

and added to LB media or LB agar at a working concentration of 34 pg/ml.

Tetracycline — Tetracycline was diluted in ethanol to a stock concentration of 10
mg/ml and stored at -20°C. Tetracycline was thawed at RT and added to LB media

or LB agar at a working concentration of 10 pug/ml.
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Gentamycin - Gentamycin was diluted in Milli-Q H,O to a stock concentration of 50
mg/ml and stored at -20°C. Gentamycin was thawed at RT and added to LB media

or LB agar at a working concentration of 7 pg/ml.

Culture on plates

All LB agar plates with various combinations of the above listed antibiotics were
prepared by the media kitchen in the Department of Biochemistry, University of
Oxford, at the working concentrations mentioned above. Plates were stored at 4°C.
Prior to use, plates were warmed in an incubator at 37°C for 1 hr. Bacteria were
grown either by streaking a single colony on the plate, or by spreading 100 pl of
liquid culture evenly over the surface of the plate using a sterile bent plastic rod.

Plates were inverted and incubated overnight at 37°C.

Liquid culture

Various combinations of the above listed antibiotics were added to LB media at the
working concentrations stated above and mixed thoroughly. For cultures destined
for small scale Miniprep processing of plasmid DNA, a single bacterial colony was

scraped from the plate using a Gilson pipette tip and dropped into 5 ml LB media.
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For cultures destined for large scale Maxiprep processing of plasmid DNA, 150 ml

LB media was used. Cultures were grown shaking at 250 rpm, 37°C overnight.

Preparing chemically competent strains

E. coli cells of the desired strain were streaked from liquid or glycerol stocks onto
LB agar plate and incubated at 37°C overnight. A single colony was inoculated in 5
ml LB culture and grown shaking at 250 rpm, 37°C overnight. The 5 ml inoculate
culture was added to 500 ml LB media and incubated shaking at 250 rpm, 37°C
until OD at 600 nm reached 0.5. Cells were incubated on ice for 10 min and
collected by centrifugation at 2,400 rpm, 4°C for 15 min. Using sterile technique,
cells were resuspended in 165 ml of 0.22 um filtered sterile buffer A (100 mM RbCl,
50 mM MnCl,, 30 mM K-acetate, 10 mM CaCl,, 15% glycerol, pH 5.8). Cells were
incubated on ice for 45 min and recovered by centrifugation at 2,400 rpm, 4°C for
15 min. Cells were resuspended in 40 ml of 0.22 um filtered sterile buffer B (10
mM MOPS, 10 mM RbCl,, 75mM CaCl,, 15% glycerol, pH 6.8) and incubated on ice
for 15 min. Cells were then snap-frozen in liquid nitrogen in 200 ul aliquots and

stored at -80°C.
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Transformation

Competent cells were defrosted on ice for 10 min and 1 pl of plasmid DNA was
added into 100 pl of competent cell solution while gently mixing with a pipette tip.
Cells were incubated on ice for 20 min and then heat-shocked at 42°C for 1 min 30
s in a water bath. Cells were incubated on ice for 2 min. 800 ul of LB media was
added to the transformation mixture and cells were incubated shaking at 250 rpm,
37°C for 1 hr. If the input plasmid DNA was a product of ligation reaction, cells
were collected by centrifugation at 6,000 g for 1 min and resuspended in 100 ul LB
media before plating on selective LB agar plate. If the input plasmid DNA was
supercoiled, 30 pl of cells were plated without centrifugation on selective LB agar

plate.

2.3. Isolation of exogenous DNA from bacteria

Small scale plasmid DNA preparation

A single colony of E. coli cells containing the plasmid DNA to be extracted was
added to 5 ml LB media and grown shaking at 250 rpm, 37°C overnight. Cells were
collected by centrifugation at 4,000 rpm, RT for 10 min. DNA was extracted from
the cells using the QIAGEN Miniprep kit according to manufacturer

recommendation.
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Large scale plasmid DNA preparation

A single colony of E. coli cells containing the plasmid DNA to be extracted was
added to 150 ml LB media and grown shaking at 250 rpm, 37°C overnight. Cells
were collected by centrifugation at 4,000 rpm, RT for 10 min. DNA was extracted
from the cells using the Sigma-Aldrich GenElute HP Maxiprep kit according to
manufacturer recommendation with the exception that DNA was eluted with
elution buffer that was pre-heated to 65°C. The eluted DNA was then concentrated

following manufacturer recommendation and stored at -20°C.

Large scale preparation of Bacmid DNA

A single white colony from DH10Bac recombination plate was inoculated into 2 ml
LB media containing 50 pg/ml kanamycin, 7 pg/ml gentamycin, 10 pg/ml
tetracycline and grown shaking at 250 rpm, 37°C overnight. 1.5 ml of cells were
collected by centrifugation at 14,000 g, RT for 1 min and resuspended in 0.3 ml of
0.22 um filtered sterile solution A (15 mM Tris-HCl pH 8.0, 10 mM EDTA, 100 pg/ml
RNase A). 0.3 ml of 0.22 um filtered sterile solution B (0.2 M NaOH, 1% SDS) was
added and gently mixed. The resulting lysate was incubated at RT for 5 min. 0.3 ml|
of 3 M sodium acetate pH 5.5 was then added and mixed gently. The lysate was
incubated on ice for 10 min and precipitated by centrifugation at 14,000 g, 4°C for

10 min. 800 ul of isopropanol was added to the derived supernatant and mixed
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gently. The solution was incubated on ice for 10 min and the Bacmid DNA was
collected by centrifugation at 14,000 g, RT for 15 min. 500 pul of 70% ethanol was
added to the precipitated DNA pellet. DNA was collected by centrifugation at
14,000 g, RT for 5 min. The supernatant was removed and the DNA pellet air-dried
at RT until complete evaporation of ethanol. DNA was resuspended in 40 ul of EB
buffer (QIAGEN) and incubated at 37°C for 20 min with occasional gentle mixing.
DNA concentration was measured using a Nanodrop 1000 spectrophotometer

(Thermo Scientific) at 260 nm and the DNA was stored at -20°C.

2.4. Manipulation of DNA and cloning

Restriction endonuclease digestion of DNA

Restriction digests were performed in 20 ul volume for conventional analytical
purposes (e.g. to examine the efficiency of CpG DNA methylation) or in 50 pl
volume when used to linearize a cloning vector. Reactions were carried out at
temperatures indicated by the manufacturer (New England Biolabs, Roche) and in
the presence of 100 ng/ul of BSA where this was recommended. Linearized vector
DNA was purified using the QlAquick Gel Extraction kit (QIAGEN) and eluted in 30
ul EB buffer. To analyse the extent of digestion, 100-200 ng of purified digestion

product was resolved by agarose gel electrophoresis in 1X TAE and visualised by
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ethidium bromide staining. The percentage of agarose varied depending on the

size of the expected DNA fragment.

Methylation of DNA fragments at CpGs

Methylation of DNA at CpGs by pre-purified recombinant M.Sssl was carried out
according to the following ratio of reagents: 1 ug of template DNAwas incubated
in the presence of 2 ul of 10X NEBuffer 2 (New England Biolabs), 2 ul of 20X (3.2
mM) SAM (New England Biolabs) and 1 ug of pre-purified recombinant M.Sssl in a
20 pl reaction volume. This ratio was maintained during scale-up methylation
reactions. The reaction mixture was incubated at 37°C overnight. In the following
morning, 2 pl of 20X (3.2 mM) SAM (New England Biolabs) and 1 ug of pre-purified
recombinant M.Sssl were added to the reaction which was then incubated at 37°C
for 2 hr. The methylated DNA was purified via QIAGEN QlAquick Gel Extraction kit
and eluted in 50 pl EB buffer. DNA concentration was measured using a Nanodrop
1000 spectrophotometer (Thermo Scientific) at 260 nm and the DNA was stored at
-20°C. To verify the extent of methylation, 100-200 ng of purified DNA was
digested with the CpG methylation sensitive restriction enzyme Hhal, resolved by

agarose gel electrophoresis in 1X TAE and visualised by ethidium bromide staining.
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Polymerase chain reaction (PCR)

All PCR reactions were carried in 50 pl volume. 200 ng of pre-purified recombinant
Tag DNA polymerase, 25 pmol of each forward and reverse primer, 10 nmol of
dNTP mix (Fermentas) and 10 ng of plasmid template DNA were incubated
together in the presence of PCR buffer (20 mM Tris HCI pH 8.8, 10 mM (NH4),SO04,
10 mM KCI, 2 mM MgSQ0,, 0.1% Triton X 100). If the PCR products were destined
for cloning, 1 unit of Phusion polymerase (Finnzymes) was used instead together
with the commercial buffer provided with the polymerase. Cycling parameters
varied depending on DNA template and primer properties. The PCR products were
purified using the QIAquick PCR Purification kit (QIAGEN) according to

manufacturer instructions. The DNA was eluted in 30 pl EB buffer.

DNA Sequencing

The plasmid DNA to be sequenced and the primers for DNA sequencing were
diluted to concentrations indicated by Source BioScience LifeSciences and

delivered to their sequencing facility at the University of Oxford.
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Agarose gel extraction of DNA fragments

DNA was extracted from agarose gels via QIAquick Gel Extraction kit (QIAGEN)

according to manufacturer instructions and the DNA eluted in 50 ul EB buffer.

Ligation independent cloning (LIC)

5 pg of the sacB gene-containing LIC-adapted vector plasmid was digested with the
restriction endonuclease Bsal in a 50 pl reaction volume for 1 hr. The digestion
products were separated by agarose gel electrophoresis in 1X TAE and visualised
by ethidium bromide staining. The DNA band corresponding to the empty vector
was excised out of the gel and purified via QlAquick Gel Extraction kit (QIAGEN).
The DNA was eluted in 30 ul EB buffer. At the same time, the insert gene was PCR
amplified with primers carrying the LIC cloning hybridisation sequence. The PCR
product was purified via the QlAquick PCR Purification kit (QIAGEN) and eluted in
30 ul of EB buffer. The linearized empty vector and the amplified insert were each
individually digested with 2 pl of 5 u/ul T4 DNA polymerase (Fermentas) in the
presence of 2 ul of 2 mM dGTP and dCTP respectively, in a 50 ul reaction volume.
10 pl of 5X reaction buffer supplied with the enzyme (Fermentas) was also
included into each reaction mixture. The reaction was first allowed to proceed for
30 min at 22°C, followed by heat inactivation at 75°C for 20 min. The DNA was

extracted via QlAquick Gel Extraction kit and eluted in 30 pul EB buffer. The purified
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empty vector and the insert gene DNA were mixed together in three separate
Eppendorf tubes according to the following ratios: 0.2 ul, 1 pl and 2 ul of insert
respectively with 1 pl of vector. The vector and the insert were allowed to
hybridise for 30 min at RT. 1 pl of each hybridised plasmid was transformed into
100 pl of competent XL10 E. coli cells and plated on selective LB plate. The cells
were grown at 37°C overnight. To screen for colonies with successful clones, the
DNA was extracted via the QIAGEN Miniprep kit from 3 colonies for each plate and
eluted in 30 pl EB buffer. 1 pl of each purified DNA was analysed with a suitable
restriction endonuclease to ensure for the presence of the gene of interest. The
full gene was then sequenced by the Source BioScience LifeSciences sequencing
facility at the University of Oxford to ensure that no mutations were present in the

cloned gene sequence.

Mutagenesis

All site-directed mutagenesis were performed using the QuickChange Il XL site-
directed mutagenesis kit (Stratagene) according to manufacturer instructions. All
CpG mutations engineered in the 601 DNA sequence were introduced by PCR

amplification using custom-synthesised mismatch primers (Invitrogen).
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Radioactive labelling of DNA fragments

200 ng of template DNA was end labelled in a 30 pl reaction volume in the
presence of 2 pl of 10 u/ul T4 polynucleotide kinase (New England Biolabs), 3 pl of
10X buffer supplied with the enzyme and 1.5 pl of 10 mCi/ml [y->2P] ATP (Perkin
Elmer). The reaction was incubated for 1 hr at 37°C. If the end-labelled DNA was to
be directly used for EMSA assay, it was purified via QlAquick PCR Purification kit
(QIAGEN) and eluted in 75 ul EB buffer. If the end-labelled DNA was destined for
nucleosome reconstitution, it was purified via MinElute Reaction Clean Up kit
(QIAGEN) and eluted in 12 pl EB buffer. The radioactivity of 1 pl of the derived
elution was measured in counts per minute (cpm) using a Bioscan QC-2000 f-
counter. If the eluted DNA was to be used as binding probe for EMSA, the final

volume of the elution was adjusted with EB buffer to reach 5,000 cpm/pl.

2.5. Insect cell and baculovirus vector expression

system

Insect cell culture

Sf9 cells derived from Invitrogen were adapted to grow in suspension in serum free
Sf900 Il SFM media (Gibco) supplemented with 50 u/ml penicillin and 50 pg/ml

streptomycin (Gibco) shaking at 100 rpm, 27°C. Cells were passaged by
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centrifugation at 1,500 rpm, RT for 5 min to collect the cells, which were then
resuspended in fresh Sf900 Il SFM media at 0.5 x 10° cells per ml density. The
growing cell density was maintained between 0.5 x 10° and 3 x 10° cells per ml. Sf9
cells were cryogenically stored by centrifugation at 1,500 rpm for 5 min followed
by resuspension at 1.25 x 10’ cells per ml in Sf900 Il SFM media supplemented with
10% DMSO. Cells were stored in 2 ml aliquots at -80°C overnight before transfer to
long-term storage in liquid nitrogen. To recover the cells from liquid nitrogen
stocks, each 2 ml aliquot was defrosted at RT and diluted in 50 ml Sf900 Il SFM
media supplemented with antibiotics. Cells were incubated at 27°C overnight and

passaged the following morning to remove dead cells.

Generation of recombinant baculovirus genome

Baculoviruses were generated using a previously LIC-adapted version of the
pFastBac vector plasmid following manufacturer (Invitrogen) instructions except
for the use of LB media during transformation of the pFastBac plasmid into the
DH10Bac cells. Successfully recombined Bacmid DNA was extracted using the
purification method described above. Diagnostic PCR using M13 forward and

reverse primers was also performed according to manufacturer instructions.
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Transfection of Sf9 cells and isolation of P1 virus

Sf9 cells were seeded in 6 well plate at 9 x 10° cells per 2 ml of $f900 Il SFM media
supplemented with 50 u/ml penicillin and 50 pg/ml streptomycin and allowed to
attach for 15 min at 27°C. For each well, 1 pg of Bacmid DNA and 8 ul of Cellfectin
Il (Invitrogen) were each diluted separately in 100 pl of Grace’s un-supplemented
media (Gibco). The diluted Bacmid DNA was gently mixed to the diluted Cellfectin
Il and incubated at RT for up to 15 min to allow formation of complex. The seeded
Sf9 cells were washed once with 2 ml of Grace’s un-supplemented media and
incubated in 800 pl of the same media. The Bacmid-Cellfectin Il mixture was then
added drop-wise to the cells and mixed by gentle agitation of the well. Cells were
incubated at 27°C for 5 hr, following which the transfection mixture was replaced
with 2.5 ml of Sf900 Il SFM media. Cells were incubated at 27°C for 72 hr and the
supernatant then collected. This was cleared of dead cells via centrifugation at
1,500 rpm for 5 min and stored as P1 virus at 4°C protected from light sources. To
analyse the efficiency of transfection, cells were collected by gentle scraping in 500
pl of ice-cold PBS and pelleted at 2,000 rpm for 1 min. The cell pellet was
resuspended in 250 pl of lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% NP40, 1
mM EDTA) supplemented with complete protease inhibitor cocktail (Roche). The
lysate was incubated while rotating for 15 min at 4°C and cleared via centrifugation

at 13,000 rpm, 4°C for 10 min. The resulting supernatant was stored as whole cell
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extract at -80°C. 15 pl of the extract was analysed by Western blotting using both

protein (e.g. KDM2A) and affinity tag (e.g. Flag, Strep Il) specific antibodies.

Amplification of viral stock

To amplify the P1 viral stock, 12 x 10° Sf9 cells were seeded on a 94 mm culture
plate in 12 ml Sf900 Il SFM media supplemented with penicillin and streptomycin.
300 pl of the P1 viral stock was added drop-wise to each 94 mm plate and gently
mixed. The infection was allowed to proceed for 72 hr at 27°C. The supernatant
was then processed as per P1 virus and stored as P2 viral stock at 4°C. Cells were
also collected following the same procedure described above and the derived
whole cell extract analysed by Western blotting. This cycle was repeated once to
generate the P3 viral stock, which was then titrated to determine the optimal

volume of virus inoculum for protein expression.

Infection of Sf9 cells for protein production

For large scale protein expression, Sf9 cells were passaged to 0.75 x 10° cells per ml
density and allowed to grow shaking at 100 rpm, 27°C overnight to reach up to 1.5
x 10° cells per ml the next morning. 1 pl P3 virus was added to every 2 x 10° cells

and the infection allowed to proceed for 48-72 hr. Cells were then collected by
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centrifugation at 1,500 rpm for 5 min and the pellet was stored at -80°C until

protein purification.

2.6. Expression of proteins in E. coli cells

All prokaryotically derived KDM2A proteins and the FDH protein were expressed
from a LIC-adapted version of pNIC28 Bsal vector plasmid. The M.Sssl enzyme was
expressed from a pBAD24 plasmid. The Tag DNA polymerase was expressed from a
pTAQ plasmid. The Set2 enzyme was expressed from a pCAL-n plasmid. Individual
core histones were expressed from pET3d plasmids. A single colony from selective
LB plate of the strain of bacteria (e.g. BL21, BL21 DE3 plysS) carrying the
expression vector for the protein of interest was added to 150 ml of selective 2XTY
media and incubated shaking at 250 rpm, 37°C overnight. 25 ml of this starter
culture was diluted in 0.5 L of selective 2XTY media and incubated shaking at 250
rpm, 37°C until OD at 600 nm reached 0.5 as determined by spectrophotometer.
For the pNIC28 system, 0.5 ml of 1 M IPTG was added to 0.5 L of culture and then
incubated at 30°C for 3 hr. For the pTAQ system, the same amount of IPTG was
used and the culture was incubated at 18°C overnight. For the pCAL-n system, 50
pl of 1 M IPTG was added to 0.5 L of culture when OD at 600 nm reached 1.0 and
cells were incubated at 18°C overnight. For the pBAD24 system, protein expression

was induced using 0.1% L-arabinose solution and cells were incubated at 18°C
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overnight. For the pET3d system, expression conditions were the same as for the
pNIC28 system except for the expression time, which was reduced to 2 hr. After
induction, cells were collected by centrifugation at 6,000 g, 4°C for 20 min and
washed once in ice-cold 1X PBS. After centrifugation at 4,000 g, 4°C for 20 min, the
derived cell pellet was stored at -80°C. To extract the recombinant proteins, the
cell pellet was defrosted on ice and 10 ml of lysis buffer (20 mM Tris-HCI pH 8.0,
500 mM NacCl, 0.1% NP 40) supplemented with complete inhibitor cocktail (Roche)
was added for each 0.5 L cell culture derived pellet. After resuspension, cells were
aliqguoted in 20 ml volumes and each volume was sonicated on ice at 60%
amplitude using a VCX130PB sonicator (Sonics & Materials) for 30 s followed by a
30 s pause. This sonication cycle was performed 8 times for histone-containing
lysates and 6 times for all other protein lysates. The lysate was then cleared by
centrifugation at 12,500 rpm, 4°C for 20 min. The derived whole cell lysate was

applied to the chromatographic methods described below.

2.7. Protein methods

Measuring protein concentration

Bradford assay was carried out to determine protein concentration. The stock
Bradford dye (Bio-Rad) was diluted 1 in 5 in H,O and mixed thoroughly. A series of

protein volumes ranging from 1 to 10 ul was each added to 1 ml of diluted

108



Bradford dye and mixed thoroughly. OD at 595 nm was then measured in a plastic
cuvette using an Ultrospec 3300 spectrophotometer (GE Healthcare). In parallel, a
series of BSA (New England Biolabs) standards with known protein concentrations
were also measured by Bradford to generate a standard curve. By plotting the OD
values of the protein of interest on the standard curve, the protein concentration

was then derived.

Dialysis

Proteins derived from purification preparations were generally dialysed using a
sealed Spectra/Por dialysis tubing (Spectrum) with a molecular weight cut off
(MWCO) range of 6,000-8,000 Da in 2 L of BC buffer (50 mM Hepes pH 7.9, 10%
glycerol, 0.5 mM DTT) containing an appropriate concentration of KCl ranging from
100 to 400 mM. Dialysis was performed at 4°C overnight following which protein
sample was collected, cleared of any precipitates by centrifugation at 13,200 rpm,

4°C for 20 min and stored at -80°C.

SDS-PAGE and Coomassie blue staining

Proteins to be resolved by SDS-PAGE were prepared in loading buffer (2% SDS, 100

mM Tris pH 6.8, 100 mM DTT, 10% glycerol, 0.1% bromophenol blue) and
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denatured by boiling at 100°C for 5 min. For all SDS-PAGE, 0.75 mm thick gels were
prepared with a resolving percentage of 29:1 acrylamide to bis-acrylamide solution
(Bio-Rad), 390 mM Tris pH 8.8, 0.1% SDS, 0.1% APS, 0.04% TEMED in the resolving
gel and 5% 29:1 acrylamide to bis-acrylamide solution, 129 mM Tris pH 6.8, 0.1%
SDS, 0.1% APS, 0.1% TEMED in the stacking gel. Gels were cast and run using the
Mini-PROTEAN Tetra or the PROTEAN Il XL electrophoresis systems (Bio-Rad) in 1X
TGS at 200 V constant, RT until the loading dye migrated off the bottom of the gel.
Gels were stained with Coomassie blue staining solution (50% methanol, 10%
acetic acid, 0.1% brilliant blue R250) for 15 min. Stained gels were washed once
with H,O and destained in 30% methanol, 10% acetic acid solution until the
background staining was removed. Gels were incubated in H,0 overnight at RT and

imaged the next morning.

Semi-dry transfer to nitrocellulose membrane and Western

blot

A single layer of either 0.2 um (for histone proteins) or 0.45 um (for all other
proteins) nitrocellulose membrane (Bio-Rad) was wet in semi-dry transfer buffer
(39 mM glycine, 48 mM Tris, 0.037% SDS, 20% methanol) and placed on top of
three layers of 0.3 mm Whatman paper pre-soaked in the same buffer. Additional

three layers of pre-soaked Whatman paper were placed on top. Air bubbles were
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removed by gently rolling a pipette twice in each direction over the assembled gel
sandwich. Transfer was performed using the Trans-Blot SD Semi-Dry Transfer
Cell (Bio-Rad) with 0.2 A constant, at 23 V maximum, RT for 1 hr 20 min. The
efficiency of transfer was evaluated by staining the nitrocellulose membrane with
0.2% Ponceau S, 1% acetic acid solution for 5 min at RT. The membrane was then
briefly destained using 0.1M NaOH, which was washed away with H,0. The
membrane was incubated in 5% milk, 1X PBS + 0.1% Tween 20 (PBST) for 30 min at
RT. The membrane was incubated in 1:1,000 dilution of the primary antibody in 5%
milk, 1X PBST at 4°C rocking overnight. In the following morning, the membrane
was washed for 5 min in 1X PBST 3 times. The membrane was then incubated in
1:5,000 dilution of an ECL HRP-conjugated secondary antibody in 1% BSA, 1X PBST
for 1 hr at RT. The membrane was again washed 3 times in PBST for 5 min each at
RT. Equal volumes of ECL solution A (2.5 mM luminal, 396 uM p-coumaric acid, 100
mM Tris-HCI pH 8.5) and ECL solution B (5.632 mM H,0,, 100 mM Tris-HCIl pH 8.5)
were mixed together thoroughly. The ECL mixture was then applied to the entire
surface of the membrane and incubated at RT for 1 min. The membrane was
completely wrapped with Saran film and exposed to ECL-sensitive film within a

hypercassette (GE Healthcare).
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2.8. Protein purification

Chromatography media and solutions

Mono Q (1 ml): anion exchange resin.

Resource Q (1 ml): anion exchange resin.

Superdex HiLoad 16/60 200 PG (120 ml): gel filtration resin.
Sephacryl S200 (120 ml): gel filtration resin.

Anion exchange buffer: 50 mM Tris pH 8.0, 1 mM DTT, 100 mM (AE100) to 1,000

mM (AE1000) NaCl.

Gel filtration buffer: 20 mM Hepes KOH pH 7.9, 10% glycerol, 200 (GF200) or 300

mM KCl (GF300).

Denaturing gel filtration buffer (SAU1000): 7 M Urea, 20 mM sodium acetate pH

5.2, 1 M NaCl, 5 mM 2-mercaptoethanol, 1 mM EDTA.

lon exchange chromatography

lon exchange purifications were performed using pre-packed Mono Q or Resource
Q columns based on a FPLC system (GE Healthcare) under conditions

recommended by the manufacturer. Protein samples were applied to resins that
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were pre-equilibrated overnight in AE100. The bound-resin was washed with 20
column volumes of AE100 before a linear gradient was applied over a 40 ml
volume to reach AE1000 ionic concentration. Fractions were monitored by UV
spectrometry at 280 nm and analysed by Coomassie stained SDS-PAGE. Proteins

were then dialysed into an appropriate BC buffer for storage at -80°C.

Gel filtration chromatography

Proteins were applied to a pre-equilibrated gel filtration column that was either
based on a FPLC system (e.g. Superdex HiLoad 16/60 200 PG) or was set up on the
bench (e.g. Sephacryl S200) under conditions recommended by the manufacturer.
Elution fractions were monitored by UV spectrometry at 280 nm or by Bradford
assay and analysed by Coomassie stained SDS-PAGE. Proteins were then dialysed

into an appropriate BC buffer for storage at -80°C.

Purification of 6XHis and Strep Il tagged proteins from E. coli

cells

The whole cell lysate was incubated with 0.5 ml IMAC Sepharose 6 Fast Flow Ni-
NTA resin (GE Healthcare) rotating for 1 hr at 4°C. The resin was pre-washed 2

times in the lysis buffer described above. The lysate-resin mixture was loaded onto

113



a disposable 10 or 20 ml Poly-Prep chromatography column (Bio-Rad) and the
unbound solution was allowed to flow through. The protein-bound resin was then
washed with 40 column volumes of Ni-NTA wash buffer (50 mM NaH,PQ4, 300 mM
NaCl, 20 mM imidazole, pH adjusted to 8.0 using NaOH). Proteins were eluted
generally 5-7 times with 1 column volume of Ni-NTA elution buffer (50 mM
NaH,P0O4, 300 mM NaCl, 250 mM imidazole, pH adjusted to 8.0 using NaOH). The
fractions were pooled together and applied directly to a pre-washed StrepTactin
Superflow resin column (IBA) if the recombinant protein also carried a C-terminal
Strep Il tag. The sample was allowed to flow through the resin 5 times to allow for
the capture of the desired protein. The column was then washed with 40 column
volumes of StrepTactin wash buffer (100 mM Tris-HCl pH 8, 150 mM NacCl).
Proteins were then eluted 5-7 times with 1 column volume of StrepTactin elution
buffer (100 mM Tris-HCl pH 8, 150 mM NaCl, 2.5 mM desthiobiotin). Protein
concentrations in the eluted fractions were then measured by Bradford assay. The
peak and side fractions were respectively pooled together and dialysed overnight
in 2 L BC buffer (50 mM Hepes pH 7.9, 10% glycerol, 0.5 mM DTT) containing 100
mM to 400 mM KCl for long term storage at -80°C. The purity of each elution
fraction was also analysed by running 1-5 pl of proteins on SDS-PAGE and

successive Coomassie blue staining.
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Purification of Flag-tagged proteins from Sf9 cells

The Sf9 cell pellet derived from 0.5 L expression culture was resuspended in 10 ml
lysis buffer F (10 mM Tris pH 8.0, 500 mM NaCl, 4 mM MgCl2, 0.4 mM EDTA, 2 mM
DTT, 20% glycerol, 0.4 mM PMSF) supplemented with complete protease inhibitor
cocktail (Roche). Cells were homogenised by gently douncing with a tight fitting
pestle 30 times over 30 min. The cell lysate was cleared by centrifugation at 11,000
rpm, 4°C for 10 min. The resulting supernatant was diluted with 7 ml of dilution
buffer (10 mM Tris, 10% glycerol, 0.02% NP40). 250 pl of anti-Flag M2 resin (Sigma-
Aldrich) was washed with 10 ml of lysis buffer collecting at 2,000 rpm for 3 min.
The diluted extract was then added to the resin and incubated rotating at 4°C for 3
hr. The resin was collected by centrifugation at 2,000 rpm for 3 min and washed 3
times each with 15 ml wash buffer F (10 mM Tris pH 8.0, 150 mM NacCl, 2 mM
MgCl,, 0.2 mM EDTA, 1 mM DTT, 15% glycerol, 0.4 mM PMSF). The washed resin
was resuspended in 1 ml of wash buffer F and transferred to a 1.5 ml Eppendorf
tube. The Eppendorf tube was adjusted into an open-lid 15 ml falcon tube and
centrifuged at 2,000 rpm, 4°C for 2 min. The supernatant was then removed from
the top of the resin, which was eluted 5 times each with 300 ul wash buffer F
containing 0.2 mg/ml Flag peptide rotating at 4°C for 20 min. To analyse the
sample purity, 5-10 ul of each elutions was run on SDS-PAGE and Coomassie

stained. Proteins were stored at -80°C without further dialysis.
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Purification of CBP tagged proteins

To purify CBP-tagged recombinant proteins, the cell pellet was resuspended in 12
ml of CaCl, binding buffer (50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 10 mM 2-
mercaptoethanol, 1 mM MgOAc, 1 mM imidazole, 2 mM CaCl,) and lysed via
sonication as described before. The lysate was cleared by centrifugation at 15,000
rom, 4°C for 20 min. The resulting supernatant was incubated with 1 ml CaM
affinity resin (Stratagene) that was pre-washed 2 times each with 9 ml CaCl,
binding buffer for 3 hr at 4°C. The resin was collected by centrifugation at 1,000
rpm, 4°C for 2 min. The resin was then washed 3 times each with 10 ml CaCl,
binding buffer. The resin was then applied to a 20 ml Poly-Prep chromatography
column and the proteins were eluted 5 times each with 350 ul elution buffer (50
mM Tris-HCl pH 8.0, 10 mM 2-mercaptoethanol, 2 mM EGTA-OH pH 8.0, 150 mM
NaCl). The eluted proteins were dialysed in 2 L BC50 (50 mM Hepes pH 7.9, 10%

glycerol, 0.5 mM DTT, 50 mM KCl) containing 0.5 mM EDTA and stored at -80°C.

Purification of Tag DNA polymerase by heat precipitation and

biphasic extraction

To isolate recombinant Taq Pol, the cell pellet was lysed via sonication as described
before. Following sonication and centrifugation the supernatant was incubated at

75°C for 1 hr and then centrifuged again at 12,500 rpm, 4°C for 10 min. 30g
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(NH4)»SO4 was slowly added to each 100 ml supernatant while mixing. The Taq Pol
was then collected by centrifugation at 12,500 rpm, 4°C for 10 min and
resuspended in 10 ml buffer A (50 mM Hepes pH 7.9, 50 mM glucose, 1 mM EDTA).
To remove contaminating DNA, the Taq Pol sample was adjusted to contain 10% in
volume of saturated dibasic potassium phosphate pH 10.3, following which an
equal volume of 100% ethanol was added and mixed vigorously. The organic phase
(upper layer) was separated from the aqueous phase (lower layer) by
centrifugation at 2,000 g, RT for 2 min. The upper organic phase containing the Taq
Pol protein was then collected and dialysed overnight in 2 L buffer B (20 mM Hepes
pH 7.9, 100 mM KCl, 0.1 mM EDTA, 0.5 mM PMSF, 10% glycerol) at 4°C. In the
following morning, the protein was dialysed again in 2 L of fresh buffer B for
another 4 hr. The collected protein sample was then subject to gel filtration

chromatography to further refine its purity.

Purification of core histones

Histone containing cell pellet stored at -80°C was resuspended in 20 ml wash
buffer (50 mM Tris pH 7.5, 100 mM NaCl, 1 mM EDTA, 1 mM benzamidine) and
sonicated as described above. Inclusion bodies were collected by centrifugation at
23,000 g, 4°C for 20 min. The pellet was resuspended in 20 ml TW buffer (wash
buffer with 1% Triton X100) and then washed 2 times with wash buffer. 0.5 ml

DMSO was added to the pellet and mixed vigorously for 30 min at RT with a
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magnetic stirrer. 2 ml unfolding buffer (7 M guanidine hydrochloride, 20 mM Tris
pH 7.5, 10 mM DTT) was added and then gently mixed for 1 hr at RT, after which
the solution was cleared by centrifugation at 13,200 rpm, RT for 10 min. The
derived supernatant was applied onto a Sephacryl S200 gel filtration column that
was equilibrated with SAU1000 buffer overnight. 1.5 ml elution fractions were
collected at 1 min 15 s intervals and monitored by Bradford assay. In order to
assess the eluted protein purity, 5 ul of every three or four fractions was loaded
onto a 20 cm x 20 cm, 18% SDS-PAGE gel and run at 10 mA constant, RT overnight
with flowing water cooling. The fractions containing monomeric histone proteins
as shown by Coomassie staining of SDS-PAGE were pooled and dialysed at 4°C into

3 changes of 4 L each H,0 with 0.25 mM DTT and stored at -80°C.

2.9. Chromatin reconstitution methods

Generation of 601 DNAs

147 bp or 216 bp long 601 DNA sequences were PCR amplified from the pGEM-3Z
601 plasmid. The 342 bp long double 601 DNA sequence was PCR amplified from
the pBIlu2SKP 2X601 +48 plasmid. The PCR products were purified using a 1 ml
Resource Q anion exchange column (GE Healthcare) over 40 ml of an increasing
NaCl gradient from 0.1 M to 1 M in 50 mM Tris pH 8.0 buffer. The DNA sample was

eluted in 200 pl fractions monitored by UV spectrometry at 260 nm and visualised
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by agarose gel electrophoresis in 1X TAE with ethidium bromide staining. The peak
fractions were pooled together and dialysed in 10 mM Tris pH 8.0 for storage at -

20°C.

Installation of methyl lysine analogues (MLAs) into core

histones

Installation of H3K4 tri-methyl lysine analogues into core histones was based on
the published method by Simon et al (Simon et al.,, 2007). In brief, the pET3d
plasmid was engineered to carry a H3 histone gene with K4C mutation by site
directed mutagenesis. The histone was expressed and purified using the same
methods described above. The concentration of the purified protein was measured
by Bradford assay. Proteins were concentrated using a 20 ml Vivaspin concentrator
column (Sartorius) with MWCO of 5,000 Da to a final concentration of 30 mg/ml.
250 pl of 30 mg/ml proteins were reduced in 735 pl of 0.22 um filtered alkylation
buffer (1.33 M Hepes pH 7.8, 5.32 M guanidine hydrochloride, 13.2 mM D/L-
methionine) supplemented with 20 pl of 1 M DTT for 1 hr at 37°C. 100 mg of (2-
bromoethyl) trimethylammonium bromide (Sigma-Aldrich) was then added to the
reaction and incubated with occasional mixing at 50°C for 2 hr 30 min. After initial
incubation, 10 ul of 1 M DTT was added and the reaction was allowed to proceed

for an additional 2 hr 30 min. The reaction was then stopped by adding 50 pl of 14
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M 2-mercaptoethanol and the sample was applied to a 5 ml HiTrap desalting
column (GE Healthcare). The column was washed with H,O containing 2 mM 2-
mercaptoethanol and 0.5 ml fractions were then collected. 1 pl of eluted proteins
was analysed by Bradford assay. The efficiency of the installation reaction was
evaluated by Western blotting using H3K4me3-specific antibodies and the histones

were stored at -80°C.

Refolding of histone octamer

Refolding of histone octamer was performed based on the published method by
Dyer et al (Dyer et al., 2004). In brief, purified recombinant core histones were
concentrated using a 20 ml Vivaspin concentrator column (Sartorius) with MWCO
of 5,000 Da to a final concentration of 10 mg/ml. 3 mg of each of the four core
histones were diluted in unfolding buffer (7 M guanidine hydrochloride, 20 mM
Tris pH 7.5, 10 mM DTT) to a concentration of 2 mg/ml and incubated at RT for 1 hr.
Equal weight ratios of the four core histones were mixed together and diluted to 1
mg/ml with unfolding buffer. The histone mixture was then dialysed 3 times
against 4 L each refolding buffer (2 M NaCl, 10 mM Tris pH 7.5, 1 mM Na-EDTA, 5
mM 2-mercaptoethanol) overnight at 4°C. The dialysed material was concentrated
using a Vivaspin concentrator column (Sartorius) to 1 ml volume at 4°C. The sample
was applied to a Superdex HiLoad 16/60 200 PG column in the FPLC, which was

pre-equilibrated with refolding buffer. The octamers were eluted at 0.5 ml/min in
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1 ml fractions and analysed via Coomassie stained 18% SDS-PAGE to evaluate the
purity and stoichiometry of the sample. The fractions containing octamers with
equal stoichiometry of the four core histones were combined and stored at 4°C

without freezing.

Reconstitution of nucleosome core particle

Reconstitution of nucleosome core particle was performed based on the published
method by Dyer et al (Dyer et al., 2004). At least three different ratios of DNA to
histone octamer were set up where 1 pg of 601 DNA was mixed with the
appropriate amount of histone octamer in 2 M NaCl. 1-2 pl of the [*?P] end-
labelled version of the same 601 DNA was added to the reaction. The reaction was
initially incubated for 30 min at RT. An equal volume of 10 mM Tris-HCl pH 7.6 was
then added to the reaction, which was incubated for 1 hr at RT. The reconstitution
mix was then diluted with the appropriate volume of 10 mM Tris-HC| pH 7.6 at
every hour to reach progressively 0.8 M, 0.67 M, 0.2 M and 0.1 M NaCl
concentrations. The reconstituted nucleosome was analysed by loading a small
aliguot onto 0.8% agarose gel in 0.2X TB and running the gel at 4°C. The gel was
dried on DE81 chromatography paper (Whatman) using a vacuum-driven gel dryer
(GE Healthcare) and autoradiography of the gel was taken using a FLA7000
phosphorimager (Fujifilm) or with a BioMax XAR film (Kodak). The reconstituted

nucleosomes were stored at 4°C for up to one week without freezing.
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Purification of recombinant nucleosomes by sucrose gradient

sedimentation

Sucrose gradients were poured in 12.5 ml open top polyclear centrifuge tubes
(Seton Scientific) designed for the SW 41 Ti ultracentrifuge rotor (Beckman Coulter)
using a manual two chamber gradient former. For nucleosome purification, 5-20%
sucrose gradient was poured in 100 mM Tris pH 7.6 buffer with 1 mM DTT. The
reconstituted nucleosomes were loaded drop-wise on top of the sucrose gradient
and centrifuged at 35,000 rpm, 4°C in a SW 41 Ti rotor for 19 hr. 500 ul size
fractions were collected manually starting from the top of the gradient. The
fractions were analysed by running onto 0.8% agarose gel in 0.2X TB at 4°C. The
fractions containing the desired mononucleosome or dinucleosome species were

pooled together and used for subsequent EMSA assays.

2.10. DNA binding experiments

Electrophoretic mobility shift assay (EMSA)

EMSA reactions were prepared in binding buffer (4% Ficoll 400, 20 mM Hepes pH
7.9, 150 mM KCl, 1 mM EDTA, 0.5 mM DTT) and up to 2 ug of protein sample was
incubated with 25 ng/ul competitor poly-dAdT DNA (Sigma-Aldrich) for 10 min at

RT before the [*2P] end-labelled 601 DNA or nucleosome probes were added. 0.125%
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bromophenol blue dye was added to the reaction mixture to allow visualisation of
the running band on the gel. The mixture was allowed to incubate for 20 min at RT.
EMSA assays with DNA or reconstituted nucleosome probes were performed
respectively on 1.3% and 0.8% agarose gels in 0.2X TB. Gels were run at 100 V
constant, 4°C until the band had migrated for approximately 7 cm. The gel was
then dried onto a DE81 anion exchanger paper (Whatman) via a vacuum driven
gel-dryer (GE Healthcare) and autoradiography of the gel was taken using a

FLA7000 phosphorimager (Fujifilm).

Surface plasmon resonance (SPR)

Surface plasmon resonance measurement was conducted using a Biacore T100
machine (GE Healthcare). Three different oligonucleotide probes containing
respectively 0, 1 or 6 CpG sites were used (See Appendix for sequence details). For
each probe, 5 pg of single stranded template DNA was mixed with equivalent
molar amount of 5’ biotinylated M13 reverse primer (Invitrogen) and incubated in
10 mM Tris pH 8.0, 50 mM NaCl for 10 min at 100°C in a heat block. After
incubation, the hot block was removed from the heat source and allowed to
gradually cool down to RT. The derived DNA product was incubated as template
with 6 u Klenow polymerase (New England Biolabs) and 5 pl of 2 mM dNTP mix in a
20 ul reaction volume at RT. The product of the extension reaction was purified

using a QlAquick Gel Extraction kit (QIAGEN) and eluted in 50 pl EB buffer. 5 pmol
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of each probe was diluted in 1X coupling buffer (10 mM Hepes pH 7.9, 150 mM
NaCl, 3 mM EDTA, 0.005% Tween 20) and immobilised on the surface of a flow cell
in a streptavidin (SA) coated sensor chip (GE Healthcare) at a flow rate of 5 pl/min.
All flow cells were then washed with 200 uM biotin in 1X binding buffer (10 mM
Hepes pH 7.9, 150 mM NaCl, 1 mM DTT) to block all unbound streptavidin sites.
Serial dilutions (3 uM, 1.5 uM, 750 nM, 375 nM, 187.5 nM, 0 nM) of the analyte
protein were prepared in 1X binding buffer containing 100 ng/ul of poly(dAdT)
DNA and 20 pl of each dilution was injected at a flow rate of 5 pl/min. Bound
proteins were allowed to dissociate in 1X binding buffer for 10 min followed by an
elution step with 20 ul of regeneration buffer (2.5 M NaCl, pH 5.3). For each
experiment, two flow cells were measured in parallel, one coated with the 0CG
control DNA probe and the second with either 1CG or 6CG binding probe. For a
given concentration of the analyte, the resonance unit (RU) used to calculate the
Kp is derived as the difference between the RU measured in either the 1CG or 6CG
flow cell and the background RU measured in the 0CG control flow cell. The Kp
value was then estimated using a Langmuir binding curve fit of the RUs calculated

at each analyte concentration.
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2.11. Enzyme activity assay

Histone demethylase assay by KDM2A

A previously established histone demethylase assay was used to quantify KDM2A
demethylase activity (Tsukada et al., 2005). In brief, histone demethylase assay
was performed in a 15 pl reaction volume if it was destined for analysis by Western
blotting or in a 30 ul reaction volume if it was to be processed for formaldehyde
release. 0.5 pg of recombinant or calf thymus derived histones (for Western blot
analysis) or 100 kcpm of 3[H]-labelled nucleosomes (for formaldehyde release
processing) were incubated with 2.5 pug of recombinant KDM2A protein in
demethylase buffer (50 mM Hepes pH 7.9, 23 uM Fe(NH4)>(S04),, 1 mM a-KG, 2
mM ascorbate) for 1 hr (for formaldehyde release processing) or 3 hr (for Western
blot analysis) at 37°C with occasional agitation. For Western blot analysis, the
reaction was loaded onto a 15% SDS-PAGE and processed as described before. For
formaldehyde release processing, the reaction volume was increased to 100 pl
with BC buffer containing 150 mM KCl and 30 pg of BSA per reaction. 100 pl of 25%
TCA was then added to the reaction and mixed thoroughly. The reaction was then
incubated on ice for 15 min and centrifuged at 13,200 rpm, 4°C for 10 min. 180 pl
of the derived supernatant was added to 200 upl of conversion reagent (30%
ammonium acetate, 0.6% acetic acid, 0.2% 2,4-pentanedione). The mixture was

incubated at 37°C for 25 min. The converted formaldehyde was extracted using
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400 pl of 1-pentanol (Sigma-Aldrich). The mixture was briefly vortexed and
centrifuged at 13,200 rpm, RT for 3 min. 350 ul of the separated upper phase was
added to 2 ml of Ultima Gold scintillation fluid (Perkin Elmer) in a scintillation vial
and thoroughly mixed. The radioactivity was then measured using a scintillation

counter.

Histone methyltransferase assay by Set2

Histone methyltransferase (HMT) assay was performed in 25 ul reaction volume in
the presence of 2 pl of *[H]-labelled SAM, 5 pl of 5X HMT buffer (100 mM Tris-HCl
pH 8.0, 20 mM EDTA, 5 mM PMSF, 2.5 mM DTT) and 3-5 pg of mononucleosomes
previously purified from chicken erythrocytes. This ratio of reagents was
maintained during scale up reactions. The reaction mixture was incubated for 2 hr
at 30°C and then dialysed overnight into 2 L of histone storage buffer (10 mM
Hepes-KOH pH 7.9, 10 mM KCl, 0.2 mM PMSF, 10% glycerol). In the following
morning, the histones were dialysed again into 2 L of fresh histone storage buffer
for 4 hr and then stored at -20°C. To visualise the labelled histones, a small aliquot
of the reaction was analysed by Coomassie stained 18% SDS-PAGE. Following
destaining, 5 gel volumes of EN3HANCE solution (Perkin Elmer) was added to the
gel and incubated for 40 min. The gel was then washed with H,0 for exactly 10 min

and dried at 65°C on top of 2 layers of 0.3 mm Whatman paper under vacuum.
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Autoradiography of the gel was taken overnight at -80°C using a BioMax XAR film

(Kodak).
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3. Chapter Three — Enzymatic activity

and DNA binding property of KDM2A

3.1. KDM2A is a H3K36 mono- and di-

demethylase

The initial report where the histone demethylase function of KDM2A was
appreciated, focused on detailing the chemical nature of the JmjC domain
mediated reaction and its substrate specificity (Tsukada et al., 2005). The study
showed the specificity of KDM2A JmjC domain activity towards mono and di-
methylated forms of lysine 36 on histone H3 by applying both in vitro activity assay
and by KDM2A overexpression in a 293T cell line. Given that this was the first
published study of KDM2A demethylase function, it was important to commence
our current study by testing the validity of the published results. To this end, in the
first part of this chapter, an in vitro system was developed to generate
recombinant histone and chromatin substrates carrying defined methylation
properties. In the presence of these substrates, the biochemical property of
KDM2A JmjC domain was analysed using both qualitative and quantitative

approaches.
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In addition to the N-terminal JmjC domain and the C-terminal F-box domain, two
other evolutionary conserved domains are present in KDM2A. These are the zinc
finger CXXC domain and the plant homeodomain (PHD) (Figure 3.2A). As previously
evidenced in other DNA-interacting proteins like CFP1 (Voo et al., 2000), the CXXC
domain is a DNA binding module that specifically targets non-methylated CpG
dinucleotides. However, its functional role within the context of the KDM2A
demethylase remains uncharacterised. Therefore, within the second part of this
chapter, the functional relevance of the CXXC domain in KDM2A is addressed by
applying two different methods that are routinely used to study DNA-protein
interactions. The PHD domain has been reported to act as a histone binding
module with specificity towards both methylated and non-methylated forms of
lysine 4 on histone H3 (Li et al., 2006; Pefa et al., 2006; Ruthenburg et al., 2011;
Shi et al., 2006a; Voo et al., 2000). The contribution of this protein domain to

KDM2A function will be discussed in chapter 5.

Expression and purification of recombinant KDM2A

The exact enzymatic substrate of KDM2A was first determined by in vitro activity
assay with full length recombinant human KDM2A protein expressed via the
baculovirus expression vector system (BEVS) (Tsukada et al., 2005). Since the first
introduction of baculovirus-mediated heterologous gene expression, this method

has progressively become one of the most versatile and popular systems for
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recombinant protein production. BEVS combines the large scale production level
typically associated with prokaryotic expression systems, with the accuracy in
translating large molecular weight proteins carrying post-translational
modifications that is characteristic of the mammalian expression system (Jarvis,
2009). With the purpose of generating large amounts of recombinant full length
KDM2A protein for subsequent biochemical characterisation, and considering its
relatively large molecular weight (approximately 133 kDa), the BEVS methodology

was initially adopted in this study.

The BEVS protocol described here involves a number of key stages (Figure 3.1)
(Jarvis, 2009). Firstly, a full length (aa 1-1162) N-terminal Flag-tagged human
KDM2A construct that included the four previously mentioned conserved domains
(i.e. JmjC, zinc finger CXXC, PHD and F-box) was cloned into a LIC (Ligation
independent cloning)-adapted version of the commercial pFastBac donor plasmid
where the inserted gene is flanked by two attTn7 transposon sequences (Figure
3.1). The donor plasmid was then transformed into a competent DH10Bac strain of
E. coli that carries the baculovirus genome, denoted as bacmid, designed to
contain the acceptor sites for attTn7. Within the DH10Bac cell, additional helper
plasmids are responsible for encoding the bacterial transposon Tn7, which
specifically recognises attTn7 sequences. Site-specific transposition then allowed
for the precise transfer of the KDM2A gene into the bacmid. Because the
transposition event was engineered to disrupt a local lacZa gene, cells carrying

successfully transposed bacmid were identified as white colonies on X-gal (5-
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bromo-4-chloro-indolyl-B-D-galactopyranoside)-rich culture plates in a classical
blue/white screen. However, as the breakdown of X-gal into the insoluble blue
coloured product is not immediate, cells carrying unaltered bacmid DNA may show
delayed manifestation of blue colouring. To avoid selecting false positives,
suspected white colonies were re-streaked on fresh X-gal-containing plates. After
further incubation, genuine positive colonies could be in such way confirmed. In
the final step, the bacmid DNA was isolated from a single successful clone and
purified using standard alkaline extraction method. The correct insertion of the
KDM2A gene was verified by basic PCR using M13 primer pairs, and the bacmid
was subsequently transfected into the Sf9 (Spodoptera frugiperda) host insect cell

line to initiate generation of KDM2A-specific baculovirus.
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Figure 3.1 — Baculovirus expression vector system (BEVS)

Donor/shuttle vectors carrying the KDM2A gene (1) are initially transformed into
DH10Bac E. coli cells that contain the bacmid genome (2). Site-specific
transposition then ensures for the correct insertion of KDM2A into the bacmid
genome. Inclusion of the foreign gene disrupts a local lacZa gene allowing for
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blue/white selections of colonies that carry successfully modified bacmids (3).
Following extraction, the bacmid is transfected into host insect cells for viral
production (4). The later derived P1 virus is subject to two rounds of amplification
to obtain a high titre P3 viral stock (5). P3 baculovirus is then used to induce
expression of recombinant KDM2A protein that can be purified via tag-affinity (6).

The viral titre is one of the most critical factors in determining the efficiency of
protein expression in BEVS. Given a fixed amount of virus inoculum per each litre
of cell culture, higher viral titre generally correlates with higher protein production
until a saturation point is reached. In order to maximise KDM2A-specific
baculovirus titre, two rounds of amplification were carried out following
transfection stage to produce P2 and P3 viral stocks. Generally, a viral plague assay
is preferred to quantitatively determine the approximate viral titre, expressed in
the form of 10 plaque forming units (pfu)/ml of inoculum (Jarvis, 2009). However,
for the purpose of this study, the viral titre was semi-quantitatively inferred from
the level of protein production. Indeed, at each infection step, Western blot
analysis of aliquots from the same number of infected Sf9 cells indicated an
incremental rise in protein expression level (data not shown). The recombinant
protein was visualised using both antibodies specific for Flag and KDM2A. It was
observed that, after two rounds of infection, 1 ul of the derived P3 viral stock was
sufficient to induce an optimal level of protein expression when applied to a single
well containing 2x10° Sf9 cells (Figure 3.2B). By repeating the same procedure, a
number of KDM2A JmjC, CXXC and PHD mutant-specific P3 baculoviruses was

generated alongside the wild type (WT) equivalent (Figure 3.2C). A complete list of
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KDM2A-specific baculoviruses with a description of each construct feature is

illustrated in Table 1.

At the end of the infection period, standard Flag affinity purification protocol
(Tsukada et al.,, 2005) was applied to isolate the recombinant protein from
harvested Sf9 cell extract. Surprisingly the elution fractions contained a relatively
small proportion of intact full length KDM2A protein, visible in the top region of
the gel, compared to a number of lower bands likely corresponding to degradation
products of KDM2A (Figure 3.2D). It is known that degraded proteins generally
occur due to the presence of cellular proteases that are released into the medium
during cell lysis. To counteract proteolytic activity, full spectrum protease
inhibitors are routinely included in protein purification buffers during the
extraction stage. However, because of their relatively short half-life and high cost,
protease inhibitors are not usually supplemented in cell culture medium. To limit
the level of degradation accumulated during the infection stage, the standard 72
hr incubation time was reduced to 48 hr to the expense of recombinant protein
yield. Despite shortening of the infection time, considerable amounts of degraded
proteins persisted in the purified fractions. Change of cell growth medium recipe
or introduction of a new Sf9 cell batch also did not improve the preservation of
intact full length KDM2A protein. Indeed, more than 80% of the purified KDM2A
protein was in the degraded form and consequently unsuitable for further
biochemical studies. In light of this result, an alternative expression system was

needed.
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Figure 3.2 — Expression and purification of full length KDM2A via BEVS.

(A) Full length KDM2A protein contains four conserved domains: the JmjC catalytic
domain, the zinc finger CXXC domain, the PHD domain and the F-box. (B) The P3
virus was titrated by applying 0 to 20 pl of virus per 2x10° Sf9 cells. Flag-specific
antibodies were used to evaluate the level of recombinant protein production.
Shown here is a representative Western blot of KDM2A WT P3 virus titration assay.
This is from one of two KDM2A WT expression trials attempted in this study. (C)
Flag and KDM2A-specific antibodies were used to assess the expression level of
KDM2A wild type (WT) and mutant constructs including H212A D214A, ACXXC,
APHD and K601A. A detailed description of each KDM2A baculovirus construct is
given in Table 1. The a-Flag and a-KDM2A Western blots summarise the expression
efficiency of each of the KDM2A baculovirus constructs generated in this study.
Except for KDM2A WT construct, all other KDM2A mutant P3 viruses have been
generated once. Un, uninfected. NE represents nuclear extract containing full
length Flag-tagged KDM2A derived from mammalian 293T cell. Here it is used as a
Western blotting control and molecular weight marker for full length KDM2A
protein. (D) a-Flag and a-KDM2A Western blots showing the elution fractions of
Flag-affinity purification where the full length KDM2A can be seen on top and a
number of degradation products below. This is from one of two KDM2A WT
purification trials attempted in this study. A detailed description of the Flag-affinity
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purification protocol used is given in section 2.8 of Materials and Methods. FT, flow
through.

Previous efforts by other members of our group have attempted to express full
length KDM2A protein via a prokaryotic approach. For this purpose, an N-terminal
6xHis and C-terminal Strep Il tagged KDM2A construct was initially cloned into a
LIC-modified pNIC28 plasmid and transformed into a BL21 strain of E. coli cells. The
presence of two distinct tags at both ends of the construct is designed to ensure
for the isolation of full length protein after two consecutive affinity purification

steps.

Given that bacterial protein synthesis machinery is not evolutionary fine-tuned to
process large molecular weight proteins like KDM2A, it was surprising to notice
that a good level of KDM2A expression could be achieved in transformed BL21 cells
upon 3 hr induction with 05 ml of 1 M IPTG (Isopropyl PB-D-1-

thiogalactopyranoside) per 0.5 L cell culture (Rob Klose, personal communication).

A double affinity purification protocol routinely used in our laboratory involves
firstly the application of the extracted cell lysate to a 0.5 ml Ni-NTA resin column
and elution at 250 mM imidazole concentration (Figure 3.3A). A pool of the eluted
fractions is subsequently loaded onto an equivalent size StrepTactin resin column.
The Ni-NTA resin has the advantage of providing high recombinant protein binding

capacity and is particularly suitable for the initial protein “capturing” stage.
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However, a number of histidine-rich or metal-chelating bacteria proteins are
notoriously found in Ni-NTA elutions and can affect the overall purity of the
recombinant protein (Bolanos-Garcia and Davies, 2006). Therefore a subsequent
protein “polishing” step using the StrepTactin resin, which displays much higher

recombinant protein binding selectivity, is required.

Despite the high level of protein expression observed, early attempts to purify full
length recombinant KDM2A by applying the double affinity protocol were
unsuccessful. Indeed, fractions eluted from the Ni-NTA column failed to bind to the
following StrepTactin resin with most of the KDM2A protein carried over in the
flow through (Rob Klose, personal communication). As StrepTactin resin is
designed for protein purification under physiological condition, the buffers
employed should not disrupt tag-resin interaction. Instead, loss of binding can
occur if the C-terminal tag is physically inaccessible due to spontaneous folding of
this protein end. Alternatively, the tag could be absent as a result of early protein

synthesis termination or post-translational proteolytic cleavage.

In the absence of any structural information regarding potential folding features at
KDM2A C-terminal end, it is difficult to rationally engineer a functional affinity tag.
Instead, a series of C-terminally-truncated versions of the original construct was
cloned, expressed and extracted from transformed BL21 cells in order to
systematically determine the largest functional C-terminal Strep |l tagged-

construct that could be obtained under the prokaryotic expression system. After

136



multiple trials, a 747 aa construct, named KDM2A6 and containing the JmjC, CXXC
and PHD domains but lacking the F-box C-terminal region (Figure 3.3C), was
observed to stably interact with the StrepTactin resin and elute in the presence of
2.5 mM desthiobiotin, a binding competitor of the Strep Il tag (Figure 3.3B).
Quantitative assessment of the proteins eluted from the StrepTactin column via
Bradford assay at OD 595 nm provided an estimation of the average protein yield

to be around 0.5 mg per litre of cell culture.

Because the construct described above includes both the catalytic domain and the
putative DNA/chromatin binding modules, it represented the best attainable
candidate for subsequent enzymatic activity and chromatin binding analysis. The
KDM2AG6 version is hereafter considered as the “WT” protein and all the mutant
species characterised in this study were derived from this specific construct (Table

1).
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Figure 3.3 — Purification of KDM2A6

(A) Double affinity purification of KDM2A6 expressed in BL21 cells involves first
capturing by Ni-NTA column followed by StrepTactin resin-based polishing. The
concentrations of the respective binding competitors imidazole and desthiobiotin
used during wash and elution stages are indicated. A detailed description of the
double-affinity purification protocol used is given in section 2.8 of Materials and
Methods. (B) Coomassie stained 8% SDS-PAGE showing a number of elutions
derived from the StrepTactin column. An estimated over 80% pure recombinant
KDM2A can be achieved. The level of recombinant protein purity shown in this
representative gel is consistently observed in more than three repeat purifications
performed in this study for KDM2A6. The same level of purity can also be
reproducibly applied to all KDM2A6-derived mutant proteins. FT, flow through. (C)
Schematic illustrating the conserved JmjC, CXXC and PHD domains in KDM2A6.
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KDM2A6 removes H3K36 mono- and di-methylation from

histones in vitro

To verify that the KDM2A6 construct described above is indeed a bona fide WT
enzyme, an in vitro activity assay was carried out in the presence of both calf
thymus-derived and synthetically modified H3 histones carrying all three H3K36
methylation states under previously published demethylase assay conditions
(Tsukada et al., 2005). The resulting product of the enzymatic reaction was probed
with antibodies specific for non-methylated, H3K36mel, H3K36me2 and
H3K36me3 histones and visualised by Western blotting. In agreement with
previously published data, the presence of 2.5 pg of KDM2A6 caused complete
depletion of H3K36mel and H3K36me2 state in 0.5 pug of both calf thymus and
synthetically derived H3 histones (Figure 3.4). However, probing of the same
reaction products using H3K36me3-specific antibody failed to generate detectable
chemiluminescent signal, even in the control demethylase reactions where
KDM2A6 was absent. In a number of replicate experiments, inconsistent results
were observed with the above batch of H3K36me3-specific antibody (data not
shown). Owing to a lack of reproducible results for the H3K36me3-specific blot, it is
not possible in this experiment to evaluate KDM2A6 activity towards H3K36me3
substrates. Therefore although published results indicate the specificity of this
enzyme towards mono and di-methylated forms of H3K36, the experiments here

do not unequivocally demonstrate the specificity of my enzyme preparation
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towards these substrates. This could be more rigorously addressed using
alternative more direct measurements of the reaction products, for example by

using mass spectrometry based analysis of H3K36 methylation.
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Figure 3.4 — KDM2A6 removes H3K36mel and H3K36me2 from calf thymus and
recombinant histones

(A) Demethylation by the JmjC domain occurs via a hydroxylation reaction that
requires Fe(ll) and a-KG as cofactors and generates formaldehyde as by-product. (B)
Recombinant KDM2A6 was incubated with either calf thymus (CT) extracted or
synthetically mono-, di- and tri- H3K36 methylated histones in the presence of the
cofactors. The reaction was allowed to proceed for three hours at 37°C to ensure
saturation of the enzymatic product, which can then be separated on SDS-PAGE
and analysed by Western blotting. (C) The modified histones were probed using
antibodies specific for K36me1 (first gel from the top), K36me2 (second gel) and
K36me3 (third gel) modified and all methyl state (bottom gel) H3 histones. The
H3K36me3-specific antibody failed to generate any signal. The assay was repeated
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more than three times with inconsistent results with respect to the effects on
H3K36me3. Therefore, this experiment is not informative with regard to KDM2A6
activity towards H3K36me3 substrates. Consequently, its expected specificity
towards mono and di-methylated substrates cannot be commented on. It can also
be noted that signal intensities from the H3K36me2-specific antibody are different
between reactions containing calf thymus histones or synthetically di-H3K36
methylated histones in the respective no-enzyme control lanes. This is possibly due
to discrepancies in the amount of H3K36me2-modified histone estimated for the
two substrates.

Western blotting is a method that is inherently dependent on the quality of the
antibodies used and can provide only a semi-quantitative readout of KDM2A
demethylase activity. An alternative, more quantitative measurement of
demethylase activity is through detection of formaldehyde that accumulates over
time, as the level of release of this by-product is stochiometrically related to the
number of methyl groups removed (Figure 3.4A). Previous detection of
formaldehyde has relied on labelling of the histone methyl group with radioactive
isotopes like 3[H] which is transferred to the formaldehyde molecule as a
consequence of demethylation (Tsukada et al., 2005). Recently, a radioisotope-
independent assay for the detection of formaldehyde in solution has been
developed which takes advantage of the formaldehyde dehydrogenase (FDH)
enzyme (Lizcano et al., 2000). This protein converts formaldehyde to formic acid in
a NAD' dependent manner. As NAD® is reduced to NADH, the latter can be

measured fluorometrically at OD 340nm (Figure 3.5A).
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Recombinant FDH proteins derived from the P. putida strain of bacteria are
commercially available but are expensive and impure. The molecular size of full
length FDH protein (approximately 42 kDa) makes it well suited for cloning into the
previously utilised pNIC28 vector and expression by BL21 cells. The construct was
engineered to carry an N-terminal 6xHis tag, enabling purification via Ni-NTA
chromatography (Fig 3.5B and C). The purity of the Ni-NTA collected fractions was
further refined by subjecting the protein sample to a 1 ml Mono Q anion exchange
column, following which a single protein species of the expected molecular weight

was observed (Figure 3.5B and D).
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Figure 3.5 — Formaldehyde dehydrogenase (FDH)-coupled demethylase assay

(A) FDH converts formaldehyde generated from the demethylation reaction to
formic acid by reducing NAD" to NADH. The latter can be spectrophotometrically
measured at OD 340 nm. (B) Recombinant FDH expressed in BL21 cells was first
isolated via Ni-NTA column followed by an ion exchange (Mono Q) polishing step.
The concentration of imidazole in the wash and elution stage of Ni-NTA
purification is indicated. The salt gradient applied in the Mono Q and the salt
concentration estimated in FDH elution fractions is indicated. (C) Elevated amounts
of FDH can be expressed and captured by the Ni-NTA resin as evidenced by SDS-
PAGE of the first five elutions. FT, flow through. (D) These were pooled together
and applied to the Mono Q anion-exchange column to obtain single band-pure FDH.
(E) FDH-coupled demethylase assay was carried out in the absence (blue line) and
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presence (green line) of KDM2A6. The same demethylation reaction condition used
for Western blot analysis as detailed in section 2.11 of Materials and Methods was
used. For each reaction, 0.5 ug of calf thymus histones was used as substrate. Red
line corresponds to FDH-dependent NADH fluorescence signal in the presence of
100 mM HCHO. This serves as a positive control for FDH activity. Error bars
correspond to standard errors of the means (SEM) derived from three replicate
assays.

To quantify KDM2A6 activity using the FDH-coupled assay, the same
demethylation reaction conditions described for the above Western blot analysis
(section 2.11 of Materials and Methods) were reproduced. At the end of the
standard 3 hr enzymatic incubation, 0.3 pg of Mono Q-purified FDH protein
together with 6 pl of 5 mM NAD' was added to each reaction. Fluorescent

measurements were taken at 0 min, 20 min, 40 min time points (Figure 3.5E).

It was immediately apparent that despite the purified FDH enzyme being fully
functional, as evidenced by the high fluorescence signal in the presence of
formaldehyde (Figure 3.5E, red line), only a modest increase above background
level of fluorescence signal could be detected when KDM2A6 was present in the
reaction (Figure 3.5E, green line). Importantly, the same degree of fluorescent
signal was observed in the presence of the control enzyme Rph1 (data not shown),
a JmjC domain containing and H3K36me2/me3-specific demethylase from budding
yeast (Klose et al., 2007). Therefore, the weakness of fluorescence signal observed
is unlikely due to poor KDM2A6 demethylase activity. Instead, it is possible that the

amount of formaldehyde accumulated as a by-product of JmjC domain catalysis is
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rather small and probably close to the detection limit of the FDH assay. It was
decided that such sensitivity issues would make comparative analysis between WT
and mutant KDM2A protein activity difficult. Therefore, an alternative system was

required to quantify KDM2A activity with better sensitivity.

KDM2A removes H3K36 methylation from nucleosomes in vitro

As mentioned earlier, methods of measuring demethylase activity-associated
formaldehyde release previously relied on enzymatic *[H]-labelling of the modified
histone lysine residue. A radioactivity-based assay offers two major advantages
over other methods for measuring enzymatic activity in general and H3K36
demethylase activity in particular. Firstly, it provides unparalleled detection
sensitivity making it particularly suited for in vitro assays in which the level of
measured product is limited. Secondly, because the vyeast H3K36
methyltransferase Set2 is able to catalyse the addition of methyl groups exquisitely
in a nucleosomal context (Morris et al., 2005; Strahl et al., 2002), it allows for the
introduction of Set2-modified nucleosome as a more biologically relevant

substrate for testing KDM2A demethylase activity.

To generate recombinant Set2 enzyme, a gift plasmid pCAL-n carrying the S. pombe
full length set2 gene was obtained from Brian Strahl’s laboratory (Morris et al.,

2005). This construct has been previously engineered to contain an N-terminal
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calmodulin-binding peptide (CBP) tag to facilitate extraction via calmodulin (CaM)
affinity resin (Figure 3.6A). CaM interacts with the CBP tag in the presence of Ca**,
a process that occurs naturally in muscle cells from which the CBP tag was
originally derived. Given the stability of the interaction and the fact that Ca* is the
only requirement for binding, the CaM-CBP system is particularly favoured for
purification of recombinant proteins under very mild conditions. Indeed, 2 mM
Ca®* was sufficient to allow CBP-tagged Set2 binding to the CaM resin. The Set2
protein was subsequently eluted off the column by addition of 2 mM Ca** chelating

agent EGTA (Figure 3.6A).

In order to test the histone methyltransferase activity of the purified Set2 and to
titrate the optimal concentration of enzyme to be used, a series of aliquots
containing up to 10 ug of purified Set2 was incubated each with 3 pg of chicken
erythrocyte-derived mononucleosomes in the presence of *[H]-labelled SAM. Any
unincorporated SAM was subsequently dialysed away and the methylated
products were separated by SDS-PAGE. The histones were then visualised by
autoradiography to assess the amount of 3[H]-containing methyl-groups installed
(Figure 3.6B and C). It was observed that 2.5 ug of recombinant Set2 was able to
optimally methylate 3 to 5 ug of chicken nucleosomes. This ratio was maintained
during subsequent scale up reaction to generate methylated nucleosome substrate

for KDM2A activity assay.

146



(A) (B)
Cell lysate
1 Set2

k2 _. -
Calmodulin affinity

Ca2 Unmodified H3K36 methylated
nucleosome nucleosome

Ca0

(€)
Set2
Dotl 1

]
Opg 10 pug

Figure 3.6 — Histone H3K36 methyltransferase assay by recombinant yeast Set2

(A) Recombinant CBP-tagged yeast Set2 expressed in E. coli was captured by CaM
affinity resin in the presence of 2 mM Ca®* and subsequently eluted in the absence
of Ca?*. (B) S. pombe Set2 mediates the installation of all three methylation states
on H3K36 residue specifically in a nucleosomal context (Morris et al., 2005). (C)
Autoradiography of Set2 methylated histone H3 showing Set2 concentration-
dependent increase in methylated H3 substrate. A detailed description of the
methyltransferase assay is given in section 2.11 of Materials and Methods. Dot1 is
an H3K79-specific histone methyltransferase enzyme and is used as a positive
control in the assay here.

To measure KDM2A6 demethylase activity on Set2-labelled nucleosomes, 2.5 ug of
recombinant KDM2A6 was first incubated with 100 kcpm of 3[H]-labelled
nucleosome under the same demethylase assay conditions described before

except for the incubation time, which was reduced to 1 hr (Figure 3.7A). Following
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incubation, the formaldehyde-containing soluble fraction was isolated and

processed for scintillation counting.

In clear contrast to the FDH-coupled assay, a strong °[H] signal was readily
observed when KDM2A6 was present in the reaction, demonstrating that the
enzymatic activity towards H3K36 methylated histone substrates is conserved in a
nucleosomal context (Figure 3.7B). To verify that the observed demethylase
activity is indeed attributable to KDM2A6 and more importantly that such activity
is dependent on an intact JmjC domain, a catalytic mutant construct (KDM2A6
H212A) was generated and its demethylase activity compared to that of the WT
protein (Figure 3.7B and C). Substitution of the first histidine residue, within the
aforementioned His-X-Asp/Glu-X,-His motif that is responsible for Fe(ll)
coordination, induced a significant decrease in KDM2A demethylase activity (Figure
3.7B). Nevertheless, the H212A mutant still retained more than 50% of WT protein
activity suggesting that although its capacity to coordinate Fe(ll) was diminished, it
has not been totally abolished. To investigate further, 0.25 mM of the chelating
agent EDTA was added to the reaction at the time of incubation to sequester free
Fe(ll) ions. As expected, following EDTA addition, the mutant KDM2A lost all
enzymatic activity likely due to its inability to compete for Fe(ll) binding (Figure
3.7B). In contrast, the WT protein still displayed partial demethylase activity. This is
probably due to the binding affinity of the JmjC domain active site being

sufficiently strong to retain Fe(ll) derived from cell culture medium. Preservation of
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Fe(ll) binding is, however, unlikely to occur when the active site is mutated as in

KDM2A6 H212A.
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Figure 3.7 - KDM2A removes H3K36 methylation from nucleosomes in vitro

(A) Recombinant KDM2A6 was incubated together with 3[H]-labelled nucleosomes
in the presence of the cofactors and under the same experimental conditions
described before for Western blot analysis except for the incubation time, which
was limited to 1 hr. The protein components were then precipitated by
trichloroacetic acid (TCA) and the remaining formaldehyde-containing soluble
fraction was processed for scintillation counting. Details of the experimental
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procedure are given in section 2.11 of Materials and Methods. (B) The WT KDM2A
protein displayed strong demethylase activity towards Set2-modified nucleosomes
while the catalytic mutant H212A also retained partial activity. This activity was
however completely abolished in the presence of 0.25 mM EDTA indicating that
the mutation had indeed weakened the capacity to coordinate Fe(ll), which is
essential for catalytic activity. The introduction of a second adjacent mutation,
D214A, led to full ablation of demethylase activity in the absence of EDTA. This
specific demethylase assay in the presence and absence of EDTA was performed
once. (C) Schematic illustrating the main conserved domains in KDM2A6 WT and
catalytic mutant proteins. Each single point mutation is indicated with an asterisk.

To generate a catalytically deficient protein that is completely devoid of any
demethylase activity, a second mutation was introduced on the background of the
H212A mutation to generate KDM2A6 H212A D214A double mutant. When subject
to activity assay, the concomitant substitution of both histidine and aspartate
residues within the Fe(ll)-binding motif resulted into total abrogation of

demethylase activity in the absence of EDTA (Figure 3.7B).
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3.2. KDM2A specifically recognises non-methyl

CpGs through the zinc finger CXXC domain

KDM2A binds preferentially to non-methylated CpG DNA in

vitro

Knowledge of the enzymatic activity does not immediately translate into an
understanding of the protein biology, as additional factors need to be considered,
including the cellular context where the specific activity takes place. Within the
context of the KDM2A protein, the catalytic JmjC domain exists in combination
with highly conserved CXXC and PHD domains that have known DNA or histone-
binding roles in other chromatin enzymes. Each of these domains can potentially

contribute to KDM2A biology.

It was previously reported that, in Hela cells, KDM2A colocalises with HP1 at
heterochromatic regions where it contributes to the maintenance of a repressed
chromatin state (Frescas et al., 2008). Interestingly, it was observed that KDM2A
proteins bearing mutated zinc finger CXXC domains failed to localise to pericentric
heterochromatin suggesting that this putative DNA binding module may target
KDM2A to specific genomic regions in vivo. Considering the well characterised
binding specificity of the CXXC domain for non-methylated CpG DNA observed in

other CXXC-containing proteins like CFP1 (Voo et al., 2000), it was argued that
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KDM2A is likely to recognise via the CXXC domain CGIl sequences within the

heterochromatin domains.

The conclusions from the study described above somewhat conflict with the
generally accepted idea that CGls predominantly associate with open, H3K4me3-
rich, euchromatic regions, typically at the 5 end of genes (lllingworth and Bird,
2009). To reconcile these apparently conflicting observations, an understanding of
the molecular mechanism that mediates KDM2A interaction with DNA s
imperative. Given the correlation between KDM2A genomic loci and CGls, the zinc
finger CXXC domain is an obvious candidate to examine. Therefore, to investigate
the biochemical properties of the CXXC domain in relation to KDM2A targeting
specificity observed in vivo, an in vitro DNA binding assay based on the

electrophoretic mobility shift (EMSA) method was first devised.

Historically, EMSA assays have been extensively used to characterise the affinity of
nucleic acid-interacting proteins for particular nucleotide sequences (Garner and
Revzin, 1981). The method is based on the principle that protein associated-
DNA/RNA complexes migrate slower than free, unbound DNA/RNA probes in a gel.
This migration difference is usually denoted as an upward “shift” of the bound

complex with respect to the free material.

Previous SELEX-based in vitro studies of nucleosome-DNA interaction have
uncovered a number of synthetic DNA sequences that display high nucleosome

positioning capacity (Lowary and Widom, 1998). Interestingly, among those
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oligonucleotides, a particular sequence, named 601, has been noticed to carry 14
CpG dinucleotides within a 147 bp interval (See sequence details in Appendix). The
1.1 obs/exp CpG density and 59% CG content of this artificial sequence is
characteristic of nucleotide features that CGI regions display in vivo (lllingworth
and Bird, 2009). Because of the sequence similarity to CGls, the 601 sequence
represents an ideal probe to test KDM2A binding to these genomic elements in

vitro.

For this purpose, a 147 bp long, non-methylated 601 sequence was end-labelled
with *2[P] and an aliquot corresponding to approximately 5,000 cpm/ul of such
labelled probe was incubated with 2 pg of KDM2AG6 in the presence of 0.25 pg of
poly dAdT. The latter serves as a binding competitor to reduce background noise
associated with non-specific protein-DNA interactions due to the inherent
“stickiness” of the reaction components. Following incubation, any complex
species were separated by native 1.3% agarose gel and an autoradiography was
taken. As shown in Figure 3.8C (Left panel), KDM2AG6 displayed very strong binding
to the 601 DNA evidenced by the formation of a slow migrating DNA-protein
complex (i.e. the shift) and complete depletion of the free DNA probe (bottom of
the gel). Importantly, this interaction is not dependent upon demethylase activity
as evidenced by the fact that the double mutant H212A D214A was as proficient as

the WT protein in binding DNA (3.8B and C, left panel).
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To investigate whether the observed DNA interaction is, as hypothesised, due to
the zinc finger CXXC domain activity, a deletion mutant of this domain (KDM2A6
ACXXC) (Figure 3.8B) was assayed for DNA binding under the same EMSA
conditions. It was observed that, in the absence of the CXXC domain, KDM2A
interaction with the 601 DNA was ablated, in fitting with the initial hypothesis that
the KDM2A CXXC domain acts as a DNA-binding module (Figure 3.8C left panel).
However, it is reasonable to argue that by deleting a significant portion of the
protein, one can potentially undermine its overall structural stability, which may
lead to an indirect loss of function that is not strictly related to the activity exerted
by the deleted region. Instead, site-directed mutagenesis of one or a few key

functional residues is generally preferred to minimise structural influences.

Two previous structural studies of the MLL1 CXXC domain gave a detailed account
of the DNA binding interphase involved in CpG base pair recognition within this
protein domain (Allen et al., 2006; Cierpicki et al., 2009). By referring to these
reports, a sequence alignment analysis of CXXC domains derived from a group of
DNA binding proteins including MLL1 was performed to identify the functionally

equivalent residues that are likely to be conserved in KDM2A (Figure 3.8A).

In the MLL1 CXXC domain, residues R1182 to C1188 are known to form an
extended loop structure that can insert into the major groove of the DNA helix. In
particular, the four residues 11184, K1185, K1186 and Q1187 cooperate to

specifically interrogate two CG pairs mainly through formation of hydrogen bonds
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(Cierpicki et al., 2009). As revealed by the alignment, these key residues were
found to be highly conserved in KDM2A suggesting that they may play a similar

function in this protein.
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Figure 3.8 — KDM2A preferentially binds to non-methylated CpG DNA

(A) Sequence alignment showing the high conservation of the CXXC domain among
previously characterised DNA binding proteins including CFP1, DNMT1, MLL1,
MLL4, MBD1 and TET1. Highlighted in red are the eight cysteines responsible for
the coordination of two zinc ions and serve to dictate the overall fold of the CXXC
domain. In orange are the arginine and aspartate/glutamate that are known to
form together a salt bridge. This interaction is important for the stability of the fold.
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Also shown in blue is the conserved KFGG motif that is believed to induce the turn
observed in the crescent fold. Finally, underlined in green is the DNA binding
interface where the key residues that mediate CG base pair recognition are
indicated with arrows. The K601A mutation has been marked with an asterisk.
TET1 is the only protein in this group whose CXXC domain does not carry DNA
binding activity (Frauer et al., 2011). Indeed, the CG-recognition interface, the salt
bridge and the KFGG motif are all absent. FBXL19 appears to be a product of
KDM2A gene duplication and deletion. It lacks the N-terminal JmjC domain but
carries a fully conserved CXXC domain. (B) Schematic illustrating the KDM2A
constructs whose DNA binding properties were tested by EMSA. Each point
mutation is represented by an asterisk. (C) The identities of the migrating species
in the EMSA gel are illustrated through carton representation on the left. KDM2A6
(yellow oval) WT protein binds strongly to the 601 DNA (short blue thread) in a
CXXC domain dependent fashion since deletion or point mutation of one of the key
binding residues in that domain leads to a complete abrogation of binding. Given
the number of CpGs in the 601 DNA sequence, more than one binding events are
predicted to occur. Indeed, in the lanes corresponding to KDM2A6 WT and H212A
D214A, the lack of any intermediate complex species in the gel is indicative of
saturation of all available binding sites on the 601 DNA probe under the
concentration of KDM2AG6 protein used. Given the CXXC domain specificity for non-
methylated CpGs, this interaction is dependent on the methylation status of the
DNA probe. The DNA probes in the left panel carry non-methylated CpGs while the
ones in the right panel carry methylated CpGs (meCpG). The Coomassie gel
underneath the left panel shows that an equal amount of protein (WT or mutant)
was used in each binding reaction. A detailed description of the EMSA protocol is
given in section 2.10 of Materials and Methods. Detailed sequence of the 147 bp
601 DNA probe is shown in the Appendix. Shown here is a representative of two
replicate assays. (D) A KDM2A construct carrying the CXXC domain alone is
sufficient to mediate DNA binding. The DNA probes used are the same ones in (C).
In the left and right panels, binding to methylated and non-methylated probes are
shown respectively. In this assay three decreasing concentrations of KDM2A CXXC
protein were used. In the right panel, middle lane, corresponding to an
intermediate concentration of KDM2A CXXC, several unsaturated complex species
are visible. In contrast, under saturating concentration of protein (right panel, left
lane), one predominant complex species is seen. Shown here is a representative of
two replicate assays.

One of these residues, K601, the equivalent of K1186 in MLL1, was mutated and its

role in DNA binding tested by EMSA (Figure 3.8B). As shown in figure 3.8C (Left
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panel), alanine substitution of this particular lysine residue led to a complete
abrogation of DNA interaction that is comparable to that observed in the case of a
whole CXXC domain deletion. Importantly, because K601 is not involved in
determining the overall folding of the CXXC domain (Allen et al., 2006), the lack of

DNA binding observed is not a consequence of change in domain structure.

In light of this result, it is reasonable to conclude that, at least in vitro, KDM2A
binding to DNA is mediated by the CXXC domain, in particular the K601 residue
that plays an essential role in CpG recognition. In further support of this finding,
CpG methylation of the 601 DNA probe by the E. coli DNA methyltransferase
M.Sssl prevents DNA binding by all KDM2A constructs tested (Figure 3.8C, right
panel). Moreover, EMSA assays using a KDM2A construct that carries only the
CXXC domain indicate that this domain alone is sufficient for DNA binding and

other protein domains are unlikely to participate in this interaction (Figure 3.8D).

In a compartmentalised cellular environment, the targeting mechanism of an
enzyme directly determines its local concentration at a given genomic locus. This in
turn, together with the local availability of the preferred target substrate, can
influence the biological outcome of the enzyme activity. Therefore, having
established the function of KDM2A CXXC domain in DNA recognition, it was
important to assess whether such binding is necessary for KDM2A demethylase

activity in a chromatin context.
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Using the previously described radioactivity-based formaldehyde release assay, the
effect of the CXXC domain function on JmjC-mediated demethylase activity was
assessed in the presence of Set2-methylated nucleosomes. Interestingly, both
deletion and mutation of the CXXC domain (Figure 3.9A) induced a decrease in
demethylase activity although in different measures (Figure 3.9B). While the K601A
mutant retained much of the original catalytic activity, deletion of the CXXC
domain caused an approximately 80% fall in JmjC activity. Thus the data appears to
suggest that a functional CXXC domain does contribute to an efficient demethylase
activity in KDM2A. This outcome was unexpected considering that large amounts
of enzyme were used in the demethylase reaction. Moreover, as the assay
conditions are set to measure the final amount of formaldehyde accumulated at
the endpoint of the reaction, the assay does not provide information regarding its
kinetics. It is therefore possible that the observed effect of the CXXC domain may
not be related to a deficiency of the ImjC catalytic activity per se but instead due to
a decrease in the rate of formaldehyde accumulation (e.g. because of weaker
substrate interaction). Also, given the discrepancies in activity observed between
CXXC deletion and point mutation mutants, the contribution of the CXXC domain
to demethylation may not be simply limited to substrate binding. In conclusion, the
exact nature of the relationship between CXXC domain DNA binding and JmjC

histone demethylase activity need to be further investigated.

158



(A) (B)

5 20000
—’_I- = KDM2A6 WT z

2 15000

®

o

g
—»—I- mmm  KDM2A6 H212A D214A g 10000

z

3

3 5000

£
| ) 2 | KDM2A6 ACXXC Qo

z 0 P

= @ S © ¥

& P

&
_’_H- L} KDM2A6 K601A L '\,\’)’v
Q

Coomassie gel ™ % g =

6xHis Strep Il

. JmjC I CXXC PHD

Figure 3.9 — Efficient KDM2A demethylase activity is dependent on a functional
CXXC domain

(A) Schematic illustrating the KDM2A constructs used to test for CXXC domain
contribution to demethylase activity. An asterisk represents each point mutation.
(B) The same experimental conditions as in Figure 3.7B were applied here, except
for a fresh batch of Set2-labelled nucleosomes was used as substrate. Although the
same amount of substrate in terms of [H] radioactivity (cpm) is controlled for each
reaction, the absolute formaldehyde radioactivity measured in the presence of WT
KDM2A is higher in Figure 3.9B than in Figure 3.7B. We have noticed similar
absolute differences in formaldehyde release in these types of experiments
previously and this is generally related to the efficiency of formaldehyde extraction
which is dependent on the freshness of the conversion reagent or the efficiency
with which the substrate has been labelled by the Set2 enzyme. Therefore,
absolute values between replicate assays with different batches of labelled
substrate may not be comparable in absolute radioactive formaldehyde release
(cpm). However, values between constructs within the same assay are comparable.
K601A mutation of the CXXC domain partially affected demethylase activity while
complete removal of this domain drastically reduced the capacity to demethylate
nucleosomes. H212A D214A serves as a negative control for the demethylase assay
here. The Coomassie gel underneath the graph shows that an equal amount of
protein (WT or mutant) was used in each demethylase reaction. Error bars
correspond to standard errors of the means (SEM) derived from two replicate
assays.
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Quantification of KDM2A CXXC domain binding affinity by

surface plasmon resonance

A variety of biophysical tools exist nowadays to examine DNA-protein interaction
(Dey et al., 2012). One of the relatively recent techniques that allow real time
measurement of protein binding affinity and kinetics is surface plasmon resonance

(SPR).

The underlying physical principle of SPR is rather complex (Figure 3.10) (Schasfoort
and Tudos, 2008). In brief, when a beam of polarised light that travels through a
medium of high refractive index (e.g. a prism) encounters a medium of low
refractive index, it is totally reflected, a phenomenon known as total internal
reflection. However, the electromagnetic field component of the light can still
penetrate over a short distance into the low reflective medium generating an
evanescent wave whose intensity attenuates exponentially as it propagates away
(approx. 300 nm) from the interphase. When a thin layer of noble metal (e.g. gold)
is inserted at this interface, the electron oscillations, also known as plasmons, of
the metal conductor can be coupled (i.e. resonate) with that of the photons of the
polarised light to enhance the intensity of the evanescent wave. This phenomenon
is known as surface plasmon resonance. Importantly, this resonance results in a
loss of energy so that not the entire incident light is reflected now. Such reduction

in reflected light intensity is greatest at a specific incident angle, denoted as 6.
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Figure 3.10 — Surface plasmon resonance

The physical principle of SPR and its general application for measuring DNA-protein
interaction is illustrated here. A detailed description is presented in the main text.
The green filled circles represent the ligand while the orange-coloured “C” shapes
represent the analyte.

In practical application, the face of the metal film that is in contact with the low
refractive medium forms the ceiling of a sensor chip chamber. This surface is
usually pre-coated with streptavidin to allow immobilisation of biotinylated DNA
probe (referred as the ligand). The DNA-binding protein (referred as the analyte) is
injected into the buffer that constantly flows over the DNA coated surface. As

DNA-protein complexes form and accumulate at the surface, the increase in the
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local concentration of molecules results in an increase of the refractive index,
which is registered as a change of the 8 angle by the photo-detector. This is
normally measured in resonance units (RUs). As this change is monitored in real
time, the shift in RUs can be plotted against time to generate a sensorgram (Figure

3.11).

SPR is a particularly useful technique for determining DNA-protein binding affinity
and kinetics. In particular, by injecting a dilution series of the analyte and by
measuring the level of binding at equilibrium for each analyte concentration, the
affinity constant can be calculated using the Langmuir binding isotherm

(Schasfoort and Tudos, 2008).
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Figure 3.11 — Sensorgram of KDM2A binding to the DNA probe

A typical plot of KDM2A association and dissociation curves when interacting with
the 1CG or 6CG DNA probe. A dilution series of KDM2A6 WT input sample ranging
from 187.5 nM to 3000 nM was used for each experimental run. Sample injection
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and wash time points are indicated, as well as the association and dissociation
phases of binding.

In order to measure the binding affinity of KDM2A in relation to CpG-containing
DNA, a 75 bp random sequence of DNA was designed to contain either one or six
equal distant CpGs (1CG or 6CG) (See the Appendix for sequence details). A stock
of ssDNA of each of these two probes was chemically synthesised and converted to
dsDNA through Klenow extension using a biotinylated version of the M13 reverse
primer. Saturating amount of each of the two dsDNA probes was then applied to
the streptavidin-coated surface of a single flow cell in the SPR sensor chip. A
separate DNA probe derived from the same 75 bp sequence which contains no
CpGs was also included in a third flow cell to serve as a control for background
noise (i.e. non-specific protein-DNA interactions). Unbound DNA probes were
flushed away with running buffer. Upon injection of KDM2A6 into the flow cell
chambers, a 240 s time lag was set before the protein was allowed to dissociate by
flooding the chambers with running buffer (Figure 3.11). This was designed to
allow for an equilibrium binding state to be reached. For the purpose of this study,
a full experimental run is defined as five consecutive association and dissociation
cycles where dilution concentrations of KDM2A6 ranging from 187.5 nM up to
3000 nM were individually applied, each in the presence of 100 ng/ul of the non-
specific binding competitor dAdT. Given the intensity of the binding measured at

equilibrium in RU (calculated as the difference between the RU in the binding flow
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cell, i.e. 1CG or 6CG, and the RU in the OCG control flow cell) and the known
concentration of the input analyte, the affinity constant was calculated using the

default Biacore evaluation program in the form of Kp (dissociation constant).

The obtained Kp values for both 1CG and 6CG probes were 0.64 uM and 0.56 pM
respectively, which is slightly higher than the previously published Ky for the MLL1
CXXC domain (Figure 3.12A and B) (Birke et al., 2002). Whether this truly reflects a
difference in binding affinity inherent to the two constructs would need to be
further evaluated. Initially this could be achieved by repeating the experiment for

KDM2A CXXC and MLL1 CXXC proteins under the same assay conditions.

According to a one to one binding model, at equilibrium state, the number of
binding sites available (i.e. whether 1CG or 6CG probe is used) does not affect the
Kp, which is an indication of the strength of the interaction and not a measurement
of the number of bound analyte (which is instead given by the RU value). Structural
data shows that a single CXXC domain interacts with one single CpG in a one to one
relationship (Cierpicki et al., 2009). It is therefore expected that the Kp measured

for KDM2A, whether exposed to 1 CpG or 6 CpGs, would remain the same.

Indeed, the absolute RU measured at each KDM2A6 concentration for the 6CG
probe is higher than in the 1CG probe indicating that more KDM2A proteins are
bound to the 6CG DNA than the 1CG equivalent. However, the close similarity
between the 1CG and 6CG affinity values suggest that KDM2A interaction with CpG

DNA is consistent with the Langmuir model of a monovalent analyte where each
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binding event is independent as opposed to cooperative (Schasfoort and Tudos,

2008).
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Figure 3.12 — Kp measurement of KDM2A determined by SPR

(A) The Kp value of KDM2A6 binding affinity for the 1 CpG containing probe was
determined by SPR. The graph shows non-linear fitting (in red) of the absorption
values (in RU) at equilibrium with the Langmuir binding isotherm. The point of
intercept between the vertical line and the curve represents the Kp. Data is from
one representative experiment of two replicate assays. (B) The same measurement
was performed as in (A) in relation to the DNA probe carrying 6 CpGs. Data is from
one representative experiment of two replicate assays.
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3.3. Discussion

KDM2A displays mono- and di-methylated H3K36 demethylase

activity against both free histones and chromatin

The baculovirus-based expression vector system is suitable for large scale
production of mammalian recombinant proteins (Jarvis, 2009) as the insect protein
synthesis machinery has evolved to efficiently process large molecular weight
proteins carrying complex post-translational modifications. However, like any
other cell-based expression system, the recombinant protein is inevitably subject
to a variable degree of degradation. Depending on the extent of interference to
normal cell biology, in some proteins this degradation can be rather severe. Indeed,
overexpression of KDM2A was observed to cause early stage cell toxicity that
cannot be attributed to baculovirus infection alone. A large proportion of

expressed KDM2A protein in Sf9 insect cells was found in the degraded form.

Alternative attempts to generate full length recombinant KDM2A in bacteria were
also undermined by the inefficiency of the prokaryotic system to synthesise and
post-translationally modify large molecular weight proteins like KDM2A. Due to
such limitations, only a truncated version of the full length KDM2A protein,
KDM2A6, was amenable to expression and double affinity purification. Luckily,

KDM2AG6 includes the three domains, JmjC, CXXC and PHD that are the focus of this
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functional study. Instead, the omitting C-terminal F-box is beyond the scope of the

current investigation.

In this chapter the demethylase activity and substrate specificity of recombinant
KDM2A was evaluated in vitro using three different methods. Western blot analysis
of KDM2A activity in the presence of endogenous purified or recombinant histone
proteins indicate an enzymatic function towards mono- and di-methylated H3K36
in agreement with both previous in vitro and in vivo observations (Tsukada et al.,
2005). However, due to the inconsistency of the H3K36me3 signal, it is not possible
on this occasion to comment on KDM2A capacity to act also on the tri-methylated
substrate or whether the enzyme is only specific towards mono and di-methylated
forms. In these assays, it is important to note that Western blotting is only suitable
as qualitative readout of enzymatic activity and its utility is further hampered by a
reliance on the quality of the antibodies employed. This makes it difficult to use as
a means for quantitative analysis for enzymatic activity. Future experiments using
mass spectrometry to assess KDM2A demethylase activity on differentially
methylated H3 histone tail peptides will be better suited in clarifying the substrate
specificity of this enzyme and for experiments designed to measure time

dependent reaction rates.

A FDH-mediated fluorometric assay was recently developed for the detection of
methylamine deamination reactions (Lizcano et al., 2000). As formaldehyde is also

the by-product of JmjC domain catalysed reaction, the assay was believed to
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provide an attractive, radioisotope-independent method of measuring
demethylase activity. It was however observed that the rate-limiting step in this
enzyme-coupled assay is the JmjC mediated release of formaldehyde. Considering
the limited recombinant input material, in this study the FDH assay did not provide
sufficient sensitivity to distinguish KDM2A-dependent enzymatic activity above
background noise. Nonetheless, given KDM2A binding capability towards
chromatin (illustrated in chapter 4), it would be interesting to compare KDM2A
activity towards Set2-methylated nucleosomes as opposed to calf thymus histones
under the FDH assay condition. Previous work suggests that KDM2A is active on
core histones, mono and oligo-nucleosomes with no apparent substrate
preference but this observation was dependent on semi-quantitative Western
blotting results (Tsukada et al., 2005). A better alternative would be to
guantitatively measure KDM2A activity towards non-radiolabeled, Set2 only-
modified recombinant nucleosomes. However, at the time the FDH assay was
carried out in this study, the procedure for the in vitro reconstitution of
nucleosome was still under optimisation and the efficiency of Set2 methylation on
recombinant nucleosomes also remained to be tested. In the future, the FDH assay
will be applied to Set2-methylated recombinant nucleosomes to investigate any

enzymatic preference for chromatin substrates.

One of the most sensitive methods for measuring enzymatic activity involves
labelling of the substrate molecule with radioisotopes. In many instances, these

biomolecules cannot be chemically synthesised and enzyme-mediated installation
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is the most convenient and straightforward way. To specifically methylate K36
residue on histone H3, recombinant yeast Set2 was used (Morris et al., 2005). Set2
is only enzymatically active on nucleosome substrate so this also provides a good

opportunity to test KDM2A activity on chromatin.

KDM2A was observed to readily demethylate Set2-methylated nucleosomes and
this activity was dependent on a functional JmjC domain. However, because the
yeast Set2, in contrast to the human homolog SETD2, deposits all three
methylation states on histone H3K36 residue (Youdell et al., 2008), the observed
radioactivity is a reflection of the total demethylase activity on all available H3K36
substrates. In order to discriminate between each methylation state, Western blot
analysis of the demethylated nucleosome products using methylation state-

specific antibodies would be required.

Previous data indicate that H3K36me3 is refractory to KDM2A demethylase activity
but the molecular basis for such selectivity between the di- and tri-methylated
states remains to be defined. In the absence of any structural information of the
KDM2A JmjC domain in complex with its histone substrate, studies aimed at
understanding the substrate selectivity were limited to primary sequence
comparisons with closely related JmjC demethylases. For example, recent
alignment of the catalytic cores from KDM2A and KDMA4A, for which structural data
is available, revealed no apparent sequence conservation except for the region

that is predicted to mediate methyl-lysine recognition in KDMA4A (Chen et al., 2006).
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However, KDM4A displays only weak affinity for H3K36me2 while it mainly targets
H3K36me3. Whether due to a lack of affinity or an incompatible binding pocket, it
seems that the structural basis for discrimination between di-and tri-methylation is

rather subtle and further structural data is needed to uncover it.

KDMZ2A binds preferentially to CpG DNA via the CXXC domain

Recent in vivo studies of KDM2A function suggested preferential targeting to CpG-
rich sequences where the zinc finger CXXC domain was hypothesised to mediate
DNA binding (Frescas et al., 2008). In this study, using sequence defined CGl-like
DNA probes and EMSA assays, the DNA binding function of the CXXC domain in
KDM2A was for the first time confirmed. Like other CXXC domains, the KDM2A
CXXC domain displays specific affinity for non-methylated CpG dinucleotides.
Importantly, sequence alignment with previously characterised CXXC domains and
site-directed mutagenesis has revealed the K601 residue in this domain to play an

essential role in mediating CpG recognition.

Interestingly, it was observed that, at least in vitro, the efficiency of KDM2A
demethylase activity appears to be dependent on a functional CXXC domain as
both CXXC deletion and point mutant proteins displayed marked reduction in
catalytic activity. It is possible that CXXC-mediated DNA binding may facilitate

targeting of KDM2A demethylase activity towards a nucleosomal substrate. This

170



would be in agreement with the ability of KDM2A CXXC domain to interact with
non-methylated CpG-containing linker DNA as evidenced in chapter 4. Indeed, the
chicken erythrocyte-derived mononucleosomes used for Set2 methylation were
previously isolated using partial MNase digestion and are expected to carry varying
length of linker DNA (between 5 to 55 bp) (Rob Klose, personal communication).
Importantly, the CXXC domain contribution may not affect the capability per se of
KDM2A to remove H3K36 methylation from nucleosomes but instead improve the
rate at which demethylation occurs (e.g. as a result of a more stable enzyme-
substrate interaction). In chapter 4, KDM2A CXXC domain has been shown to
preferentially interact with the 216 bp recombinant nucleosome as opposed to the
shorter, linker-less 147 bp form. It would be therefore interesting to evaluate
KDM2A demethylase activity towards these two different chromatin substrates
using the Set2 methylation system described. Moreover, to measure potential
effects on the rate of the reaction, a time-course experiment comparing WT and

CXXC-deficient enzymes will be required.

On the other hand, the above result is somewhat surprising considering that in a
simple artificial in vitro setting designed to measure enzymatic equilibrium end
point with large amounts of enzyme, the probability of enzyme-substrate
interaction should be very high due to molecular crowding even in the absence of a
specific targeting mechanism. Nonetheless, initial enzyme titration experiments
with both WT and CXXC mutant proteins confirmed the necessity of a functional

DNA targeting module for efficient demethylation to occur (data not shown). This
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is further supported by the fact that addition of the non-specific endonuclease
benzonase in the demethylase reaction severely affected activity of all KDM2A

constructs tested (data not shown).

Because it was observed that deletion of the CXXC domain induces a more severe
deficiency than K601A point mutation alone, it can be argued that some sort of
structural element is also likely to be involved. Supporting structural data is
required to evaluate whether DNA binding by the CXXC domain induces any
conformational change in adjacent protein regions that may affect the way the

JmjC active site engages its histone substrate.

In a compartmentalised cellular environment, the DNA binding activity of the CXXC
domain is likely to be essential for controlling local KDM2A concentration and
directing its demethylase function to presumed target foci of non-methylated DNA
where the specific demethylase activity is required. Indeed, recent IF and ChIP
experiments in the laboratory showed the CXXC domain to be required for KDM2A
targeting to non-methylated CGls in mouse ES cells (Blackledge et al., 2010). By
applying genome-wide ChlIP sequencing analysis, it was also demonstrated that
KDM2A presents a much broader genome coverage than suggested by previous
literature and its localisation correlates almost perfectly with sites of CGls

(Blackledge et al., 2010).
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KDMZ2A is a monovalent DNA-binding protein

Finally in this chapter, the affinity strength of the CXXC domain in relation to one
or multiple CpG sites was measured in real time by SPR. In both instances, KDM2A
was observed to display a binding affinity that is slightly higher than previously
published value for the MLL1 CXXC domain (33 nM Kp) (Birke et al., 2002). There
are several confounding factors that may lead to the observed discrepancy. Firstly,
the difference could be partly inherent to the two constructs. Sequence alignment
suggests a high conservation of the key residues responsible for domain folding
and base-specific recognition exists between KDM2A CXXC and MLL1 CXXC.
However, the protein sequence outside the CG-interacting region is much less
conserved, although structural data indicate that these amino acids also contribute
to the overall stability of the binding (Cierpicki et al., 2009). Secondly, the DNA
probes used in the SPR assays are different. Although the presence of non-
methylated CpG is the only requirement for CXXC-DNA interaction, it cannot be
excluded that binding affinity may vary according to the surrounding DNA
sequence context. Thirdly, the methods used to derive the Kp values are different.
The MLL1 CXXC Kp was calculated from the ratio of dissociation rate (ko) and the
association rate (kon) by applying kinetic measurements. Conversely, the KDM2A
CXXC Kp was directly derived in this study from measurements of the binding
affinity at equilibrium state for a series of analyte concentrations. Data collected

for binding kinetic analysis (i.e. on/off rates) are different from those measured at
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equilibrium end points since different experimental settings apply. Also, the two
strategies are prone to different sources of artefact (e.g. mass transport limit as
opposed to erroneous estimate of active ligand concentration) (Schasfoort and
Tudos, 2008). Lastly, the MLL1 CXXC construct used in the published study carries a
relatively bulky GST (glutathione S-transferase) tag (Birke et al., 2002). The GST
protein has the ability to form homodimers (Parker et al., 1990). Therefore, it is
possible that the Kp calculated for MLL1 CXXC is actually the result of a bivalent
binding event, which is not comparable to the monovalent model proposed for

KDM2A CXXC in this study.

Since KDM2A preferentially localises at CGls in vivo, and given that CGls by
definition are characterised by elevated CpG density, it is reasonable to speculate
that a positive cooperative binding mode may apply where a successful binding
event by one KDM2A molecule favours adjacent binding events by additional
KDM2A molecules until saturation of all local binding sites or depletion of the pool
of KDM2A molecules is reached. The SPR data presented here indicate that this is
not the case since KDM2A binds to a stretch of DNA with equal affinity whether it
contains one or multiple CpG sites. This observation suggests that, instead of a
cooperative model, it is likely that a single KDM2A molecule interacts with a single
CpG pair in a monovalent fashion where each binding event is independent.
Cooperative DNA binding is characteristic of certain transcription factors where
interaction among the activator/co-activator pairs leads to synergistic induction of

target gene promoter activity (Goto et al., 2002). It is tempting to speculate, given
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the binding behaviour, that KDM2A may not display transcription factor-like
function, where fast mobilisation to defined genomic targets and tight regulation
of local concentration is required. Instead, a basal but constant activity associated
with genome-wide chromatin maintenance function may be better applied to
KDM2A. However, it might be too simplistic to conclude that the in vivo
distribution of this protein is only a reflection of CpG density (i.e. the higher the
number of CpGs, the more KDM2A localise to the region), as one would predict
from the monovalent binding model. As discussed in chapter 4, additional factors

in the genome are likely to be at play.

One limitation of the SPR assay is the fact that no information can be deduced with
regard to the number of analyte that is bound to each ligand. Previous DNase |
footprinting analysis using the MLL1 CXXC domain indicates that this domain can
protect up to two nucleotides on each side of the bound CpG (i.e. a 6 bp footprint)
(Birke et al., 2002). Considering that the CpGs in the 6CG DNA probe are equally
separated by seven nucleotides, it is expected that up to six KDM2A molecules
could be bound simultaneously to a single 6CG ligand. However, due to possible
steric hindrance effect derived from protein domains adjacent to the CXXC region
in KDM2A and in the absence of information about the structural relationship
between different domains in this protein, the actual number of KDM2A molecule
that can bind at the same time to a single 6CG probe will need to be determined

empirically in future studies via DNase | footprinting assay.
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4. Chapter Four — KDM2A chromatin

binding specificity

4.1. Assembly of recombinant chromatin by the

salt dilution method

Chromatin exists under different forms. As mentioned earlier, at gross level,
euchromatin and heterochromatin domains can be distinguished across the
eukaryotic genome displaying contrasting structural properties that are known to
impact on local protein accessibility and diffusion rate. In chapter 3, by creating a
purposely simplified in vitro context, the CXXC domain was shown to be the main
DNA targeting module in KDM2A. However, in vivo, depending on the nature of the
local chromatin environment, restrictions are likely to be present that may limit
how the KDM2A CXXC domain interacts with local DNA sequences. Although recent
studies have uncovered at atomic detail the precise interactions between the CXXC
domain and a CpG-containing DNA substrate (Allen et al., 2006; Cierpicki et al.,
2009), these structural data do not provide information in relation to the
mechanism by which such DNA binding occurs in a chromatin context. To

understand how different chromatin states influence KDM2A interaction with
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binding sites, a detailed knowledge of how the KDM2A CXXC domain interfaces

with a strand of DNA packaged within a nucleosome is essential.

This chapter is aimed at addressing the above question by taking advantage of a
completely recombinant in vitro chromatin binding system. By introducing
chromatin substrates with defined properties, their mode of interaction with
KDM2A was examined. A detailed account of the in vitro chromatin assembly
process is given in the first part of the chapter followed by presentation of KDM2A

chromatin binding data.

Purification of recombinant Taq DNA polymerase

Over recent years, a number of biochemical tools were developed to enable the in
vitro assembly of recombinant chromatin complexes that recapitulate the
physiological chromatin template on which gene regulatory activities take place.
The importance of these studies is evidenced by the achievement of the first fine
map detailing histone-DNA interactions occurring within the nucleosomal core

(Luger et al., 1997a).

The in vitro system used in our study is based on the salt dialysis gradient
reconstitution method first pioneered around the same time when nucleosomes
were first discovered (Oudet et al., 1975). The principle of the salt dialysis method

relies on the fact that H2A/H2B dimers and H3/H4 tetramers form a stable
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octameric complex at high salt concentrations (Luger et al., 1999). By progressively
dialysing the salt away, octamers can be gently dissociated back into tetramers and
dimers. If a DNA template is introduced, by exploiting the differential affinity of the
DNA molecule for H3/H4 tetramer and H2A/H2B dimer at specific salt
concentrations, the dissociated octamer can be stepwise transferred and
reassembled onto the DNA template. If the reconstitution reaction is small enough,
the salt dilution gradient can be substituted with a series of discrete dilution steps

without compromising the final efficiency of the reconstitution.

Prior to setting up chromatin reconstitution reactions, all necessary recombinant
DNA and histone constituents were first individually generated and purified in this
study. Given the strong nucleosome positioning property of the previously
described synthetic 601 DNA sequence, it represented the ideal template for in
vitro nucleosome reconstitution. Initially, a gift plasmid pGEM3Z carrying the 601
sequence was obtained from Jonathan Widom’s laboratory. By applying traditional
PCR using a custom primer pair, a 147 bp long 601 DNA was synthesised. However,
due to the high cost associated with setting up large-scale PCR reactions, use of
commercially derived Tag DNA polymerase (Taq Pol) was not economically
affordable. Therefore, in order to express recombinant Tag polymerase in the
laboratory, a gift plasmid carrying the tag gene from T. aquaticus was obtained

from Dr Adele Marston and expressed in E. coli.
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The thermal resistant property of Tag Pol can be exploited for its easy isolation
from the pool of host cell proteins (Lawyer et al., 1993). Indeed, following gentle
overnight expression, the Taqg Pol containing cell lysate was incubated at 75°C for 1
hr to induce precipitation of all endogenous bacterial proteins that become
denatured at such high temperature. Following centrifugation, the Taq Pol-rich
supernatant part could then be collected (Figure 4.1A). Given the high affinity of
the Taqg Pol active site for DNA substrates, a notorious challenge in recombinant
Taq Pol purification is the presence of contaminating host genomic and plasmid
DNA. Although total removal of these contaminants is often difficult and
nonessential, large amounts of residual DNA can potentially affect the efficiency
and purity of subsequent PCR products. Therefore, to remove any DNA molecules
from the Taq Pol sample, a rapid biphasic extraction method was utilised which
exploits the relative insolubility of DNA in ethanol. Consequently, DNA
contaminants were trapped in a lower aqueous phase while the Taq Pol protein

was retained in the upper salt-saturated organic phase (Louwrier, 1999).
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Figure 4.1 — Purification of Taq DNA polymerase

(A) Recombinant Tag Pol was expressed in BL21 cells overnight. The derived cell
lysate was heated to 75°C to precipitate all host cell proteins. The remaining
supernatant was treated with ammonium sulphate to isolate the Tag Pol protein.
To eliminate contaminating DNA, a biphasic extraction protocol was applied to
separate Taq Pol and DNA in organic and aqueous phase respectively. Details of
experimental procedure are given in section 2.8 of Materials and Methods. (B)
Following dialysis, the Taq Pol sample was further “polished” via gel filtration
chromatography with elutions monitored by UV spectrometry at 280 nm and
analysed by Coomassie staining on SDS-PAGE. The indicated elutions carrying a
protein band corresponding to the predicted molecular weight of Tag Pol were
pooled together. Several other elution peaks were visible in the gel filtration
profile, possibly corresponding to DNA contaminants. Shown here is a
representative gel filtration elution trace and corresponding SDS-PAGE of one of
two repeat purifications of Taq Pol performed in this study. (C) The capacity of the
isolated protein sample to enable DNA synthesis was tested by standard PCR in
comparison to a commercial control Tag Pol (Fermentas) (left panel). A series of
concentrations of purified protein sample was used to determine the optimal
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amount of enzyme for PCR. A plasmid carrying a 216 bp 601 sequence was used as
template. As expected, a single PCR product was seen to migrate slightly above
200 bp in an agarose gel. That the observed PCR product was indeed the 216 bp
601 sequence was further confirmed by the fact that, in the absence of the 601-
containing template, no such PCR product can be seen (right panel, right lane). The
titration experiment was performed for each batch of Taq Pol purified.

The high amount of salt in the Taq Pol preparation derived from the biphasic
extraction step was easily dialysed away. To further refine protein purity, the
dialysed Taq Pol sample was applied to a Superdex 200 gel filtration column and
fractions of each of the elution peaks monitored by UV spectrometry at 280 nm
were analysed by Coomassie staining on SDS-PAGE (Figure 4.1B). In gel filtration
chromatography, the input protein mixture is fractionated with individual protein
species eluting from the column in an orderly fashion according to its size and
shape. This property facilitated the identification of a number of elutions carrying a
single protein band that corresponded to the expected molecular weight of Taq Pol
(approx 95 kDa). To establish the identity of the observed Coomassie stained band,
the isolated fractions were pooled together and tested for their capacity to
support DNA synthesis under standard PCR conditions (Figure 4.1C). A dilution
range from 500 ng to 50 ng of the purified protein was applied and compared to 1
pug of commercially derived Taq Pol enzyme (Fermentas) in order to titrate and
determine the optimal amount of the presumed Taq Pol to be used. It was
observed that the purified protein enabled PCR amplification of a 216 bp long 601

DNA sequence as efficiently as the commercial Taqg Pol protein confirming that the
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isolated protein was indeed the Tag Pol enzyme. In particular, 200 ng of the
purified Taq Pol protein was sufficient to sustain efficient DNA synthesis within a
50 ul PCR reaction. This stoichiometry was maintained during subsequent scale up

PCR generation of the 601 DNA.

Generation of the 601 nucleosome positioning sequence DNA

With a large stock of functional Taq polymerase available, 96 of 50 ul volume PCR
reactions were initially set up to generate the same 147 bp 601 DNA sequence
described in previous EMSA assays in chapter 3 (Figure 4.2A). Considering the large
volume of the resulting PCR pool (approx. 4.8 ml), in order to isolate the relevant
amplified product, standard extraction kit-based approach would be too laborious,
costly and probably inefficient. Instead, given the negative charged backbone of a
DNA molecule, the PCR products can be easily trapped by an anion exchange resin
that contains, for example, quaternary amines (Q-resin). Indeed, the pool of 147
bp 601 PCR DNA was loaded onto a 1 ml Resource Q column. By applying a salt
elution gradient, bound DNA was eluted within a 500 to 600 mM NaCl range where
a sharp peak was detected by UV spectrometry at 260 nm (Figure 4.2B). The
fractions corresponding to this elution peak were analysed by ethidium bromide
staining on 1% agarose gel, which revealed DNA bands of the expected length (i.e.
147 bp). The analysed fractions were pooled together and dialysed in 10 mM Tris

buffer (pH 8.0) for storage.
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Figure 4.2 — Purification of the 601 DNA sequence synthesised by PCR

(A) A 147 bp or 216 bp 601 DNA sequence was PCR amplified from the pGEM3Z
601 plasmid template using custom primer pairs (See Appendix for sequence
details of 601 DNA). The PCR product was then applied to a 1 ml Resource Q anion
exchange column and eluted within approximately 500 to 600 mM salt range. The
number of CpGs in the nucleosomal and linker regions is stated within brackets.
Details of the experimental procedure are given in section 2.9 of Materials and
Methods. (B) Profile of the eluted 601 DNA peak was visualised by UV
spectrometry at 260 nm (in red). The fractions comprised within this peak were
analysed by ethidium bromide staining on 1% agarose gel. The profile in green
represents the 0.1 M to 1 M salt gradient applied to the Resource Q column.
Shown here is one representative of three repeat purifications of 147 bp 601 DNA
performed in this study.
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Purification of recombinant M.Sssl and CpG methylation of the

601 DNA

In chapter 3, CpG-methylated 601 DNA probe for EMSA was generated using
commercially obtained (New England Biolabs) CpG-specific bacterial DNA
methyltransferase M.Sssl (Figure 4.3C). However, in this chapter, generation of a
large stock of fully methylated 601 DNA for the purpose of nucleosome
reconstitution requires large scale in vitro DNA methylation reaction. Due to the
prohibitive cost associated with the use of commercially-derived M.Sssl enzyme, it
was decided to express this enzyme in the laboratory. To this end, an N-terminal
6xHis tagged version of the M.Sssl gene from Spiroplasma sp was cloned into a
pBAD24 vector suitable for protein expression in E. coli. The choice of this
particular vector system was dictated by the cell toxicity derived from
overexpressing the M.Sssl protein due to inevitable interference with the host DNA
methylation program. The L-arabinose responsive araBAD promoter system is
particularly suitable for expression of toxic recombinant proteins like M.Sssl
because of the tightly regulated induction system which ensures minimum
undesired basal level of recombinant protein expression in the absence of the
transcription activator (Hirsh and Schleif, 1977). To further safeguard the host
genome, the pBAD24 M.Sssl plasmid was transformed into a particular strain of E.

coli defective in the methylation-specific restriction endonucleases mcrBC, mcrA
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and mrr (Kelleher and Raleigh, 1991; Raleigh and Wilson, 1986) to prevent

restriction system-mediated cleavage of host DNA.

After gentle overnight expression, the M.Sssl protein was purified from cell lysate
via standard Ni-NTA affinity method (Figure 4.3A) and the collected elutions
analysed by Coomassie staining on SDS-PAGE (Figure 4.3B). Indeed, a major protein
band corresponding to the expected molecular size of M.Sssl (approx 45 kDa) was
visible with only minor contaminating species. Given that the Ni-NTA derived
sample was estimated to be over 90% pure, further protein polishing steps were
deemed not necessary. A small aliquot of the elution pool was tested for its
capacity to methylate a 216 bp long 601 DNA sequence in vitro. As evidenced by
the restriction digest assay of the methylated product with the methylation
sensitive restriction enzyme Hhal, the M.Sssl-methylated DNA was fully resistant to
cleavage by Hhal as opposed to the non-methylated DNA. This result confirms that
the isolated protein is indeed the M.Sssl enzyme carrying CpG-specific DNA
methyltransferase activity (Figure 4.3D). A further titration assay was able to
determine that a total of 2 pg of the purified M.Sssl was sufficient to mediate
complete methylation of 1 ug of 216 bp 601 DNA where each DNA molecule is
known to contain a total of 19 CpG sites (Appendix). This ratio was maintained
during subsequent scale up methylation reactions for the generation of

methylated 601 DNA.
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Figure 4.3 — Purification of M.Sssl and CpG-DNA methylation

(A) M.Sssl was purified from E. coli cell lysate using a single step Ni-NTA-based
approach. (B) The Ni-NTA elutions were stained by Coomassie dye revealing a
major protein band corresponding to the expected molecular weight of M.Sssl.
Shown here is the gel corresponding to a single purification of M.Sssl performed in
this study. (C) Schematic illustrating the CpG DNA methylation function of M.Sssl.
Open lollipops represent sites of non-methylated CpG while closed lollipops are
the methylated equivalents. (D) The purified M.Sssl was tested for its ability to
methylate a 216 bp 601 DNA. When subject to digest by the methylation sensitive
restriction enzyme Hhal, the M.Sssl-methylated DNA was fully resistant to Hhal
cleavage indicating that the DNA was efficiently methylated (right lane). This
methylation protection assay was performed each time a DNA probe was
methylated by M.Sssl.

Expression and purification of recombinant core histones

Concomitant to the generation of the 601 DNA template for nucleosome

reconstitution, each of the four core histone genes derived from X. laevis were
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individually expressed in E. coli. Because of the inherent affinity of histones for
DNA substrates, their overexpression can be extremely toxic to the host cell.
Consequently, a variant DE3 pLysS version of the standard BL21 E. coli strain was
chosen as host for histone expression. The pLysS plasmid in these cells encodes for
the T7 lysozyme, which specifically inhibits the T7 RNA polymerase on which the T7
expression system is dependent on. This is designed to enforce a tightened control
over the induction system and to minimise undesired expression of the
recombinant protein resulting from basal level of T7 RNA Pol activity in the

absence of IPTG (Studier et al., 1990).

The expression level of recombinant histones within such designed system was
observed to be extremely high, reaching milligram quantities for each litre of cell
culture. As often occurs when very high local concentration of foreign proteins is
reached within the host cell, overexpression of each of the four core histones have
been observed to cause precipitation of the histones and formation of aggregates
known as inclusion bodies (Luger et al., 1997b; Marston, 1986). Given the insoluble
nature of these inclusion bodies, a denaturing purification method based on
treatment with chemicals like guanidine hydrochloride was required to extract
monomeric histone proteins from these aggregates (Figure 4.4A). Because of the
incomplete breakdown of inclusion bodies even under concentrations of up to 7M
guanidine hydrochloride, the monomeric histones need to be isolated from higher
mass aggregate products by applying the denatured mixture to a Sephacryl S200

gel filtration column equilibrated in 1 M urea buffer. The histone elution peak was
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detected by Bradford assay analysis of each individual fraction and aliquots of
these were then analysed by Coomassie staining on SDS-PAGE to identify the
elutions carrying mostly monomeric histone proteins (Figure 4.4B). Finally, the pool
of combined elutions was extensively dialysed against H,O in order to remove all
denaturing agents in the elution buffer. The derived histone sample was then

concentrated to approx 10 mg/ml for storage.
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Figure 4.4 — Purification of recombinant core histones

(A) Following expression, the histone-rich inclusion bodies were isolated from the
cell lysate by centrifugation. The inclusion bodies were subsequently broken down
using high concentrations of the denaturing agent guanidine hydrochloride and the
denatured products separated by gel filtration chromatography. Details of the
experimental procedure are given in section 2.8 of Materials and Methods. (B) The
elution fractions containing mostly monomeric histone proteins were identified by
Coomassie staining of SDS-PAGE and pooled together. The multiple bands seen
above the monomeric histone population are likely oligomeric histone aggregates
derived from incomplete breakdown of inclusion bodies. Show here is a
representative gel of the elution profile observed for all four core histone
purifications in this study.
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Reconstitution and purification of histone octamer

The strategy for the in vitro reconstitution of the four recombinant core histones
into a single octamer complex involves essentially a reverse process of that
occurring during nucleosome reconstitution (Figure 4.5A). Indeed, stoichiometric
amounts of each core histones were first incubated under denaturing conditions to
prevent formation of non-physiological aggregates. When a homogenous mixture
was reached, this was then subject to extensive dialysis against 2 M NaCl. During
the dialysis process, the high amount of salt ions in solution favours the
spontaneous assembly first of H3/H4 tetramers and H2A/H2B dimers followed by
formation of the octameric species. Since the process is non-enzymatically driven
and dependent on the accuracy of the stoichiometry of the input histone samples,
this approach to reconstitute histone octamers cannot provide 100% efficiency.
Therefore, correctly assembled octamers need to be separated from histone
dimers and higher order aggregates via gel filtration fractionation over a Superdex
200 column (Figure 4.5B). Two major protein elution peaks were visible by UV
spectrometry at 280 nm. To investigate their identities, fractions corresponding to
the elution peaks were analysed by Coomassie stained SDS-PAGE. It was
immediately apparent that the early elution peak contained correctly assembled
histone octamers as evidenced by the exact stoichiometry of the four histone

components. Instead, the second peak corresponded to unincorporated/excess
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H2A/H2B dimers. Only the octamer-containing fractions were then collected and

stored without further processing required.
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Figure 4.5 — Reconstitution of histone octamer

(A) Stoichiometric amounts of each of the four core histones were mixed together
first under denaturing conditions and then subject to dialysis against high salt
buffer. The octameric species formed during the salt dialysis process can then be
separated using standard gel filtration chromatography. Details of the
experimental procedure are given in section 2.9 of Materials and Methods. (B) The
derived elution fractions containing properly assembled histone octamer can be
identified via Coomassie stained SDS-PAGE by assessing the stoichiometry of the
histone components. The second elution peak observed corresponds to excess
H2A/H2B dimers. Shown here is a representative gel filtration profile of two
replicate reconstitution experiments.

Reconstitution and purification of nucleosomes

With all the constituent reagents in place, the step dilution variant (also known as

salt jumping) of the salt dialysis gradient method described at the beginning of this
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chapter was performed to first assemble a 147 bp 601 DNA containing nucleosome
that was aimed to recapitulate the canonical nucleosome core particle whose
structure has been previously solved (Luger et al.,, 1997a). Previous nucleosome
reconstitution studies indicate that the precise stoichiometry of the input DNA
versus histones is one of the most critical factors in determining the efficiency of
the reconstitution. Ideally, a molar ratio of one DNA molecule per each histone
octamer applies. Under conditions where the amount of histone octamer is
limiting, the DNA template will be undersaturated and nucleosomes not properly
formed while even a 10% excess of histone octamer relative to DNA template can
cause large accumulation of higher order, non-physiological aggregates (Carey et
al., 2009). However, because very accurate assessment of input histone octamer
concentration by Bradford assay is difficult, the optimal ratio between DNA and
histones need to be determined empirically by setting up a range of trial ratios

(Figure 4.6B).

Therefore, reconstitution reactions with DNA : histone mass ratios ranging from
1:1.8 to 1:2.4 were set up by initially incubating the 147 bp 601 DNA template and
the histone octamers together under 2 M NaCl solution (Figure 4.6A). The salt
concentration was then progressively diluted at each hour down to a final
concentration of 0.1 M NaCl. Previous biochemical studies have shown that
nucleosomes preferentially form around 0.6 M salt (Hansen et al.,, 1991). The
subsequent dilution to a lower salt concentration was meant to stabilise the

assembled nucleosomes for short-term storage.
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In order to analyse the efficiency of each nucleosome reconstitution reaction, the
reconstitution products were separated using native 0.8% agarose electrophoresis.
It was observed that reconstituted nucleosomes are poorly stained by ethidium
bromide dye (data not shown), likely because the presence of histones interferes
with intercalation of the ethidium bromide molecule into the DNA double helix.
Consequently, to facilitate visualisation of the gel migrating species, approximately
5000 cpm of **[P]-end labelled 147 bp 601 DNA was added to each reaction at the
start of the reconstitution. By taking autoradiographs of the agarose gel, the
optimal reconstitution reaction defined as the one most abundant in slow-
migrating nucleosome species could then be identified (Figure 4.6B). Following a
number of nucleosome reconstitution trials, it was noticed that even with an
empirically determined optimal DNA: histone ratio, the salt dilution method does
not provide 100% nucleosome reconstitution efficiency and some residual,
unincorporated DNA is always present in the final reconstitution reaction. Since
the presence of free DNA substrates can potentially complicate subsequent
analysis of KDM2A interaction specifically with nucleosome substrates, a sucrose
gradient fractionation method was devised to remove the contaminating free DNA.
For this purpose, the optimal reconstitution reaction product was loaded onto 5%
to 25% sucrose gradient and centrifuged at 35,000 rpm overnight to allow
equilibration of sedimentation to occur. The fractions of the sedimented gradient

were analysed on native 0.8% agarose gel and the ones containing only
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nucleosome species were pooled and stored without further processing (Figure

4.6C).
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Figure 4.6 — Reconstitution and purification of nucleosome core particle

(A) Mass ratios of 601 DNA and histone octamer were incubated initially at 2 M
NaCl after which the salt was diluted stepwise at each hour down to a final 0.1 M
NaCl concentration. (B) Because each reconstitution reaction was spiked with a
small amount of **[P]-labelled 601 DNA, the assembled products can be separated
using native agarose electrophoresis and then visualised by autoradiography. The
reconstitution reaction carrying the highest level of nucleosome species could be
in such way identified. The cartoon representations of nucleosome (red ball) and
free DNA (short blue thread) on the right of the gel indicate the identity of the
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corresponding bands in the gel. (C) To remove any undesired, non-incorporated,
free DNA, the products of the reconstitution reaction were purified through a 5-20%
sucrose gradient. Only the nucleosome-containing fractions (the slower migrating
species near the bottom of the gradient) were then pooled together and used for
subsequent chromatin assays. Details of the experimental procedure are given in
section 2.9 of Materials and Methods. Show here is a representative reconstitution
and purification of more than three experiments performed in this study.

4.2. KDM2A binding to chromatin

KDM2A preferentially binds to non-methylated CpG
dinucleotides in the linker region of a 216 bp

mononucleosome

The canonical nucleosome core particle, where 147 bp of DNA is fully wrapped
around an octameric core, represents the basic unit of chromatin organisation in
the genome. Consequently, it is the simplest form of chromatin substrate from
which to start studying the mechanism by which KDM2A interacts with chromatin

in an in vitro context.

To test KDM2A binding affinity towards an in vitro assembled canonical
nucleosome, the same EMSA-based approach described in chapter 3 was used.
Indeed, up to 2 pg of the WT and K601A mutant recombinant KDM2AG6 protein was
each incubated with approximately 5000 cpm of non-methylated 147 bp 601 DNA

containing mononucleosomes under the same experimental conditions adopted
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for the previously described DNA binding assay. A control reaction containing only
histone-free 601 DNA as probe was also included to confirm that the WT KDM2A

protein tested is indeed capable of DNA binding.

Following separation of the binding reaction products via native 0.8% agarose gel
electrophoresis, an autoradiography of the gel surprisingly revealed complete
absence of interaction between both the WT and K601A KDM2A and the 147 bp
mononucleosome substrate (Figure 4.7A). Importantly, a full shift was observed in
the DNA only control lane suggesting that although capable of binding to DNA,
KDM2A was somehow refractory to interaction with the 147 bp nucleosome.
Several repeat EMSA assays, each using freshly reconstituted 147 bp
mononucleosomes as binding substrates, yielded the same negative result
suggesting that the observed result is unlikely to be explained as a stochastic event.
Therefore, it was concluded that KDM2A is unable to interact with a canonical 147

bp mononucleosome under the binding conditions tested.
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Figure 4.7 — KDM2A binding to mononucleosome

(A) WT and K601A KDM2A proteins were incubated with the 147 bp in vitro
reconstituted nucleosome under the same EMSA condition described for the DNA-
binding assay detailed in section of Materials and Methods. Although WT KDM2A
was observed to display efficient DNA-binding capacity, the lack of any shift in the
nucleosome containing lanes suggests that it does not interact with the 147 bp
nucleosome under the binding conditions tested. The 147 bp DNA is non-
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methylated and contains 14 CpGs. Sequence details are given in the Appendix.
Shown here is a representative EMSA of three replicate assays. (B) Schematic
depicting a 216 bp mononucleosome that carries 69 bp of CpG-containing linker
DNA. Methylated and mutant variants are also shown. Open-lollipops represent
non-methylated CpG sites, closed-lollipops indicate the methylated equivalents
and x-marks stand for mutated CpGs. (C) KDM2A binds to the 216 bp nucleosome
as evidenced by the protein concentration dependent shift of the bound chromatin
complex and the concomitant depletion of the unbound nucleosomes. Importantly,
such interaction occurs via CXXC domain-mediated recognition of the CpG sites
within the linker DNA as evidenced by the abrogation of binding when these linker
CpGs were purposely mutated. Shown here is one representative EMSA of two
replicate assays.

However, it can be argued that, in living cells, nucleosomes are not found in
isolation but form chromatin fibres where each nucleosome is spaced from its
neighbour by a variable length of linker DNA. Therefore, in order to generate a
more biologically relevant chromatin substrate, a 216 bp long 601 DNA-containing
mononucleosome was reconstituted using the same method described for the
shorter nucleosome species. As well as carrying the same 147 bp 601 core DNA
sequence, the 216 bp nucleosome contains an extra 69 bp linker DNA region which
extends from the nucleosome core (Figure 4.7B top). Importantly, this linker region

contains 5 CpG sites.

When binding affinities of the WT and K601A KDM2A proteins towards the 216 bp
mononucleosome were respectively tested by EMSA, in contrast to the 147 bp
mononucleosome binding assay, a clear WT KDM2A concentration dependent
formation of complex with chromatin was observed (Figure 4.7C). This result is

evidenced by the increasing intensity in the gel shift correlated by increasing
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depletion of the free, unbound 216 bp mononucleosomes. In contrast, the K601A
mutant was unable to interact with this substrate indicating that the observed
interaction is CXXC domain-dependent. In further support of this argument,
nucleosomes carrying methylated 601 DNA were also seen to be refractory to
KDM2A interaction (Figure 4.7B middle and C). Since the only difference between
the 147 bp and the 216 bp nucleosome species lies in the 69 bp linker DNA, it was
reasonable to hypothesise that the observed chromatin interaction occurs within
this particular portion of the 216 bp nucleosome. To test whether this is the case,
all four CpG sites within the linker DNA were mutated by PCR amplification using a
mismatch primer pair and the derived mutant 216 bp 601 DNA was incorporated
into nucleosomes. Indeed, when the mutant 216 bp mononucleosome that is
specifically deprived of CpG sites in the linker region (Figure 4.7B bottom) was
introduced into the same EMSA assay, no KDM2A binding events were observed
(Figure 4.7C) indicating that KDM2A interaction with the 216 bp mononucleosome
is indeed mediated by CXXC domain-dependent recognition of CpG sites within the

linker DNA region.

The 69 bp linker DNA carries 5 CpGs, separated by a minimum of 6 nucleotides
from each other. Given the footprint of around 6 bp previously estimated for the
MLL1 CXXC domain (Birke et al., 2002), it is reasonable to expect that more than
one KDM2A molecules can bind simultaneously to the 69 bp linker region. Indeed,
with increasing concentration of KDM2A protein in the binding reaction, at least

two species of complex can be observed (Figure 4.7 C, left panel, non-methylated
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substrate). The slower migrating of the two species is likely to harbour more than
one KDM2A molecules, although the exact number cannot be deduced from the
gel. Further DNase | footprinting assays on KDM2A-bound 216 bp nucleosome
would be needed to determine the location and number of bound molecules for

each species.

KDM2A binds preferentially to non-methylated CpG
dinucleotides in the linker region between two

nucleosomes.

Since the above results revealed that linker DNA is critical for CXXC-dependent
KDM2A interaction with mononucleosomes in vitro, it would be interesting to
know whether such binding property is valid within a more complex, multi-
nucleosome environment that more closely resembles chromatin found in vivo.
Therefore, in order to generate a recombinant dinucleosome substrate for EMSA
binding assay, a gift plasmid pBIu2SKP 2X601 +48 carrying two 147 bp 601 DNA
sequences separated by 48 bp of CpG-containing linker region was obtained from
Tom Owen Hugh's laboratory (See the Appendix for sequence details). From this
template, a 342 bp long DNA sequence capable of precisely accommodating two
nucleosomes was amplified by PCR using a custom primer pair and subsequently

purified in the same way as for the 147 bp and 216 bp 601 DNAs (Figure 4.8A). By
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applying the same reconstitution methodology used for generating
mononucleosomes, a 342 bp long 2x601 dinucleosome was then assembled in vitro
(Figure 4.8C). Indeed, with increasing amounts of histone octamer relative to a
fixed amount of 2x601 DNA, a shift towards a higher proportion of fully assembled
dinucleosomes (corresponding to the slowest migrating species in the gel) relative
to sub-stoichiometric dinucleosomes (migrating just below the full dinucleosomes)
was observed. This is an indication of occupancy at available 601 nucleosome
positioning sites reaching saturation. Therefore, it is expected that the final
reconstitution product isolated mainly consists of fully assembled dinucleosomes.
Nonetheless, the exact positions of the two nucleosomes on the DNA template
cannot be inferred from the gel and future DNase | footprinting assay will be
required to address this question. Moreover, to minimise potential interference in
EMSA caused by contaminating sub-stoichiometric dinucleosome species, limited
digestion of the reconstituted material with a combination of 5 and 3’

exonucleases would also be beneficial.

EMSA analysis of WT and K601A KDM?2A affinity for the 2x601 dinucleosome
showed that, as expected, KDM2A specifically interacts with CpG sites within the
48 bp linker region in a CXXC domain dependent manner (Figure 4.8B left panel).
Indeed, targeted mutation of these CpGs was sufficient to fully abrogate KDM2A
binding to the dinucleosome (Figure 4.8B right panel). Because the difference in
molecular weight between KDM2A-bound and unbound dinucleosome is not as

remarkable as in the case of the mononucleosome EMSA assay, the observed gel
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shift is not very pronounced. In order to clearly demonstrate that KDM2A is able to
bind to dinucleosomes, a KDM2A-specific antibody was included in the binding
reaction during incubation. The presence of the antibody caused the formation of
a larger antibody-bound KDM2A-dinucleosome complex that in the agarose gel
corresponded to what is generally defined as a “supershift”. Importantly, such
“supershift” could not be observed when the linker CpG mutant dinucleosome was
included as the binding substrate (Figure 4.8B). This result further confirmed that
indeed KDM2A binding is specifically targeted to the linker region between two

nucleosomes.

The inclusion of a protein-specific antibody in the EMSA is useful to confirm that
the observed shift is protein-dependent and not derived from contaminating
factors in the sample preparation. Nonetheless, it does not allow discrimination
between the identities of the protein-bound substrates when a heterogeneous
group of binding probes is present. Instead, as a complementary approach to the
supershift experiment, KDM2A preferential binding substrate can be confirmed by
adding non-radioactive dinucleosomes with or without CpGs in the linker to a
reaction containing labelled non-methylated linker CpG dinucleosomes. By
comparing the ability of each of the two non-labelled probes to compete with the
radioactive dinucleosomes for KDM2A binding, the substrate preference of the

protein can be thus deduced.
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Figure 4.8 — KDM2A binding to dinucleosome

(A) A 342 bp DNA containing two 601 nucleosome positioning sequences spaced by
a 48 bp linker region was PCR amplified from a template plasmid. The PCR
products were purified using the same ion exchange chromatography approach
used in Figure 4.2A. The 2x601 DNA was then used as template to reconstitute
dinucleosomes in vitro (C). The numbers of CpGs in the two nucleosomal
sequences and in the middle linker region is stated within brackets. (B) KDM2A was
shown to interact with the dinucleosome by EMSA. In particular, this binding relied
on a functional CXXC domain and the presence of CpGs within the linker region
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between nucleosomes. This result was confirmed by the introduction of a KDM2A-
specific antibody which “supershifted” the KDM2A-chromatin complex. The
identities of the migrating species in the gel are shown by cartoon representations
of the dinucleosome (two red balls spaced by a middle blue linker) and free DNA
(short blue thread). In the left panel, dinucleosomes with non-methylated CpGs in
the linker (open-lollipops in the linker) were used as substrates. In the right panel,
dinucleosomes whose linker CpGs have been mutated (x in the linker) were used.
Shown here is a representative EMSA of two replicate experiments. (C) The
dinucleosomes were reconstituted using the same approach shown in Figure 4.6B.
An increasing range of histone octamer was included in the reconstitution reaction
to empirically identify the DNA to octamer ratio that yields the highest proportion
of dinucleosomes as final products. Under sub-optimal concentrations of histone
octamers, a duplet product can be observed migrating slower than free DNA in the
gel (left gel, second lane from the left). The higher of the two bands is likely to
correspond to fully reconstituted dinucleosomes while the lower band possibly
consists of sub-stoichiometric dinucleosomes (e.g. species where only one of the
two 601 sequences is occupied by histone octamer). Any contaminating free DNA
was purified away by sucrose gradient (right gel) as similarly shown in Figure 4.6C
for mononucleosomes. Shown here is one representative reconstitution and
sucrose gradient of more than three experiments performed in this study.

4.3. Discussion

KDMZ2A preferentially interacts with linker DNA in vitro

One of the greatest advantages of an in vitro biochemical system lies in its
simplicity where ideally a handful of defined factors can be introduced allowing the
initial hypothesis to be tested without the presence of confounding variables that
may complicate interpretation of the final experimental result. For this reason, in
vitro biochemical tools are well suited for investigating the mechanistic detail of

interactions between biomolecules.
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To date, the zinc finger CXXC domain has been shown in a number of nuclear
proteins to act as a DNA binding module and mediate genomic targeting in vivo
(Blackledge et al., 2010; Frauer et al.,, 2011; Ma et al.,, 1993; Voo et al., 2000).
However, a detailed knowledge of the mechanism by which such localisation is
achieved within a chromatin context is lacking. In this chapter, by taking advantage
of a recombinant chromatin system that features nucleosome substrates with
defined physical and chemical properties, it was revealed for the first time how this
particular zinc finger domain interfaces with chromatin. The above in vitro EMSA
experiments have demonstrated that KDM2A requires the presence of CpG-
containing linker DNA in order to bind to chromatin. This requirement was shown
to be valid in both mononucleosomes carrying overhanging linker DNA and
dinucleosomes. Recent genome wide nucleosome mapping studies suggest that
the average linker length in humans is around 38 bp (Barski et al., 2007; Schones et
al., 2008). This value is relatively similar to the 48 bp linker DNA found in the in
vitro dinucleosome. Therefore, considering that the entire dinucleosome DNA
sequence is highly enriched in CpGs (1.1 obs/exp and 56% GC content), it can be
argued that this recombinant chromatin substrate closely recapitulates the
particular chromatin environment that KDM2A is likely to encounter at human

CGls in vivo.
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Why does KDM2A only bind to linker DNA?

The finding that the zinc finger CXXC domain can only interact with CpGs contained
within the histone-free linker DNA is novel but not surprising given that
nucleosomes are well known to inhibit DNA binding by many transcription factors
in the cell. It is possible that the inability of the CXXC domain to bind to
nucleosome core DNA is due to structural properties that are inherent to the way
the CXXC domain approaches the DNA double helix. Analysis of recently published
structures of the MLL1 and DNMT1 CXXC domains in complex with short stretches
of substrate DNA (Cierpicki et al., 2009; Song et al., 2010) suggests that although
discrimination of the CpG base pair is mediated by an extended surface loop region
that inserts into the major groove of the DNA helix, many other electrostatic and
hydrophobic interactions occur throughout the whole of the CXXC domain and are
responsible for the stability of the DNA binding. In particular, a number of residues
have been found that make contact with the minor groove of the DNA helix
(Cierpicki et al., 2009). Site-directed mutagenesis of these residues has been
observed to cause a 4 to 5 fold reduction in DNA binding affinity. Therefore, it
seems that the CXXC domain requires interaction with both major and minor
grooves of the DNA helix to achieve a stable binding. Considering the structure of a
nucleosome core particle (Luger et al., 1997a), two reasons can be advanced that
may provide a speculative explanation for the inability of the CXXC domain to

access DNA sequences buried into the nucleosome core.
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Firstly, while the DNA is wound around the octamer core, significant physical
distortions of the DNA helix occurs generating a torsional stress that affects the
direction towards which major and minor grooves are faced. Such alteration in
orientation, which is not present in the more flexible linker DNA region, can limit
the way the CXXC domain can access both major and minor DNA grooves at the

same time.

Secondly, structural data has revealed that side chains from mostly arginine
residues of the core histones can approach the inward facing major and minor
grooves contributing to the stability of the nucleosome core particle (Luger et al.,
1997a). Therefore, it is likely that the presence of these histone side chains may
sterically clash with residues from the CXXC domain as it attempts to access the

DNA helix.

How does KDMZ2A interact with in vivo chromatin?

KDM2A requirement for linker DNA in order to bind to chromatin is not limited to
recombinant nucleosome substrates. In agreement with the in vitro results
presented in this chapter, recent sucrose gradient sedimentation assays of
chromatin isolated from mouse ES cells in the laboratory have shown that KDM2A
exclusively co-sediments with the poly-nucleosome fraction while being

completely absent from the fractions carrying mononucleosomes whose linker
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DNA has been fully digested away (Zhou et al., 2011). Moreover, ChlIP analysis of
known KDM2A-targeted CGI promoter sites has shown that KDM2A is only found in
chromatin carrying intact linker DNA. Together, these results demonstrate that

KDM2A requires linker DNA for chromatin interaction in vivo.

Several factors so far known to influence KDM2A targeting across the genome can
be summarised. Firstly, current data suggests that the CXXC domain is the main
DNA binding module in KDM2A. Given that CpG dinucleotides are the only
sequence requirement for such interaction and because each CXXC domain binding
event is independent with no positive cooperativity involved, it would be expected
that the concentration of KDM2A at any particular genomic locus is determined by
the local density of CpGs. Secondly, because the CXXC domain can only bind to
non-methylated CpGs, the methylation status of the target DNA is also important.
These two binding requirements fit nicely with the unique properties displayed by
CGls, which are therefore, not surprisingly, preferential target sites for KDM2A in

the genome (Blackledge et al., 2010).

The observation in this chapter that KDM2A is targeted only to CpG sites within
linker DNA regions indicates that nucleosome occupancy represents an additional
important factor in dictating genome-wide localisation of this protein. Therefore it
is useful to consider how much of the genome might actually be accessible and
contain non-methylated CpG dinucleotides for KDM2A to associate with. Firstly,

CGls are known to constitute less than 1% of the entire genome (lllingworth and
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Bird, 2009). As mentioned earlier, the average genome GC content is estimated to
be approximately 41% (Lander et al., 2001). Consequently, assuming equal
proportions of G and C, the expected CpG frequency is given by 0.2 X 0.2 = 0.04.
Nevertheless, the observed genome average CpG frequency is only 0.008 (thus
obs/exp ratio of 0.2) due to under-representation of the cytosine base (Josse et al.,
1961). This frequency is around 15 times higher in CGls (i.e. 0.12), and corresponds
to roughly 1 CpG in 10 bp (Bird et al., 1985; lllingworth et al., 2008). Importantly,
CpGs appear to follow a random distribution across CGls with no apparent
consensus motifs (Bird et al., 1985). Therefore, assuming a normal distribution of
CpGs, one would expect that a maximum of 0.1 x 1% = 0.1% of the genome to have
non-methylated CpGs for KDM2A binding. Genome-wide nucleosome mapping
shows that the average linker DNA length in humans is approximately 38 bp (Barski
et al., 2007; Schones et al., 2008). However, studies show that at transcription
regulatory elements (i.e. promoters and enhancers), where CGIs are
predominantly found, the average linker length decreases to around 30 bp
(Valouev et al., 2011). This is likely to be a consequence of chromatin remodeler-
dependent nucleosome spacing (Schwarzbauer et al., 2012) and deficiency in the
H1 linker histone at CGls (Tazi and Bird, 1990). Indeed, the presence of H1 histone
in vivo correlates with longer nucleosome repeat length (Fan et al.,, 2005). By
applying the above 30 bp linker value, it can be estimated that at CGls 17% of DNA
sequence is found in linker region and therefore accessible to KDM2A. Combining

this percentage with the frequency of CpGs in CGls, which in turn represent less
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than 1% of the genome, one can reasonably conclude from this simple calculation
that a mere 0.017% of the genome is potentially targeted by KDM2A. Obviously
there are many other factors and caveats that could alter the real number of CpGs
that could be occupied by KDM2A in vivo. Nevertheless this calculation provides a
useful way of demonstrating that nucleosome occupancy can limit the number of
accessible KDM2A binding sites through a simple mode of nucleosome-based

exclusion.

Interestingly, CGls correlate with regions of DNase | hypersensitive sites suggesting
that an open chromatin structure exists (Thurman et al., 2012), which may favour
KDM2A accessibility to these genomic regions. Moreover, CGls also highly
correlate with TSSs, which are known to harbour strongly phased nucleosomes
(Valouev et al.,, 2011). The precise position of these nucleosomes will in turn
influence the probability a particular adjacent linker sequence is accessible and
consequently the likelihood of KDM2A been observed at that defined sequence. In
contrast, the bulk, non-CGl portion of the genome is usually characterised by low
CpG density, pervasive DNA methylation, more compact and restricting higher
order chromatin and random distribution of nucleosomes. All these elements act
together to reduce the probability that at any given time, foci containing high

number of KDM2A molecules can be observed across these non-CGl regions.
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5. Chapter Five — Role of the PHD

domain in KDM2A

5.1. KDM2A PHD domain is not required for

binding to chromatin

Expression and purification of KDM2A PHD domain

In chapters 3 and 4, the zinc finger CXXC domain was uncovered as the main
chromatin binding module in KDM2A and a detailed account of its binding
properties in relation to defined DNA and chromatin substrates reconstituted in
vitro was described. Interestingly, located a few amino acids away from the
KDM2A CXXC domain is another zinc-binding domain, the PHD finger. This well
conserved protein domain was first characterised in the Arabidopsis DNA-binding
protein HAT3.1 based on sequence similarity with the homeodomain of the maize
ZMHOX1a protein (Schindler et al., 1993). A key feature that became immediately
apparent was the regular spacing of the cysteines and histidines, which led to the
initial prediction that this protein domain may carry metal ion-binding capacity.
Since this discovery, the PHD domain has been observed in a large number of
nuclear proteins across different organisms including yeast, fly and human (Bienz,

2006). The most commonly found PHD domain motif comprises of a conserved
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Cys4-His-Cys3 sequence that serves to coordinate two zinc ions and contribute to
the establishment of an overall domain structure that closely resembles that of the
RING domain (Schindler et al., 1993). Nonetheless, the PHD domain lacks the E2-
ligase interacting surface that is usually found in RING-domain proteins and

therefore does not display E3 ubiquitin ligase catalytic activity (Bienz, 2006).

Contrary to early suggestions of a role in DNA-binding, recent crystal structures of
the ING2 subunit of the SIN3a HDAC histone deacetylase complex and of the BPTF
subunit of the NURF chromatin remodelling complex have both revealed that the
PHD domain acts as a H3K4me3-specific histone binding module (Li et al., 2006; Shi
et al., 2006a). Additional structural evidence suggests that this domain can also
recognise the non-methylated form of the histone H3 tail at lysine 4 in further
support of the idea that the PHD domain has evolved to interpret histone
modifications (Lan et al., 2007). Importantly, the PHD domain has been observed
to cooperate with other chromatin binding modules. For example, in S. cerevisiae,
the PHD domain of the Rcol subunit in the Rpd3s HDAC complex has been shown
to stabilise Rpd3s-nucleosome interaction and facilitate H3K36 binding by the
chromodomain of the neighbouring Eaf3 subunit (Li et al., 2007). The phenomenon
of multivalent chromatin is widespread among different nuclear protein complexes
(Ruthenburg et al., 2007). Indeed, such combinatorial reading of more than one
histone modification offers significant advantages over single protein interactions
both in terms of the overall thermodynamics of the bound complex and the

kinetics of binding. Given the close proximity of the CXXC and PHD domains in
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KDM2A, it is tempting to speculate that the PHD domain may play a role in aiding
CXXC domain recognition of chromatin substrate. In particular, because the PHD
domains of other previously characterised chromatin binders have been
demonstrated to specifically associate with H3K4me3 (Li et al., 2006; Shi et al.,
2006a), a modification that is preferentially enriched at CGls where KDM2A also
predominantly localises to (Blackledge et al., 2010), it is reasonable to hypothesise
that the PHD domain in KDM2A may also function to recognise this particular

chromatin mark.

Therefore, to understand the biological function of this domain in KDM2A, an N-
terminal 6xHis and C-terminal Strep Il tagged-KDM2A construct carrying only the
PHD domain was cloned and expressed in E. coli using the pNIC28 vector system
described before (Figure 5.1C). The expressed recombinant protein was subject to
standard Ni-NTA and StrepTactin double affinity purification (Figure 5.1A). To
further refine sample purity, the combined elution from the StrepTactin resin was
applied to a Superdex 200 gel filtration column (Figure 5.1A). UV spectrometry at
280 nm registered a single elution peak from the column and subsequent
Coomassie staining confirmed the presence of a major protein band that
corresponded to the expected molecular weight of KDM2A PHD domain (16 kDa)
(Figure 5.1B). According to SDS-PAGE, an estimated > 90% purity was achieved in
the Superdex 200 column elution with only residual contaminating degradation

products present that were beyond the resolving capacity of this specific gel
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filtration resin. This purified recombinant PHD construct was used for all following

domain characterisation experiments.
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Figure 5.1 — Purification of KDM2A PHD domain

(A) Following expression of KDM2A PHD protein in BL21 E. coli cells, the cell lysate
was subject to standard double affinity purification via Ni-NTA and StrepTactin
columns as shown for KDM2A6 constructs in Figure 3.3A. The derived sample was
further “polished” by gel filtration chromatography. Details of the experimental
procedure are given in section 2.8 of Materials and Methods. (B) A single elution
peak from the gel filtration column was visible with the associated protein species
confirmed to be of the expected molecular size of KDM2A PHD by Coomassie-
stained SDS-PAGE. Shown here is one representative gel of two repeat
purifications performed in this study. (C) Schematic illustrating the KDM2A PHD
construct carrying N-terminal 6xHis and C-terminal Strep Il tags.
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KDM2A PHD domain does not bind specifically to any known

histone modification

Historically, investigation of protein-ligand binding affinity in relation to histone
substrates has mainly relied on pull-down assays using immobilised recombinant
histone tail peptides (Wysocka, 2006). However, given that pull-down assays are
essentially based on tag affinity purification, the strength of protein-ligand
interaction is inevitably influenced by the salt condition under which binding is
tested. Consequently, depending on the arbitrary value of the salt concentration
applied during pull-down, contrasting results can be observed. Indeed, pull-down
assays are notoriously prone to artefact formation due to the difficulty in
optimising the signal to noise ratio and any observed interactions generally need to
be confirmed by alternative methods. Moreover, only one potential substrate can
be tested at a time making this technique extremely laborious and unsuited for

large-scale screening of interactions.

Recently, high-throughput proteomic techniques such as the peptide microarray-
based approach have been developed to overcome this limitation (Nady et al.,
2008; Rothbart et al., 2012). The principle of the peptide array is essentially the
same of that exploited by an ELISA (enzyme-linked immunosorbent assay). Indeed,
protein-specific antibodies are utilised to detect any stable protein-ligand
interaction over a vast array of binding baits that are pre-immobilised over a

supporting matrix. This method has the advantage of providing an unbiased
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approach where a wide range of binding substrates can be tested under the same

experimental condition at once.

In order to identify potential histone modifications that may be specifically
recognised by the KDM2A PHD domain, a collaboration was set up with Cheryl
Arrowsmith’s laboratory where a comprehensive screening of the purified KDM2A
PHD domain binding affinity towards approximately 600 of the currently known
modifications on all core histones was performed using a custom-made peptide
microarray. Unfortunately, none of these modifications were observed to associate
specifically with the KDM2A PHD domain under the assay condition tested
suggesting that this particular protein domain is not likely to function as a histone-

binding module (data not shown).

However, it can be argued that a limited fragment of histone tail is unlikely to fully
recapitulate the physiological substrate that the KDM2A PHD domain interfaces
with in vivo as possible interactions with nucleosome core regions may also be
important for substrate recognition. Therefore, in order to investigate the binding
properties of the PHD domain in relation to more biologically relevant chromatin
substrates, the same in vitro nucleosome reconstitution approach that enabled

detailed characterisation of the KDM2A CXXC domain function was applied here.
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Installation of methyl analogues on histone H3 lysine 4

Given the laborious preparation and processing steps required to assemble
nucleosomes with defined physical and chemical properties in vitro, a
comprehensive screening study where distinct nucleosomes each carrying a
specific histone modification are tested in individual binding assays would be time-
consuming and impractical. Since H3K4me3 distribution highly correlates with CGls
where KDM2A localisation is observed in vivo (Blackledge et al.,, 2010), it was
obvious to investigate whether the KDM2A PHD domain could be involved in the

recognition of H3K4 tri-methylated nucleosomes.

To this end, a recently published chemical methylation method which allows for
the in vitro site-specific installation of methyl groups on histone tails was chosen to
generate recombinant H3K4me3 histones for subsequent incorporation into in
vitro assembled nucleosomes (Simon et al., 2007). This semi-synthetic approach is
based on the alkylation of a precisely positioned cysteine residue into N-
methylated aminoethylcysteine, an analogue of methyl-lysine (Figure 5.2A). Indeed,
the derived residue side chain is chemically and structurally almost identical to that
of a natural methyl-lysine with length difference of only ~0.28 A. By applying this
method, tri-methyl-lysine analogues were specifically generated using purposely
K4C mutated recombinant H3 histones. The close structural resemblance of this
product to bona fide H3K4dme3 was demonstrated by Western blot using

H3K4me3-specific antibody, which was able to discriminate this H3K4me3
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analogue from the non-methylated H3K4 counterpart (Figure 5.2B). This specific
H3K4me3 histone was then incorporated into 216 bp 601 DNA-containing

nucleosomes using the reconstitution procedure described before (data not

shown).
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Figure 5.2 — Installation of H3K4 trimethyl-lysine analogue

(A) Alkylation by (2-bromoethyl)-trimethylammonium bromide of the cysteine that
replaced the original lysine residue (H3K4) generates a tri-methylated form of
aminoethylcysteine, which is structurally almost equivalent to a natural trimethyl-
lysine (shown on the right for comparison). (B) This similarity was verified by
Western blot using an H3K4me3-specific antibody, which was able to distinguish
between the methyl-analogue (right lane) and the non-methylated lysine residue
(left lane). Shown here is a representative blot of two repeat alkylation assays
performed in this study.

Neither KDM2A PHD domain or H3K4 trimethylation is required

for KDM2A binding to chromatin

With the above synthetically H3K4 methylated 216 bp mononucleosome, the same
previously described EMSA-based binding assay was used to analyse KDM2A PHD

affinity for this particular chromatin substrate. With the purpose of serving as a
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negative control for binding, a mutant version of the PHD domain construct
carrying a C645A mutation, which was shown in other PHD domain-containing
proteins to affect both structure and function, was engineered (Figure 5.3A and E)
(Capili et al., 2001; Kalkhoven et al., 2002). The effect of this mutation on binding
capacity in relation to both non-methylated and H3K4me3 nucleosomes was then
examined. As evidenced by EMSA, no apparent difference in binding affinity was
observed between the WT and the C645A mutant PHD domain with respect to
both DNA and non H3K4-methylated nucleosome substrate suggesting that the
PHD domain does not contribute to KDM2A DNA binding (Figure 5.3B). Importantly,
both KDM2A PHD proteins were observed to bind with equal efficiency to the
H3K4me3 modified nucleosome (Figure 5.3C). This is supported by the fact that
even at non-saturating concentrations of protein, the same extent of retardation
of the migrating complex for KDM2A WT and C645A can been seen. It can be
argued however that, if a minor binding preference of the PHD domain for
H3K4me3 exists, this may not be apparent by directly comparing the degree of
retardation in the gel. An alternative approach in future studies would be to
evaluate the ability of non-labelled H3K4me3 substrate to compete with labelled-
H3K4meO equivalents and vice versa. The substrate preference could then be
deduced by assessing the extent by which binding of the labelled-probe is inhibited.
Regardless of whether a subtle preference exists or not, it is reasonable to

conclude at least that H3K4me3 does not constitute as a major binding substrate
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for the PHD domain in KDM2A. This result is also in agreement with the above

peptide array data.

In order to understand the inability of the KDM2A PHD domain to interact with
modified histones, sequence alignment of PHD domains derived from known
H3K4me3 (ING2, BPTF, PHF8) and H3K4meO (BHC80, DNMT3L) binding proteins
was carried out and compared to that of KDM2A (Figure 5.3D). A highly conserved
cysteine-rich sequence was immediately apparent in all proteins suggesting an
overall structural homology is likely to exist. Nonetheless, previously published
crystal structures of the aligned PHD domains have revealed that a handful of
strategically positioned aromatic residues play a critical role in the specific
interrogation of the histone H3 lysine 4 side chain. These residues are instead
absent in the KDM2A protein in further support of the idea that the PHD domain of

this particular protein has not evolved to recognise histone substrates.
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Figure 5.3 — KDM2A PHD domain does not bind to H3K4me3 nucleosomes

(A) SDS-PAGE showing the C645A mutant construct of the KDM2A PHD domain
(right lane). (B) The PHD domain is not involved in DNA recognition as evidenced
by the same binding efficiency in both WT and mutant proteins. The same EMSA
conditions applied in the assay shown in Figure 4.7C were used here. The
nucleosomes carry the same non-methylated linker CpG (open lollipops)-
containing 216 bp 601 sequence previously described. (C) The KDM2A PHD domain
does not function as H3K4me3-specific binding module as shown by the lack of
difference in binding affinity between WT and mutant proteins towards
nucleosomes incorporating H3K4 trimethyl-analogues. The methyl analogue is
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depicted as a green dot on black histone tail in the cartoon representation of the
nucleosome. Gels shown in (B) and (C) are representatives of two replicate
experiments. (D) Sequence alignment of the PHD domain from known H3K4me3
and H3K4meO interacting proteins and KDM2A. The alighment indicates that
KDM2A PHD has a conserved cysteine/histidine (highlighted in grey)-dependent
structure. This is evident from the conserved pairing of the seven cysteines and
one histidine that are responsible for the coordination of two zinc ions.
Nonetheless, it is clear that KDM2A PHD lacks the specific aromatic residues
(highlighted in orange) that are important for histone recognition. (E) Schematic
illustrating the domain architecture of the KDM2A constructs used for the EMSA
experiments in (B) and (C). The point mutation is represented by an asterisk.

5.2. Discussion

The KDM2A PHD domain does not have histone binding

function

In this chapter, through both unbiased peptide array screening approach and
targeted nucleosome binding assays with defined histone modification, it was
shown that the KDM2A PHD domain does not carry chromatin interacting activity.
In particular, the lack of binding towards H3K4me3 nucleosomes indicates that
genome-wide targeting of KDM2A is likely to be independent of the presence of
this active transcription mark. Consequently, it can be speculated that the
biological function of KDM2A in vivo is most likely not directly associated with
transcription activity in fitting with the idea of KDM2A acting as a basal chromatin

maintenance factor.
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However, recent proteome analyses of a number of PHD fingers in yeast indicate
that the binding affinity of PHD domains for chromatin substrates can present Kp
values above the 100 uM range and therefore beyond the sensitivity of the peptide
array method (Shi et al., 2006b). Indeed, it cannot be completely ruled out that the
KDM2A PHD domain may display very weak binding affinity for histone marks
other than H3K4 methylation. However, even if such weak interaction was proven

to be real, its biological significance would remain to be argued.

PHD domain targeting to histone modifications other than H3K4 methylation has
also been reported. For example, a couple of yeast PHD domain proteins including
Ecm5 and Ntol have been shown in recent studies to carry limited binding
preference for H3K36 methylation (Shi et al., 2006b). Other nuclear proteins like
the human DPF3b has been shown to interact with acetylated H3K14 via a tandem
PHD finger (Zeng et al., 2010). Interestingly, structural modelling of PHD domains
of Ecm5 and Ntol by comparison with published H3K4-interacting PHD domain
structures suggests that the aromatic binding surface may represent a unified way
of trapping tri-methyl groups in general while adjacent protein sequences are
important for dictating specificity towards a particular lysine residue. Given that
these aromatic residues are completely absent from KDM2A, it is unlikely that the

PHD domain in this protein act as a histone binder.

It is interesting to note that Jhd1, the yeast orthologue of the mammalian KDM2A

protein, carries a functional PHD domain that has been shown to mediate
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H3K4me3 recognition (Fang et al.,, 2007; Shi et al.,, 2006b). Importantly, this
domain aids in targeting of the H3K36 demethylase activity specifically at gene
promoters in a genome without DNA methylation in a similar fashion to the role
played by the CXXC domain in KDM2A. Therefore, an attractive scenario emerges
where the advent of the DNA methylation system in mammalian genome and the
increasing reliance on CXXC-domain dependent genomic recruitment may have
caused a progressive loss in selective pressure throughout evolution which
ultimately led to the abrogation of the histone-binding function of the PHD domain

in KDM2A.

Possible functions of the KDM2A PHD domain

PHD fingers are also known to mediate protein-protein interactions (Musselman
and Kutateladze, 2011) and it can be therefore speculated that the KDM2A PHD
domain may indeed be responsible for association with partner proteins. However,
to date no evidence of KDM2A being in complex with other nuclear proteins has

been found.

Alternatively, given the structural similarity of the PHD domain to the RING domain,
it would also be interesting to investigate the possibility of KDM2A possessing
ubiquitin-ligase activity by performing a comparative analysis of the recently

published crystal structure of KDM2A PHD domain (PDB ID:4BBQ) with
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documented RING domains. In particular, it would be important to see whether
the E2 ligase-binding surface that is characteristic of RING domains is conserved in

KDM2A.
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6. Chapter Six — General discussion and

future directions

6.1. Chromatin accessibility is important for

KDMZ2A localisation

The initial drive that promoted the study presented here lies in our limited
understanding of the mechanistic details that enable most chromatin modifying
enzymes to acquire precise and specific genomic targeting within a complex and
dynamic chromatin landscape. The rapid advent of high-throughput massively
parallel sequencing technology over recent years has undoubtedly facilitated an
increasingly detailed mapping of epigenetic marks and chromatin-associated
factors across the genome (Park, 2009). Although such descriptive studies are
important for deciphering gene regulatory networks that contribute to essential
biological processes, they lack in the capability to provide a mechanistic basis that
underlies the observed pattern of distribution. Therefore, in this study, an in vitro
biochemical system based on recombinant chromatin substrates with well defined
physical and chemical properties was first developed. Such system was then
utilised to uncover the molecular mechanism by which the recently discovered

histone demethylase KDM2A protein interacts with chromatin. Evidence is
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provided here that suggests this particular enzyme preferentially associates with
non-methylated CpG containing DNA sequences via a zinc finger CXXC domain. In
particular, this interaction is inhibited when the DNA substrate is incorporated
within a nucleosome. As shown by solved crystal structures, such limitation is likely
dictated by the requirement of the CXXC domain to simultaneously access both
faces of the DNA double helix in order to establish a stable binding complex

(Cierpicki et al., 2009).

This reliance on histone-free DNA sequences implies that DNA accessibility
governed by local chromatin structure can considerably restrict KDM2A localisation
in vivo. Genome wide profiling of KDM2A distribution via ChIP-Seq indicates that it
preferentially localises at CGls and targeting to these genomic loci is strictly
dependent on a functional CXXC domain (Blackledge et al., 2010). Given the
specificity of this protein domain for non-methylated CpGs, KDM2A is naturally
attracted to CGls because of the elevated density of non-methylated CpGs
compared with the remaining bulk of the genome where pervasive CpG
methylation prevails. By performing both sucrose gradient fractionation of MNase
digested global chromatin and ChIP profiling at known KDM2A CGI target gene loci,
it was recently demonstrated in mouse ES cells that a clear restriction of KDM2A
binding sites to linker DNA regions also occurs in vivo (Zhou et al., 2011). Indeed,
this binding property is likely to play a specific role in aiding KDM2A localisation to
CGls. This is supported by observations in mouse ES cells which lack all three

DNMTs and detectable DNA methylation where it was observed that KDM2A is
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retained at established CGI regions without redistribution to newly created non-
methylated CpGs elsewhere in the genome (Zhou et al., 2011). This result suggests
that absence of methylation is not the only determinant for KDM2A binding to
DNA in vivo. Instead, local chromatin structure is likely to be also a contributing
factor. CGIs notoriously overlap with DNase | hypersensitive sites, which are
thought to represent a relatively open and accessible chromatin environment
(Thurman et al., 2012). This is not surprising given that CGls are predominantly
found at the 5’ end of genes and correlate with H3K4me3 enriched euchromatin
domains. In contrast, other parts of the genome can be subject to higher order
chromatin organisation mediated by the linker histone H1. This translates into a
more compacted chromatin conformation where linker DNAs are less accessible
for interaction (Zlatanova et al., 1994). Therefore, KDM2A presence may be limited
to CGIs in part because chromatin organisation at other genomic regions is
unfavourable for binding and under normal circumstances methylated on CpG

dinucleotides.

It is interesting to note that previous biochemical analysis of chromatin
composition at CGls has revealed a specific depletion of histone H1 at these
genomic elements (Tazi and Bird, 1990). Given the relative lack of specificity of
histone H1 interaction with DNA substrates, it can be speculated that the absence
of histone H1 at CGls may be a consequence of active displacement process. Past
biochemical studies have shown that deacetylation of histone tails in particular at

H4K16 is critical for nucleosome mobilisation mediated by chromatin remodelers

227



like ACF/ISWI and chromatin compaction (Shogren-Knaak, 2006). Since open state
chromatin is generally acetylated, this particular modification may affect histone
H1 binding at CGls. Alternatively, the histone variant H3.3 which is enriched at TSS
has also been shown to inhibit H1 histone binding to chromatin (Braunschweig et
al., 2009). A third scenario involves exclusion of the H1 histone by direct binding

competition of other linker DNA targeting proteins like KDM2A.

Future research work in the laboratory will aim at addressing these possibilities by
taking advantage of an in vitro chromatin system where recombinant H1 histone
can be incorporated into reconstituted chromatin substrates. To this end, a
previously published ATP-dependent chromatin assembly approach that relies on
the histone chaperone NAP1 and the chromatin remodeler ACF/ISWI will be
utilised to reconstitute regularly spaced nucleosome arrays (Fyodorov and
Kadonaga, 2003). Importantly, a CpG-rich DNA template similar to the 601
sequence illustrated in chapter 3 and 4 will be chosen for nucleosome
reconstitution to closely recapitulate the chromatin environment observed in vivo.
By providing with these in vitro chromatin templates, the respective binding
affinities of KDM2A and histone H1 will be compared through competition assay in
EMSA. Alternatively, histone H1 can be pre-assembled onto chromatin to generate
higher order structure where cross-fibre interactions are likely to be present and
linker DNAs less accessible. Such compacted chromatin organisation is believed to
be characteristic of heterochromatic domains in vivo (Dillon, 2004). Given its

requirement for accessible linker DNA, KDM2A would be expected to display low
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affinity towards this type of chromatin. Therefore, by analysing KDM2A binding
behaviour, it will be possible to test the idea that the presence of higher order
chromatin structure alone, irrespective of the underlying DNA sequence, is a major

impediment to KDM2A localisation in the genome.

Perhaps even more interestingly, acetylated histones and histone variants like H3.3,
which are characteristic of TSSs, can also be incorporated either individually or
together into the reconstituted chromatin. Again, by evaluating changes in KDM2A
binding affinity, it will be possible to assess potential roles these chromatin

features may play in influencing KDM2A targeting to CGls.

6.2. KDM2A contributes to a transcriptional

permissive chromatin environment at CGls

Having illustrated the molecular mechanism that enables KDM2A targeting at CGls,
guestions remain regarding the exact contribution of this particular histone
demethylase enzyme towards CGI function. Previous ChIP analysis at CGls has
shown that the level of H3K36me2 is significantly depleted at KDM2A-bound
regions while suppression of KDM2A activity via RNAi was able to restore the
methylation level indicating that KDM2A plays a role in regulating the abundance

of this particular histone modification at CGls (Blackledge et al., 2010). Removal of
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H3K36me2 inevitably also limits the presence of H3K36me3, as the di-methylated
state is a necessary biological substrate for SETD2 mediated conversion. Given that
H3K36me2 is thought to function in part by recruiting the Rpd3S histone
deacetylase complex to repress transcription initiation (Carrozza et al., 2005; Li et
al., 2009a; Youdell et al., 2008), it is rather tempting to speculate that KDM2A may
antagonise this pathway by creating a chromatin environment that is permissive to

transcription initiation.

In a similar fashion to KDM2A, it was recently demonstrated that the CXXC domain-
containing protein CFP1 also co-localises with CGI sequences (Thomson et al.,
2010). Although CFP1 does not carry any chromatin modifying activity per se, it can
associate with the histone H3 lysine 4 (H3K4) methyltransferase complex (SET1
complex) and target tri-methylation of H3K4 (H3K4me3) to CGls (Lee, 2005).
Importantly, reduction of CFP1 presence at CGls results in consequent depletion of
H3K4me3 in the same regions. Given that CGls highly correlate with gene
promoters, the CFP1-targeted increase in local H3K4me3 concentration may in
turn attract the NURF chromatin remodelling complex and the SAGA histone
acetyltransferase complex to reinforce an open accessible chromatin architecture
that favours transcription factor and RNA Pol Il binding (Vermeulen et al., 2010;
Wysocka et al., 2006). Consistent with this scenario, promoter-proximal pausing of
RNA Pol Il is a widespread phenomenon observed at many TSS, suggesting that the
uniqgue chromatin environment at CGIls may facilitate constitutive binding of the

RNA Pol Il without productive transcription elongation occurring (Core et al., 2008;
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Seila et al., 2008). The advantage of harbouring a paused RNA Pol Il may be
explained by recent studies in murine macrophages where it was observed that
rapid induction of CGl promoter containing immediate early genes occurred
independently of SWI/SNF chromatin remodelling as opposed to non CGI-
containing genes which required ATP-dependent remodelling prior to expression

(Ramirez-Carrozzi et al., 2009).

CpG island

@ H3K36me2 H3K4me3 A Histone acetylation T Methylated CpG
|

KoMA KDM2A ae1 ) CFP1 @ Histone H1 ? Non-methylated CpG

Histone acetyltransferase Histone deacetylase
complex complex

Figure 6.1 — zinc finger CXXC proteins KDM2A and CFP1 contribute to an open
and transcriptionally permissive environment at CGls

In @ mammalian genome, the zinc finger CXXC domain proteins KDM2A and CFP1
specifically localise to CGls (Blackledge et al., 2010; Thomson et al., 2010), which
are predominantly found at promoters of most genes (TSS, transcription start site)
(Deaton and Bird, 2011). Their targeting occurs through specific recognition by the
CXXC domain of non-methylated CpG dinucleotides that are available in the linker
DNA between nucleosomes (Zhou et al., 2011). Access to these sequences is likely
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to be facilitated by the open chromatin architecture present at CGls. This is in
contrast to the surrounding non-CGI regions, which display a relatively more
condensed, higher order chromatin organisation. Such chromatin domains are
maintained through the nucleosome “cross-linking” function of the linker histone
H1 and a lack of histone acetylation derived from the action of HDAC homologous
to the yeast Rpd3S complex (e.g. HDAC1 and 2 of the Sin3a complex). It is believed
that recruitment of the HDAC occurs via binding to H3K36me2 in a similar fashion
to the Rpd3S-dependent pathway in yeast (Carrozza et al., 2005). Therefore, the
specific removal of H3K36me2 by KDM2A is likely to prevent localisation of HDACs
at CGls via the above mechanism. At the same time, CFP1 mediates the specific
deposition of H3K4me3 by the SET1 complex. This modification can in turn be
recognised by HAT complexes like SAGA (Vermeulen et al., 2010). The consequent
presence of acetylation (in particular H4K16ac) is known to disfavour chromatin
compaction (Shogren-Knaak, 2006). Therefore, the cooperative action of KDM2A
and CFP1 at CGls contribute to the reinforcement of an accessible local chromatin
environment that is permissive to transcription initiation.

The high degree of sequence conservation of the CXXC-domains among the nuclear
proteins listed in Figure 3.8A implies they are likely to localise at CGls via the same
targeting mechanism found in KDM2A. In particular, recent ChIP sequencing data
in the laboratory indicates that the KDM2A paralogue, KDM2B shares a similar
genome-wide distribution preference at CGls (Farcas et al., 2012). However, in
contrast to KDM2A, KDM2B has been observed to form part of a variant PRC1
complex (Farcas et al., 2012; Gao et al., 2012; Gearhart et al., 2006; Sanchez et al.,
2007). Interestingly, the KDM2B CXXC domain has been shown to be required for
targeting of PRC1 to a subset of CGI promoters that appear to function as
mammalian equivalents of Drosophila PREs. (Farcas et al., 2012). The resulting
“bivalent” promoters contain both H3K4me3 derived from the SET1 enzyme

complex and H3K27me3 deposited by PRC2 (Bernstein et al., 2006). These genes
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are considered to be poised between active transcription and stable repression.
Therefore, a model is emerging where the chemical and structural properties of
CGI chromatin is specifically interpreted by the CXXC domain to bring together via
a shared mechanism multiple chromatin modifiers. The convergence of different
enzymatic activities cooperatively shapes a unique chromatin environment at CGls
that is permissive to nucleation of activities that can then function to activate or

silence gene expression.

As mentioned earlier, two homologues of the mammalian KDM2A protein, dKkDM2
and Jhdl can be found in D. melanogaster and S. cerevisiae respectively.
Interestingly, unlike vertebrates, the genomes of both these organisms are known
to be deficient in DNA methylation (Bird and Taggart, 1980; Proffitt et al., 1984).
Consequently, CpG dinucleotides are found at the expected statistical frequency
and the whole genome is CGl-like. In such a scenario, a CXXC-domain dependent
chromatin recognition mechanism like the one illustrated for mammalian KDM2A
would not be sufficient to ensure correct targeting of the enzymatic activity to
specific genomic loci. This raises the intriguing question of how the Drosophila
dKDM2 and the yeast Jhd1 protein achieve specific localisation in their respective
genomes. As stated before, the overall domain architecture between KDM2A and
dKDM2 is well conserved. Closer comparison of the respective CXXC domains
indicates that the structural cysteines and the CpG-interacting residues are highly
conserved between the two species (data not shown) suggesting that a functional

conservation of the CXXC domain in dKDM2 may also exists. Therefore, in the
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absence of other contributing factors, one would expect dKDM2 to bind
pervasively via the CXXC domain over the entire genome with local density likely
influenced by chromatin accessibility. Instead, studies show that dKDM2 is part of
the dRAF repressive complex, which contains a number of PcG proteins (Lagarou et
al., 2008). Therefore, it appears that the demethylase activity of dKDM2 may
instead be specifically recruited to Polycomb responsive elements (PREs) by taking
advantage of the PcG targeting mechanism. Interestingly, it was recently shown
that the mammalian paralogue of KDM2A, KDM2B, also interacts with Polycomb
proteins indicating that the single KDM2 orthologue in flies may be more related
functionally to KDM2B than KDM2A (Farcas et al., 2012). Sequence alignment of
KDM2A and dKDM2 PHD domains shows that all the zinc-coordinating cysteines
are conserved in dKDM2 although, like in KDM2A, the aromatic residues that have
been shown in other PHD domains to mediate H3K4 binding are absent (data not
shown). In lack of literature information regarding this domain in dKDM2, its

function remains to be investigated.

In contrast to dKDM2, the yeast homologue Jhd1 does not carry a zinc finger CXXC
domain and does not appear to associate stably with any nuclear partner proteins
(Fang et al., 2007). However, like its human and fly homologues, Jhd1 contains a
PHD domain, found N-terminally to the catalytic JmjC domain. Interestingly, close
inspection of this domain sequence has revealed that, not only the structural
cysteines are conserved, but also the existence of two tryptophan residues can be

observed (data not shown). These occupy conserved positions with respect to the
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aromatic residues that bind H3K4me3 in the PHD domains of ING2 and BPTF (Li et
al., 2006; Shi et al., 2006a) and therefore may have functional relevance. This
finding is in agreement with recent biochemical evidence of Jhd1l PHD domain
binding to H3K4 trimethylated peptide in vitro (Shi et al., 2006b). Considering that
Jhd1 shows conserved demethylase activity towards H3K36me2 (Fang et al., 2007;
Kim and Buratowski, 2007), and given that this modification in yeast is believed to
inhibit transcription via recruitment of the Rpd3s deacetylase complex (Carrozza et
al., 2005; Li et al., 2009a; Youdell et al., 2008), it would be rather tempting to
speculate that Jhdl may be recruited via PHD domain-binding of H3K4me3 to
active gene promoters, where, like KDM2A, it can contribute to the maintenance
of a local chromatin environment that is permissive to transcription initiation (Fang

et al., 2007).
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Construct

KDM2A

KDM2A6

H212A

H212A D214A

Appendix

Features and functional properties
Full length human KDM2A aa 1-1162 (Figure 3.2).

C-terminally truncated version (aa 1-747) of full length KDM2A.
This construct contains the JmjC, CXXC and PHD domains
(Figure 3.3). It carries JmjC-mediated H3K36 demethylase
activity (Figure 3.7) and CXXC-dependent binding to non-

methylated CpG DNA (Figure 3.8).

H212A substitution is present in the JmjC active site. In
KDM2A6 H212A, this specific mutation partially abrogates JmjC
demethylase activity (Figure 3.7) but does not affect binding to

non-methylated CpG DNA (data not shown).

H212A and D214A substitutions are present in the JmjC active
site. In KDM2A6 H212A D214A, the mutations completely
abrogate JmjC demethylase activity (Figure 3.7) but do not

affect binding to non-methylated CpG DNA (Figure 3.8).
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ACXXC

KDM2A CXXC

K601A

APHD

C645A

Table 1

Deletion of the zinc finger CXXC domain (A aa 563-609). In
KDM2A6 ACXXC, the deletion of this domain completely
abrogates KDM2A binding to non-methylated CpG DNA (Figure
3.8) and partially abrogates JmjC demethylase activity (Figure

3.9).

This construct contains only the zinc-finger CXXC domain of
KDM2A. It binds to non-methylated CpG DNA as efficiently as

KDM2AG6 (Figure 3.8).

K601A substitution in the DNA binding interface of the CXXC
domain. In KDM2A6 K601A, the point mutation completely
abrogates KDM2A binding to non-methylated CpG DNA (Figure

3.8).

Deletion of the PHD domain (A aa 619-666) (Figure 3.2).

C645A substitution in the PHD domain. In KDM2A6 C645A, the
point mutation does not affect KDM2A binding to non-

methylated CpG DNA (Figure 5.3).

The above table summarises all the wild type (WT) and derived mutant constructs
generated in this study. The prokaryotic constructs include: KDM2A6, H212A,
H212A D214A, ACXXC, KDM2A CXXC, K601A and C645A. The baculovirus constructs
include: KDM2A full length, H212A D214A, ACXXC, APHD and K601A. The functional
properties of the constructs described are valid within the in vitro conditions

tested.
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EMSA probe sequences

147bp 601 DNA (59% GC content; 1.1 obs/exp):

GGCCGCCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCA

CCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTA

GTCTCCAGGCACGTGTCAGATATATAC

216bp 601 DNA (59% GC content; 1.0 obs/exp):

GGCCGCCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCA

CCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTA

GTCTCCAGGCACGTGTCAGATATATACATCCTGTGCATGTATTGAACAGCGACCTTGCCG

GTGCCAGTCGGATAGTGTTCCGAGCTCCCGACCTGC

342bp 2x601 (48bp linker) DNA (56% GC content; 1.1 obs/exp):

CTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAA

ACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAG

GCACGTGTCAGATATATACATCCTGTGCATGTATTGAACAGCGACCTGAATTCTGGACCCT

ATACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCT

CTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTA

CTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCTGT

The CpGs are in red and the underlined sequences are nucleosomal DNA as

assessed experimentally in previous studies (Engeholm et al., 2009). The %GC
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content is calculated as: number of Gs + Cs / total number of nucleotides. The
obs/exp ratio is calculated as: (humber of CpGs x total number of nucleotides) /

(number of Cs x number of Gs) (Gardiner-Garden and Frommer, 1987).

Biacore probe sequences

0CG:

TCCATTGATCTCCCAGAGCCTGCAAGAGGCCCAACCAGGCAGACTTGGGGCTAG

GTCCCAGGAAACAGCTATGAC

1CG:

TCCATTGATCTCCCAGAGCCTGCAAGACCGGCAACCAGGCAGACTTGGGGCTAG

GTCCCAGGAAACAGCTATGAC

6CG:

TCCACGGATCTCCCGGAGCCTGCGAGAGGCCCGACCAGGCCGACTTGGGCGTA

GGTCCCAGGAAACAGCTATGAC

The CpGs are in red and the M13 reverse primer hybridisation site is in green.
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SUMMARY

In higher eukaryotes, up to 70% of genes have high
levels of nonmethylated cytosine/guanine base pairs
(CpGs) surrounding promoters and gene regulatory
units. These features, called CpG islands, were iden-
tified over 20 years ago, but there remains little
mechanistic evidence to suggest how these enig-
matic elements contribute to promoter function,
except that they are refractory to epigenetic silencing
by DNA methylation. Here we show that CpG islands
directly recruit the H3K36-specific lysine demethy-
lase enzyme KDM2A. Nucleation of KDM2A at these
elements results in removal of H3K36 methylation,
creating CpG island chromatin that is uniquely
depleted of this modification. KDM2A utilizes a zinc
finger CxxC (ZF-CxxC) domain that preferentially
recognizes nonmethylated CpG DNA, and binding
is blocked when the CpG DNA is methylated, thus
constraining KDM2A to nonmethylated CpG islands.
These data expose a straightforward mechanism
through which KDM2A delineates a unique architec-
ture that differentiates CpG island chromatin from
bulk chromatin.

INTRODUCTION

In lower eukaryotes, RNA polymerase Il-transcribed promoters
are typically compact and contain transcription factor binding
sites closely linked to defined polymerase engagement sites
(Fuda et al., 2009; Juven-Gershon et al., 2008). In many higher
eukaryotes, including humans, a more prevalent class of pro-
moter has evolved that is contained within CpG islands (Bird
et al., 1985; Takai and Jones, 2002).

CpG islands were originally biochemically identified using
methylation-sensitive restriction enzymes that specifically
release nonmethylated regions of the genome from bulk geno-
mic DNA (Bird et al., 1985; Cooper et al., 1983). First called Hpall
tiny fragment islands (HTF islands) because of the restriction
enzyme used to isolate them (Bird, 1986), these were later
renamed CpG islands based on the observation that they corre-
sponded to contiguous nonmethylated regions of the genome
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that usually had higher than average levels of CpG dinucleotides
and GC content (Bird et al., 1985; Bird, 1986; Cooper et al.,
1983). These attributes of CpG islands are directly related to their
nonmethylated state, as they escape the DNA methylation
induced C-to-T transition mutations that accumulate over
evolutionary time as a result of 5 methyl-cytosine deamination
and imperfect repair (Bird, 1980; Salser, 1977; Tykocinski and
Max, 1984). Closer analysis of experimentally identified CpG
islands revealed that these elements often overlapped with
annotated transcription start sites of genes, suggesting they
may contribute to promoter function (Bird et al., 1985; Gardiner-
Garden and Frommer, 1987; Tykocinski and Max, 1984). Based
on the elevated frequency of CpG and GC content of experimen-
tally isolated CpG islands, computational algorithms have
exploited these properties to predict CpG islands genome-
wide (Gardiner-Garden and Frommer, 1987; Takai and Jones,
2002). From these predictions it is apparent that gene regulatory
elements that are contained within CpG islands encode normal
core promoter elements with transcription factor binding sites
but differ from compact promoters of lower eukaryotes in that
they tend to range in size from a few hundred base pairs to
several kilobases, utilize dispersed transcriptional start sites,
and are generally more permissive to transcriptional initiation
than non-CpG island promoters (Core et al., 2008; lllingworth
and Bird, 2009; Juven-Gershon et al., 2008; Ramirez-Carrozzi
et al., 2009; Seila et al., 2008; Takai and Jones, 2002). Although
the majority of human genes are associated with CpG islands,
their role in promoter architecture and function remains poorly
understood despite over 20 years of active investigation.

A DNA binding domain, called the ZF-CxxC domain, has been
isolated that specifically recognizes nonmethylated CpG dinu-
cleotides in vitro (Voo et al., 2000). The possibility that such a
domain may bind CpG islands in vivo is intriguing but has not
been tested (Glaser et al., 2006, 2009; Voo et al., 2000). Interest-
ingly, the ZF-CxxC domain is found in proteins involved in regu-
lating chromatin modifications including components of the DNA
methylation system (Jorgensen et al., 2004; Pradhan et al.,
2008), the H3K4 methyltransferase system (Birke et al., 2002;
Lee and Skalnik, 2005), and recently identified H3K36 demethy-
lases (Tsukada et al., 2006). Therefore one potential role for CpG
islands could be as a nucleation site for chromatin-modifying
proteins that help define a chromatin environment that differen-
tiates these regulatory regions from bulk genomic chromatin.

Based on this possibility, here we investigate the recently
identified ZF-CxxC domain containing H3K36me2 demethylase

Molecular Cell 38, 179-190, April 23, 2010 ©2010 Elsevier Inc. 179
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Figure 1. KDM2A Is a Nonmethylated CpG
Binding Protein

(A) Multiple sequence alignment of the ZF-CxxC
domain from KDM2A, CFP1, MBD1, DNMTT1,
and MLL.

(B) A recombinant KDM2A ZF-CxxC domain binds
nonmethylated CpG DNA in a protein concentra-
tion-dependent manner (left panel), and this asso-
ciation is abrogated by CpG methylation (middle
panel) or mutation of the CpGs (right panel) as
assessed by EMSA analysis. Binding to nonme-
thylated CpG is specific, as the interaction is
competed with unlabeled competitor DNA and
an antibody against the recombinant ZF-CxxC
domain supershifts the complex.

(C) A schematic illustrating recombinant KDM2A
1-747 and mutant versions of KDM2A, indicating
the domain architecture of the protein including
the Jumoniji C (JmjC), zinc finger CxxC (ZF-CxxC),
plant homeodomain-like (PHD), leucine-rich
repeat (LRR), and F box (F box) domains.

(D) KDM2A binds nonmethylated CpG dinucleo-
tides (left panel, WT), and methylation blocks this
binding (right panel, WT) as assessed by EMSA.
Mutation of the catalytic JmjC domain (H212A/
D214A) does not affect DNA binding, but deletion
of the ZF-CxxC domain (ACxxC) or a point
mutation in the predicted DNA binding face of
the ZF-CxxC domain (K601A) abrogates DNA
binding.

- & ,\b?*._\&&v revealed that the KDM2A ZF-CxxC
S E domain is conserved with other functional

W
& ZF-CxxC domain-containing proteins

enzyme KDM2A and demonstrate that it binds to nonmethylated
CpG islands leading to a depletion of H3K36me2 over these
elements. The intrinsic DNA binding specificity of KDM2A pro-
vides a simple yet elegant mechanism for recognizing CpG
island DNA independently of either transcription factors or
the transcriptional state of the associated gene. This permits
KDM2A to directly impact chromatin architecture and differen-
tiate CpG island chromatin from bulk chromatin.

RESULTS

The KDM2A ZF-CxxC Domain Binds Nonmethylated

CpG DNA

To understand if CpG islands are a nucleation site for ZF-CxxC
domain proteins, we focused on the KDM2 H3K36 demethylase
enzymes (Tsukada et al., 2006). These members of the ZF-CxxC
domain protein family are particularly interesting, as there is
relatively little understanding of how recently identified histone
demethylase enzymes are targeted to chromatin substrates
(Klose and Zhang, 2007). In mammals there are two KDM2
enzymes. We focused on KDM2A, as KDM2B has a nucleolar
localization signal and is concentrated in this specialized com-
partment (Frescas et al., 2007). Sequence homology analysis
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(Figure 1A), but its capacity to interact
with nonmethylated CpG DNA has not
been tested. A recombinant KDM2A
protein encompassing the ZF-CxxC domain specifically recog-
nized a DNA probe containing two nonmethylated CpGs in an
electrophoretic mobility shift assay (EMSA), and binding was
abrogated when the CpGs were mutated or methylated (Fig-
ure 1B). Importantly, binding to nonmethylated CpG DNA was
also detected using a larger version of the protein that included
the catalytic Jumoniji C (JmjC) domain on longer DNA probes
with CpG content similar to that found in CpG islands (Figures 1C
and D). The DNA binding specificity of KDM2A was ZF-CxxC
domain dependent, as a mutant version of KDM2A lacking the
ZF-CxxC domain (ACXXC) or with a point mutation in the pro-
posed DNA binding face (K601A) (Allen et al., 2006; Cierpicki
et al.,, 2010) was unable to interact with DNA (Figure 1D).
Together these observations demonstrate that KDM2A is a
nonmethylated CpG binding protein.

To quantify the interaction of KDM2A with nonmethylated CpG
containing DNA, a probe containing one CpG dinucleotide was
immobilized on a solid support, and surface plasmon resonance
was utilized to determine the dissociation constant (see Fig-
ure S1 available online). The Kp for KDM2A on this sequence
was 0.64 uM, which is similar to the previously measured
affinities for a related ZF-CxxC domain interacting with CpG
DNA (Allen et al., 2006; Birke et al., 2002; Cierpicki et al.,

mCpG
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Dnmt1+/+

Dnmt1-/-

Figure 2. KDM2A Is Targeted to Nonmethy-
lated DNA In Vivo

(A) Indirect immunofluoresence with anti-KkDM2A
antibodies (red) and DAPI staining of DNA (blue).
Endogenous KDM2A staining is found throughout

erochromatin that are therefore refrac-

oKDM2A KDM2A
W H212A the nucleoplasm in Dnmt+/+ MEFs (upper left
panel). DAPI bright-staining foci mark regions of
KDM2A . .
—.—0—D+l- A CXXC densely methylated pericentromeric heterochro-
matin (lower left panel). In Dnmt1~/~ MEFs almost
_._| |_| H.'. KDM2A gevoid of CpG methylation, KDM2A localizes to
A PHD . . .
the hypomethylated pericentromeric DAPI bright-
DAPI staining repeat regions (compare upper and lower
|ijc. raox[ ] cxxc-ZFl:l PHD(] | | tight panels).

(B) A schematic indicating the epitope-tagged

wild-type and mutant versions of KDM2A.
c (C) Indirect immunofluorescence analyzing locali-
zation of exogenous KDM2A expressed in
Dnmt1+/+ Dnmt1-/- Dnmt1** (left panel) and Dnmt1~/~ MEFs (right
F-KDM2A F-KDM2A F-KDM2A panels). Deletion of the ZF-CxxC domain (ACxxC),
but not mutation of the catalytic domain (H212A) or
F-KDM2A F-EDM2A HEL24 ACoC A PHD deletion of the PHD domain (APHD), abrogates
localization of KDM2A to hypomethylated pericen-

& tromeric regions in Dnmt1 ~/~ MEFs.
oFlag ,‘ a

- Figure S2D). Normal mouse fibroblasts
contain large repetitive tracks of densely
DAPI ’ B methylated DNA at pericentromeric het-

2010). Because KDM2A will encounter CpG island sequences
in vivo that have contiguous regions of DNA containing multiple
nonmethylated CpG dinucleotides, a second probe based on
the one CpG-containing sequence was engineered by substitu-
tion mutations to contain six evenly spaced CpG sites. Interest-
ingly, the Kp for KDM2A binding to this probe was 0.56 uM and
matched very closely the affinity for the probe containing only
one CpG dinucleotide. These observations suggest KDM2A
specifically interacts with individual nonmethylated CpG dinu-
cleotides and does not rely on multiple CpGs for binding.
This observation is in agreement with a recently published struc-
tural study indicating that the ZF-CxxC domain interrogates
only one CpG dinucleotide when interacting with DNA (Cierpicki
et al., 2010).

KDM2A Is Recruited via a ZF-CxxC Domain

to Nonmethylated DNA In Vivo

DNA binding analyses in vitro clearly demonstrated that KDM2A
recognizes nonmethylated DNA. For KDM2A to recognize CpG
islands in vivo, the ZF-CxxC domain would need to target
KDM2A to nonmethylated CpGs in native chromatin. To study
the chromatin binding and localization properties of endog-
enous KDM2A, a KDM2A-specific antibody was generated
(Figures S2A-S2C). Using this antibody, KDM2A localization
was analyzed in mouse embryonic fibroblasts (MEFs) by indirect
immunofluorescence. As observed previously with epitope-
tagged KDM2A (Frescas et al., 2008; Tsukada et al., 2006),
endogenous KDM2A localized to the nucleus and was broadly
distributed throughout the nucleoplasm (Figure 2A and

tory to binding of ZF-CxxC domain-con-
taining proteins (Jorgensen et al., 2004).
In MEFs deficient for the maintenance DNA methyltransferase
1 (Dnmt1), these regions of the genome lose DNA methylation
(Figure S2J) and become concentrated foci of nonmethylated
DNA (Jorgensen et al.,, 2004; Lande-Diner et al., 2007).
In Dnmt1-deficient MEFs, KDM2A signal was concentrated at
nonmethylated pericentromeric heterochromatin DAPI bright
foci in addition to its normal nucleoplasmic staining, indicating
that the protein is recruited to nonmethylated DNA in chromatin
(Figure 2A and Figure S2E). Importantly, targeting of KDM2A to
nonmethylated DNA relied on the ZF-CxxC domain, as an
epitope-tagged version of KDM2A (Figure 2B) with a deletion of
this domain remained nucleoplasmic in Dnmt1-deficient MEFs
(Figure 2C and Figure S2H), whereas mutation of other con-
served domains in KDM2A had no effect on localization to peri-
centromeric regions (Figures 2B and 2C and Figures S2F, S2G,
and S2I). These observations demonstrate that the ZF-CxxC
domain targets KDM2A to nonmethylated chromatin in vivo.

KDM2A Binds Nonmethylated CpG Island DNA

In the context of a normal cell, the majority of nonmethylated
CpG DNA is found in contiguous regions referred to as CpG
islands (Bird et al., 1985; Bird, 1986). KDM2A had a clear prefer-
ence for nonmethylated DNA in vitro and was targeted to nonme-
thylated pericentromeric DNA in Dnmt1-deficient cells. Based on
these observations, we sought to examine if KDM2A specifically
associated with nonmethylated CpG islands in normal cells.
Chromatin immunoprecipitation (ChlIP) followed by quantitative
PCR (ChIP-gPCR) showed that in mouse embryonic stem cells
(ESCs) KDM2A was bound to the CpG island containing Gnas

Molecular Cell 38, 179-190, April 23, 2010 ©2010 Elsevier Inc. 181
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Figure 3. KDM2A Binds to Nonmethylated CpG Islands

Prom Body Prom Body

(A) A schematic of the imprinted Gnas gene, which has a CpG island (CGI) promoter (upper panel). KDM2A binds the Gnas CpG island as indicated by ChIP with
a KDM2A-specific antibody followed by qPCR with promoter and body primer sets (lower panel). ChIP with an HA-specific antibody was used as a negative

control. Data are from two biological replicates, and error bars represent SEM.

(B) The Gnas CpG island is methylated on the maternal allele and nonmethylated on the paternal allele (upper panel) with the bisulfite PCR amplicon indicated
(BA). Bisulfite sequencing performed on ChIP input DNA (left panel) and KDM2A ChIP DNA (right panel) indicates that KDM2A preferentially binds the nonme-
thylated paternal allele. Empty and filled circles represent nonmethylated and methylated CpG dinucleotides, respectively.

(C) KDM2A binds to other CpG island promoters. A schematic of each gene is shown, and ChIP data are presented as in (A).

(D) KDM2A is not enriched at genes with non-CpG island promoters. ChIP data are presented as in (A).

promoter but not to the body of the gene (Figure 3A). The Gnas
gene is subject to an allele-specific epigenetic imprinting
process that results in dense methylation of the CpG island on
the maternal allele while the paternal allele remains nonmethy-
lated (Figure 3B). Bisulfite DNA sequencing confirmed that this
configuration was maintained in our ESC lines (Figure 3B),
as approximately 50% of alleles were methylated and 50%
were nonmethylated. Strikingly, when the DNA isolated in the
KDM2A ChIP was analyzed by bisulfite sequencing, this material
was specifically enriched from the nonmethylated allele. This
demonstrates that KDM2A associates specifically with the non-
methylated CpG island of the paternal allele in vivo (Figure 3B).
Furthermore, when several other CpG island genes were
analyzed by ChIP-gPCR, KDM2A was specifically enriched at

182 Molecular Cell 38, 179-190, April 23, 2010 ©2010 Elsevier Inc.

CpG island promoters, but not at the corresponding gene bodies
(Figure 3C and Figure S3). Similar ChlIP-gPCR analysis of several
genes with non-CpG island promoters showed no KDM2A
enrichment (Figure 3D and Figure S3). Together these observa-
tions suggest that KDM2A is preferentially targeted to nonme-
thylated CpG islands.

KDM2A Associates with CpG Islands Genome-wide

To assess whether KDM2A association with CpG islands in
ESCs is a genome-wide phenomenon, we exploited chromatin
immunoprecipitation coupled to massively parallel sequencing
(ChlIP-seq). After KDM2A-bound DNA was aligned to the mouse
genome, a striking overlap was observed between KDM2A
binding and algorithm-predicted CpG island elements. This
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Figure 4. KDM2A Binds to CpG Islands Genome-wide

(A) KDM2A ChlIP-seq analysis of an approximately 180 kb region of chromosome 3 (chr3:103598131-103782151) in mouse ESCs (top panel, red) with compar-
ative analysis from input material (lower panel, blue). Annotated genes in this region are illustrated above the sequence trace with arrows indicating transcription
start sites, vertical black bars corresponding to exons, and CpG islands represented by green bars.

(B) Average KDM2A tag density (upper panel) and ChIP input tag density (lower panel) at CpG island-associated transcription start sites (TSS) (red line) compared
to non-CpG island TSS (blue line). Density profiles were calculated by averaging tag counts at each position in a 4 kb region around the TSS for all promoters
in a set.

(C) Average KDM2A tag density (upper panel) and ChlIP input tag density (lower panel) across CpG islands at TSS (red line), transcription end sites (TES) (blue line),
and other genomic CpG island locations (black line). Tag density is plotted relative to the CpG island coordinates, where the CpG island start and end correspond
to positions 0 and 1, respectively.

(D) KDM2A binding does not correlate with gene expression levels, as indicted by comparison of gene expression level versus KDM2A tag count in the TSS prox-
imal regions of all CpG island genes. Red dots correspond to individual genes, and a black line representing loess regression is shown to indicate the trend in data
distribution. The gene expression levels were estimated based on published microarray data for mouse ESCs (GEO accession number GSE8024) (Mikkelsen
et al., 2007).

was apparent when we focused on contiguous regions of the elements (Figure 4A and Figures S4A-S4D). This remarkable

genome containing both CpG island and non-CpG island genes  specificity held true when KDM2A tag density was analyzed
with significant KDM2A enrichment only observed at CpG island  over all transcription start sites in the genome with specific
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KDM2A tag density enrichment at bioinformatically defined CpG
islands and negligible tag density over non-CpG island pro-
moters (Figure 4B). Importantly, there was no tag density enrich-
ment at either promoter type when the input chromatin sample
was analyzed in the same way (Figure 4B). In addition to CpG
islands that are associated with gene promoters, some CpG
islands are found at transcription end sites or separate from
either annotated transcription start or end sites. Similar to the
enrichment seen at CpG island promoter regions, KDM2A tag
density was enriched over CpG island elements regardless of
whether or not they were promoter associated (Figure 4C).
Importantly, localization of KDM2A to CpG islands appears to
depend on the presence of underlying nonmethylated CpG
DNA sequence and not simply as a secondary consequence of
engagement of the transcriptional machinery, as KDM2A-
specific enrichment was observed at both expressed and non-
expressed CpG island genes (Figures S4E-S4G).

Based on ChlP-seq analysis, KDM2A occupies greater than
90% of CpG islands and over 95% of transcription start site-
associated CpG islands as defined by the CpG island prediction
algorithm (Table S1). Importantly, these regions encompass the
majority of high-magnitude KDM2A binding clusters (Figure S4H,
Figure 4A, Figures S4A-S4D). Algorithm-based peak finding also
identified a large fraction of low-magnitude KDM2A-enriched
regions that occurred outside of bioinformatically annotated
CpG islands (Table S1). To investigate whether these binding
events occurred at nonmethylated regions of the genome, a
series of non-CpG island KDM2A ChIP-seq peaks (both pro-
moter associated and non-promoter associated) were analyzed
by bisulfite sequencing (Figures S4L-S4Q). The analyzed pro-
moter-associated non-CpG island KDM2A peaks correspond
to contiguous regions of nonmethylated DNA (Figures S4L and
S4M), indicating they are likely CpG islands that fall below the
criteria for inclusion in the algorithm-defined CpG island set.
This suggests that a proportion of bona fide nonmethylated
CpG islands has been excluded from the CpG islands prediction
set, as has been observed previously (lllingworth et al., 2008).
This is also in fitting with the observation that non-CpG island
KDM2A peaks tend to exhibit GC content and observed/
expected CpG ratios greater than that of bulk genomic DNA
(Figures S4J and S4K). Other KDM2A sites tended to be of
very low magnitude, and bisulfite sequencing verified that these
regions only contain small amounts of mosaically nonmethylated
DNA (Figures S4N-S4Q). Therefore, in fitting with the observa-
tion that the majority of nonmethylated DNA is found in CpG
islands, strong KDM2A binding corresponds to annotated CpG
islands (Figure S4H), and KDM2A tag density is more concen-
trated at strong as opposed to weak CpG islands (Figure S4l).

Together these observations demonstrate that KDM2A recog-
nizes CpG islands through an intrinsic DNA binding capacity as
opposed to relying on nucleation through transcription factors,
as do other histone demethylases and most chromatin-modi-
fying enzymes. Because KDM2A does not rely on the transcrip-
tional regulatory machinery to interact with DNA sequences, one
would envisage that binding and therefore function at CpG island
genes was independent of the underlying transcriptional state of
the associated gene. This is supported by the fact that KDM2A
enrichment was detected at over 95% of transcription start sites
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that contain CpG islands, but tag density did not correlate with
gene expression levels of these CpG island genes in mouse
ESCs (Figure 4D). Furthermore, KDM2A binds both expressed
and nonexpressed CpG island genes (Figures S4E-S4G). These
observations are particularly important as direct binding of
KDM2A to CpG island DNA suggests a function for this protein
that does not directly result in transcriptional activation or
repression per se.

CpG Islands Are Specifically Depleted of H3K36me2

A potential role for KDM2A at CpG islands could be to mark
these regions of the genome by specifically depleting H3K36
methylation. KDM2A is a histone H3 lysine 36 (H3K36) demethy-
lase that preferentially removes the dimethyl (me2), and to a
lesser extent the monomethyl (me1), modification state (Tsukada
et al., 2006). To explore if H3K36 methylation was depleted at
CpG island promoters, ChlIP was carried out at a series of CpG
island and non-CpG island genes, and H3K36me1, -me2, and
-me3 modifications were analyzed. Remarkably, the levels of
H3K36me1 and -me2 were significantly depleted in the promoter
regions of CpG island genes when compared to the promoters of
non-CpG island genes and the body of both classes of genes
(Figure 5A and Figures S5A and S5B). Depletion of H3K36me2
was most clearly observed at CpG island promoters, in line
with the previously characterized enzymatic preference of
KDM2A toward this modification state (Tsukada et al., 2006)
and our observations by ChIP-seq that KDM2A binds CpG
islands genome-wide. To understand if the H3K36me2 depletion
at CpG island promoters corresponded precisely to regions of
KDM2A binding, KDM2A and H3K36me2 ChIP profiles were
compared over a series of tiled amplicons covering genes with
CpG island and non-CpG island promoters (Figures 5B and
5C). Importantly, at CpG island-containing promoters, KDM2A
binding peaked over the CpG island region and precisely corre-
sponded to the region of chromatin that showed depletion of
H3K36me2 (Figure 5B). In clear contrast, non-CpG island
promoters had no KDM2A and lacked obvious H3K36me2
depletion (Figure 5C). Interestingly, over the body of expressed
genes, depletion of H3K36me2 was also observed, and this
corresponded to the appearance of the H3K36me3 state (Fig-
ure 5B). This may represent conversion of H3K36me2 to the
-me3 modification state, in agreement with previous observa-
tions in ESCs that H3K36me3 occurs exclusively over the body
of actively transcribed genes (Mikkelsen et al., 2007) and the
recent discovery in fly and mouse that the H3K36me2 and
-me3 modification states are placed by different enzymes (Bell
et al., 2007; Edmunds et al., 2008). Surprisingly, we observed
relatively constant levels of H3K36me2 upstream, over the
body, and downstream of genes in all regions analyzed. This
suggested that H3K36me2 may be more broadly distributed in
chromatin of higher eukaryotes than previously realized and
parallels published mass spectrometry data that indicated that
up to 40% of mammalian cellular histone H3 was characterized
by the H3K36me2 state (Garcia et al., 2008; Peters et al., 2003;
Robin et al., 2007). Because KDM2A was targeted to CpG
islands based on nonmethylated DNA sequence, it appears to
function in a unique and generic manner to remove H3K36me2
from island regions and epigenetically differentiate these
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Figure 5. Depletion of H3K36me2 at KDM2A-Bound CpG Islands

(A) H3K36me2 is depleted at KDM2A-bound CpG islands as indicated by the average H3K36me2 ChIP enrichments for a series of CpG island (upper panel) and
non-CpG island genes (lower panel). For each type of gene, qPCR primer sets specific to promoter and body regions were used. For each primer set, H3K36me2-
specific enrichment was normalized to histone H3 occupancy. Each data set represents the average of nine individual genes (see Figure S5). At CpG island genes,
K36me2 is significantly depleted at the promoter relative to the body region (**p < 0.01), whereas at genes with non-CpG island promoters there is no significant
difference in K36me2 between promoter and body regions (p > 0.05).

(B and C) (B) Comparison of KDM2A (upper panel, blue line) and H3K36me2/me3 (lower panel, red and black lines) ChIP profiles across tiled CpG island genes
and (C) non-CpG island genes, indicating specific enrichment of KDM2A and depletion of H3K36me2 at CpG islands. Individual genes are depicted to scale
above each panel. Anti HA antibody (green line) is included as a negative control in the KDM2A ChIP experiments. Enrichment values for H3K36me2 (left-
hand y axis) and me3 (right-hand y axis) are normalized to histone H3 occupancy.

(D and E) (D) Comparison of DNA methylation by bisulfite sequencing (upper panel), KDM2A occupancy by ChIP (middle panel), and H3K36me2/me3 levels by
ChlP (bottom panel) at Ncoa2 and Cldn4 in mouse ESCs and (E) mouse fibroblasts. Empty and filled circles (upper panel) represent nonmethylated and meth-
ylated CpG dinucleotides, respectively. KDM2A ChIP and H3K36me2/me3 ChlP are represented as described for (B) and (C). DNA methylation of the Cldn4 CpG
island in fibroblasts blocks KDM2A binding and abrogates the depletion of H3K36me2 over the CpG island region that is observed in ESCs, whereas the Ncoa2
CpG island remains nonmethylated in both cell types, retains KDM2A, and has a depletion of H3K36me2 at the CpG island. All ChIP data represent at least two
biological replicates, and error bars indicate SEM.
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Figure 6. Depletion of KDM2A Causes Increases in H3K36me2 at CpG Islands

(A) A KDM2A knockdown cell line displays an approximately 60% decrease in KDM2A mRNA levels compared to the control cell line.

(B) Western blot with an antibody against KDM2A shows depletion of KDM2A protein levels in the KDM2A knockdown cell line compared to control cell line.
Western blot with an RBP2 antibody demonstrates equal loading.

(C) KDM2A knockdown cells exhibit no gross differences in levels of H3K36me2, H3K36me3, H3K4me3, or H3K9me3 relative to control cells. Western blot with
a histone H3 antibody demonstrates equal loading.

(D) Shown is comparison of KDM2A (upper panel blue lines) and H3K36me2 (lower panel red lines) ChIP profiles across tiled CpG island genes in control (solid
lines) and KDM2A knockdown cell line (dashed lines). KDM2A knockdown cells exhibit specific loss of KDM2A enrichment at CpG islands, resulting in a CpG
island-specific gain of H3K36me2. Individual genes are depicted to scale above each panel.

(E) Comparison of KDM2A (upper panel, blue bars) and H3K36me2 (lower panel, red bars) ChIP at promoter and body regions of CpG island genes in control (dark
blue and dark red) and KDM2A knockdown cells (light blue and light red). At CpG island regions, the KDM2A knockdown cell line shows a significant loss of
KDM2A-specific enrichment compared to control cells (*p < 0.05). Loss of KDM2A at CpG islands correlates with a significant H3K36me2 increase in knockdown
cells compared to control (*p < 0.05, **p < 0.01, **p < 0.001).

(F and G) Non-CpG island genes were analyzed as in (D) and (E). At genes with non-CpG island promoters, KDM2A knockdown cells show no significant differ-
ence in KDM2A or K36me2 enrichment compared to control cells (p > 0.05). All ChIP data represent at least two biological replicates, and error bars indicate SEM.
(H) Volcano plot comparison of expression values in the KDM2A knockdown and control cell lines reveals subtle but significant changes in gene expression. Fold
change in expression values (KDM2A knockdown relative to control) and the statistical significance of the differences (two sided t test) were computed for each
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regulatory elements from bulk chromatin and non-CpG island
promoters.

Depletion of H3K36me2 Is Lost when KDM2A Binding

Is Inhibited by CpG Island Methylation

KDM2A binding to CpG DNA in vitro is blocked by DNA methyl-
ation, and it preferentially associates with nonmethylated CpG
islands in vivo (Figures 1B, 1D, and 3B). Although a clear attribute
of CpG islands is their capacity to remain free of DNA methyla-
tion whether the associated gene is active or repressed, as
cells differentiate during development a small number of CpG
island promoters undergo de novo DNA methylation through
a poorly understood mechanism. Because DNA methylation
blocks KDM2A binding, this permitted chromatin analysis at
a defined gene either in the presence or absence of KDM2A.
To this end, we examined H3K36me2 at a control gene with
a CpG island that is nonmethylated in both ESCs and differenti-
ated fibroblasts (Ncoa2) and a gene that has a CpG island that
acquires DNA methylation in fibroblasts (Cldn4) (Figures 5D
and 5E). In mouse ESCs and fibroblasts, the Ncoa2 CpG island
promoter was nonmethylated, bound KDM2A, and showed
specific depletion of H3K36me2 over the CpG island (Figures
5D and 5E). In stark contrast, while the nonmethylated Cldn4
CpG island also showed KDM2A binding and H3K36me2 deple-
tion in ESCs, acquisition of CpG island DNA methylation in differ-
entiated fibroblasts correlated with the absence of KDM2A
binding and the appearance of H3K36me2 at the CpG island
(Figure 5E, right panel). Therefore, KDM2A binding correlates
with CpG island-specific depletion of H3K36me2. Strikingly,
this observation also highlights that cell-type-specific epigenetic
changes in CpG island methylation can regulate KDM2A binding
and thus impact promoter-specific H3K36 modification.

Depletion of KDM2A Causes Increases in H3K36me2

at CpG Islands

Despite exhaustive attempts to knock down KDM2A in a number
of different ES and primary cell lines using an array of RNAi-
mediated approaches, KDM2A has proved to be highly refrac-
tory to depletion, suggesting it may contribute to an essential
process in these cell types. To try and circumvent this limitation,
a stably expressed shRNA-mediated approach was used to
deplete KDM2A in human cervical carcinoma cells. Approxi-
mately 60% knockdown was achieved at the RNA level as as-
sessed by RT-PCR (Figure 6A), and clear depletion of the protein
was observed when assessed by western blot analysis (Fig-
ure 6B). To understand if KDM2A depletion affected global levels
of H3K36me2, bulk cellular histone was isolated and histone
methylation levels analyzed by western blot (Figure 6C). No
obvious global changes in H3K36me2 or other histone methyla-
tion marks were observed, in fitting with the contention that
H3K36me2 is an abundant modification and KDM2A-mediated
depletion is restricted to a small fraction of the genome.
To understand if KDM2A contributes to the depletion of
H3K36me2 at CpG islands, ChIP-gPCR was used to analyze

KDM2A and H3K36me2 occupancy in the control and KDM2A
knockdown cell lines (Figures 6D-6G). Importantly, in the con-
trol line, KDM2A occupancy was restricted to CpG island
sequences and H3K36me2 was depleted at CpG islands, as
observed in mouse ES and fibroblast cells (Figures 6D and 6E).
In the KDM2A knockdown cell line, we observed a reduction in
KDM2A ChIP signal specifically at CpG islands genes (Figures
6D and 6E). The reduction of KDM2A at CpG island genes
resulted in a significant increase in H3K36me?2 levels specifically
at the CpG island. Importantly, this reduction in KDM2A occu-
pancy and increase in H3K36me2 in the KDM2A knockdown
line was not due to alteration in the underlying DNA methylation
profiles due to perturbed KDM2A levels (Figures S6A and S6B).
In contrast, we did not observe any significant increase in the
levels of H3K36me2 at non-CpG island genes (Figures 6F and
6G). Together these observations demonstrate that depletion
of KDM2A results in encroachment of H3K36me2 into CpG
islands regions and indicate a causative role for KDM2A deme-
thylase activity in defining depletion of this mark at CpG islands.

When the transcription levels of CpG island genes were
analyzed comparing the control and KDM2A knockdown line
by RT-PCR, there was no general correlation between the deple-
tion of KDM2A and upregulation or downregulation of steady-
state transcript levels (Figure S6C). This is in fitting with the
observation in mouse ESCs that KDM2A does not specifically
bind to expressed or nonexpressed CpG island genes and
argues against KDM2A playing a role as a traditional activator
or repressor. We did observe some subtle changes in gene
expression between the control and KDM2A KD cell line
by RT-PCR (Figure S6C). This prompted an analysis of the
genome-wide expression profiles in the control and KDM2A
knockdown cell lines by microarray-based gene expression
profiling (Figure 6H). Interestingly, this analysis revealed statisti-
cally significant changes in gene expression, but the majority of
these were subtle and less than 2-fold. KDM2A potentially asso-
ciates with up to two-thirds of genes through association with
CpG islands, but we did not observe any clear correlation
between these gene expression changes and CpG island or
non-CpG island genes (data not shown), suggesting that any
CpG island-specific changes are indiscernible from downstream
secondary systemic effects. As elaborated on in the discussion,
removal of H3K36me2 by KDM2A as part of the systems that
define CpG island chromatin architecture may contribute to the
transcriptional competency of CpG island genes. Consistent
with this possibility, depletion of KDM2A causes subtle changes
in gene expression that appear to be tolerated by these trans-
formed cells. One possible explanation for the fact that KDM2A
depletion has been unattainable in primary nontransformed
cells could be that these cell types are unable to tolerate the
aggregated effect of the gene expression perturbations resulting
from KDM2A depletion, even though these are moderate in mag-
nitude. Nevertheless, these observations suggest that KDM2A is
not functioning as a potent CpG island-specific transcriptional
activator or repressor but instead defines chromatin architecture

transcript interrogated on the array (red dots). Vertical dashed black line represents zero change in expression, vertical dashed green lines represent a 2-fold
change in expression, and vertical dashed blue lines represent a 4-fold change in expression. Transcript data points above the horizontal dashed gray line
show a statistically significant change in expression between KDM2A knockdown and control cell lines (p < 0.05).
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CpG islands utilize nonmethylated CpG dinucleotides to recruit the ZF-CxxC domain protein KDM2A, depleting these regions of H3K36me2 and creating a chro-
matin environment that is unique from bulk non-CpG island chromatin. CpG island chromatin is also modified by H3K4me3, and this relies on targeting of the Set1
complex by the ZF-CxxC domain containing CFP1 protein (A. Bird, personal communication). Another facet of CpG island chromatin is depletion of histone H1.
Because CpG islands are usually part of regulatory regions or associated with transcription start sites, this unique chromatin architecture may function to differ-
entiate these regulatory regions from bulk chromatin in large complex mammalian genomes.

at CpG islands through enzymatic removal of H3K36me2,
a process that may indirectly contribute to normal transcriptional
profiles.

DISCUSSION

Although the existence of CpG islands has been known for over
two decades, the mechanisms through which they contribute to
genome function have remained poorly understood. Here we
provide compelling evidence that CpG islands are actively
recognized by KDM2A binding to nonmethylated CpG DNA
through a ZF-CxxC domain (Figures 1-3). Using ChIP-seq we
show that KDM2A binds to 90% CpG island elements
genome-wide and that this nucleation event is independent of
the transcriptional status of the associated gene (Figure 4). We
demonstrate that KDM2A occupancy at CpG islands imposes
a unique H3K36me2-depleted chromatin signature that dif-
ferentiates these regulatory elements from bulk chromatin, and
we provide functional data demonstrating that depletion of
KDM2A results in H3K36me2 spreading into CpG island
elements (Figures 5 and 6). Together these observations pro-
vide insight into how CpG islands can impact chromatin archi-
tecture at regulatory elements by utilizing their underlying DNA
sequence as a nucleation site for a chromatin-modifying enzyme
(Figure 7). Therefore, these data suggest a central function of
CpG island DNA may be to impose a chromatin architecture
that differentiates CpG island chromatin from bulk chromatin,
highlighting these important regulatory regions within large and
complex mammalian genomes. In support of this contention,
CpG island chromatin is also enriched in H3K4me3 regardless
of whether the associated gene is expressed (Bernstein et al.,
2006; Guenther et al., 2007). Intriguingly, Set1 and MIl H3K4
methyltransferase complexes that trigger this modification also
have ZF-CxxC domains (Birke et al., 2002; Lee and Skalnik,
2005), suggesting they may use a similar mechanism as KDM2A
to target CpG islands (Figure 7). This possibility is supported by
evidence that the ZF-CxxC domain-containing protein, CFP1,
which is a component of the Set1 H3K4 methyltransferase
complex, is targeted to CpG island elements genome-wide,
where it deposits H3K4me3 methylation in a manner that is
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independent of the transcriptional state of the associated
gene (A. Bird, personal communication). These observations
regarding CFP1 nucleation and H3K4me3 perfectly mirror our
discovery that KDM2A binds CpG islands, resulting in enzymatic
depletion of H3K36me2 independently of the transcriptional
state of the associated gene. Together these data indicate that
ZF-CxxC domain-containing proteins are important mediators
of CpG island chromatin architecture and highlight the fact that
CpG islands as a DNA-encoded genetic element are functioning
to directly impact the epigenetic state of surrounding chromatin.

Interestingly, the processes that impose a unique chromatin
environment at CpG islands are presumably even more com-
plex. For example, from biochemical assays it is known that
CpG island chromatin is specifically depleted of linker histone
H1 (Tazi and Bird, 1990) (Figure 7). Given that CpG island
chromatin architecture appears to form irrespective of tran-
scriptional state, an interesting question is what impact this
chromatin environment has on the function of associated genes.
It is known that H3K36me2 and H1 can have an inhibitory effect
on transcription initiation (Carrozza et al., 2005; Cheung et al.,
2002; Levine et al., 1993; Li et al., 2009; Strahl et al., 2002;
Youdell et al., 2008), and H3K4me3 is generally associated
with processes positively contributing to transcription (Kouzar-
ides, 2007). Therefore, one possibility is that unique CpG island
chromatin architecture reinforced by several intersecting chro-
matin-regulating pathways may define regions of the genome
that are more permissive to nucleation of the transcriptional
machinery, effectively differentiating CpG islands from bulk
chromatin and highlighting regulatory regions of the genome.
The inherent complexity of the CpG chromatin signature makes
this a difficult hypothesis to directly examine experimentally,
but this concept is indirectly supported by the observation in
genome-wide run-on transcription assays that CpG island pro-
moters sustain nonproductive transcriptional initiation events in
both sense and antisense directions even in the absence of acti-
vated directional transcription, whereas non-CpG island genes
fail to show this property (Core et al., 2008; Seila et al., 2008).
An important implication of this hypothesis is that CpG island
chromatin architecture would provide an environment that is
permissive to transcription but not drive productive directional
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transcriptional output, a process that requires transcription fac-
tor binding and concerted gene activation mechanisms. This
type of CpG island-specific transcriptional competence has
recently been shown to contribute to the induction kinetics
of CpG island-containing genes in activated macrophages
(Ramirez-Carrozzi et al., 2009).

In conclusion, we have provided a mechanistic link between
CpG island elements and nucleation of a histone demethylase
and demonstrated that CpG islands function to define cellular
chromatin landscapes at these regulatory elements. A corollary
of this observation from a genome evolution standpoint is that
ZF-CxxC domain recognition of CpG island elements may also
impose an additional selective pressure over evolutionary time
to maintain the nonmethylated state of CpG island elements.
Based on our understanding of CpG island function presented
here, a future challenge will be to understand if chromatin modi-
fications at CpG islands impact the transcriptional machinery
and how non-CpG island promoters differ in the absence of
these mechanisms.

EXPERIMENTAL PROCEDURES

Cell Culture
Cell types used in the study were cultured as described in the Supplemental
Experimental Procedures.

Chromatin Immunoprecipitation

For KDM2A, ChlP cells were fixed for 1 hrin 2 mM EGS, followed by 15 min in
1% formaldehyde. For histone modification, ChIP cells were fixed for 10 min in
1% formaldehyde alone. A detailed ChlP protocol, including information about
specific antibodies used for ChIP, is described in the Supplemental Experi-
mental Procedures.

ChIP Sequencing

ChlIP material was sequenced using a Solexa 2G instrument. Sequencing data
are available at GEO accession number GSE21202. Sequencing data were
analyzed as described in the Supplemental Experimental Procedures.

Immunofluoresence

Cells were fixed and immunostained with specific antibodies, as described in
the Supplemental Experimental Procedures. Photographs were captured with
an AxioSkop fluorescent microscope (Zeiss).

Protein Expression and Purification

DNA constructs used for protein expression are described in the Supplemental
Experimental Procedures. Expression and purification of KDM2A ZF-CxxC
domain and KDM2A 1-747 constructs were performed as previously
described (Klose and Bird, 2004) except for minor modifications described
in the Supplemental Experimental Procedures.

Electrophoretic Mobility Shift Assay and Surface Plasmon
Resonance

Detailed protocols for EMSA and surface plasmon resonance experiments,
including information about probes, are described in the Supplemental Exper-
imental Procedures.

Microarray and Data Analysis

RNA labeling and hybridization to 4 x 44 K human gene expression microar-
rays (Agilent Technologies, Inc., Santa Clara, CA) were carried out by Oxford
Gene Technology (Oxford, UK). Hybridizations were performed for two biolog-
ical replicates for each sample. Microarray data are available at GEO acces-
sion number GSE21202. Microarray data were analyzed as described in the
Supplemental Experimental Procedures.

ACCESSION NUMBERS

ChlP sequencing and microarray expression data are available at GEO acces-
sion number GSE21202.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures, one table, Supplemental
Experimental Procedures, and Supplemental References and can be found
with this article at doi:10.1016/j.molcel.2010.04.009.
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Recognition of CpG Island Chromatin by KDM2A Requires Direct
and Specific Interaction with Linker DNA

Jin C. Zhou, Neil P. Blackledge, Anca M. Farcas, and Robert J. Klose
Department of Biochemistry, Oxford University, Oxford, United Kingdom

Up to 70% of human genes are associated with regions of nonmethylated DNA called CpG islands (S. Saxonov, P. Berg, and D. L.
Brutlag, Proc. Natl. Acad. Sci. U. S. A. 103:1412-1417, 2006). Usually associated with the 5’ end of genes, CpG islands are thought
to impact gene expression. We previously demonstrated that the histone demethylase KDM2A is specifically recruited to CpG
islands to define a unique chromatin architecture and highlight gene regulatory regions in large and complex mammalian ge-
nomes. This targeting relies on a zinc finger CXXC DNA binding domain (ZF-CXXC), but how this demethylase interfaces with
CpG island chromatin in vivo remains unknown. Here we demonstrate, using defined chromatin templates in vitro and chroma-
tin profiling in vivo, that nucleosomes are a major barrier to KDM2A binding and that CpG islands are directly interpreted by
the ZF-CXXC domain through specific interaction with linker DNA. Furthermore, KDM2A appears to be constrained to CpG
islands not only by their nonmethylated state but also by a combination of methylated DNA and nucleosome occlusion else-
where in the genome. Our observations suggest that both DNA sequence and chromatin structure are defining factors in inter-
preting CpG island chromatin and translation of the CpG signal. More generally, these features of CpG island recognition sug-
gest that chromatin structure and accessibility play a major role in defining how transcription factors recognize DNA and

regulatory elements genome-wide.

G enomic DNA information in eukaryotes is organized within
the nucleus by packaging into repeated units called nucleo-
somes that consist of roughly 147 bp of DNA wrapped around an
octamer of histone proteins. Packaging of DNA into nucleosomes
permits compaction of the genome into the relatively small con-
fines of the nucleus and can also significantly impact the function
of DNA sequences with which it associates. For example, specific
positioning of nucleosomes over gene regulatory elements can
inhibit initiation of transcription (25-27) and nucleosomes in
transcribed regions of genes can act as a barrier to transcriptional
elongation (14, 15, 31, 36). More recently it has become clear that
modification of both DNA and histones can provide an additional
layer of information that is specifically interpreted and alters the
function of surrounding regions of the genome (21, 43). In the
case of histone proteins, marking of N-terminal tails by a diverse
complement of posttranslational modifications can lead to direct
effects on chromatin packing (38) and specific nucleation of effec-
tor proteins that translate these modification signals into a func-
tional outcome (1, 8,22, 43). The DNA component of the nucleo-
some can also be modified on the five position of the cytosine base
by enzymatic addition of a methyl group which occurs mostly
within the context of CpG dinucleotides (20). This methylated
dinucleotide signal acts as a binding site for proteins containing a
methyl-CpG binding domain (MBD) to create transcriptionally
repressive chromatin states. Together these chromatin modifica-
tion systems appear to have important roles in regulating the
function of transcription and other nuclear processes.

Since the majority of CpG dinucleotides in the mammalian
genome are methylated, a significant effort has been placed on
understanding how the DNA methylation signal impacts genome
function. Interestingly, there are short contiguous regions of the
genome that remain free of DNA methylation and are character-
ized by increased CpG content and GC percentage (2). These ele-
ments are called CpG islands and are found associated with up to
70% of genes (37), but how they remain free of DNA methylation

and function remain poorly understood (3). Based on their asso-
ciation with gene promoter elements, it has been hypothesized
that CpG islands contribute to gene regulation, but how this is
achieved mechanistically remains enigmatic. Recently we and oth-
ers have shown that the zinc Finger CXXC DNA binding domain
(ZF-CXXC)-containing proteins can specifically recognize non-
methylated CpG islands, where they recruit chromatin-modifying
enzymes to create a CpG island-specific chromatin modification
profile (4, 45). This targeting mechanism appears to rely on both
specific recognition of nonmethylated CpG dinucleotides by the
ZF-CXXC domain and inhibition of binding to other CpG di-
nucleotides outside CpG islands by DNA methylation. This sim-
ple yet elegant system relies on hardwired DNA sequence and
epigenetic DNA methylation profiles to create unique chromatin
architecture at CpG islands in contributing to gene regulatory
potential.

The majority of our understanding of CpG island recognition
by ZF-CXXC proteins comes from in vitro studies on naked DNA
and descriptive work from genome wide chromatin immunopre-
cipitation sequencing (ChIP-seq) analysis (4, 45). Given the inti-
mate relationship between CpG island function and chromatin,
we sought to investigate how ZF-CXXC proteins interpret CpG
islands in a chromatin context. To this end we have taken advan-
tage of a completely recombinant chromatin reconstitution sys-
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tem to define how the ZF-CXXC protein KDM2A interacts with
CpG island chromatin. Surprisingly, KDM2A has a very specific
requirement for recognition of nucleosome-free linker DNA in
vitro, and this binding mode is required for specific nucleation of
KDM2A at CpGislands in vivo. Furthermore, we demonstrate that
KDM2A binding is seemingly restricted to CpG islands even in the
absence of genome methylation, suggesting that both DNA meth-
ylation and nucleosome occupancy function to restrict the pro-
moter CpG island recognition system to these specific regions of
the genome.

MATERIALS AND METHODS

DNA constructs. The vector used for prokaryotic expression of His-
KDM2A-StrepIl (AA 1-747) and mutant derivatives were generated as
previously described (4). A mutation in the plant homeodomain (PHD
domain) was introduced using the QuikChange mutagenesis XL kit
(Stratagene).The pBlu2SKP 2X601 +48 plasmid (a gift from Tom Owen-
Hughes) was amplified by mismatch PCR to mutate all CpG dinucleotides
in the 48-bp linker region (pBlu2SKP 2X601 +48 0CG L).

Protein expression and purification. Expression and purification of
KDM2A was performed as previously described (4). In brief, cells were
lysed by sonication and the lysate cleared by centrifugation. The resulting
lysate was loaded onto a prewashed Ni-NTA (nitrilotriacetic acid) column
(GE Healthcare) and the eluate was further purified using a prewashed
StrepTactin Superflow column (IBA). Purified protein was dialyzed over-
night in BC100 (50 mM HEPES, pH 7.9, 100 mM KCI, 10% glycerol, 0.5
mM dithiothreitol [DTT]) and stored at —80°C until use.

Reconstitution and purification of nucleosomes. Reconstitution of
nucleosomes was performed following a previously described protocol
(9). In brief, recombinant Xenopus histones were expressed in Escherichia
coli and purified via Sephacryl S-200 gel filtration (GE Healthcare). Stoi-
chiometric amounts of each core histone were incubated together under
high-salt conditions, and the resulting histone octamer was purified using
a Superdex 200 gel filtration column (GE Healthcare). DNAs (147 bp and
216 bp) carrying high-affinity nucleosome positioning sequences (601
sequence) were PCR amplified from the pGEM-3Z 601 plasmid (a gift
from Tom Owen-Hughes and Jonathan Widom). The 378-bp DNA car-
rying two 601 sequences and a 48-bp linker region was PCR amplified
from the pBlu2SKP 2X601 +48 plasmid. All PCR products were then
purified using a Resource Q anion-exchange column (GE Healthcare).
Purified PCR DNA was then end labeled with [y-32P]ATP (Perkin Elmer)
using T4 polynucleotide kinase (Fermentas). Unincorporated label was
removed using a nucleotide removal kit (Qiagen). Equimolar ratios of
purified labeled DNA and octamers were mixed together in 2 M NaCl and
diluted stepwise with 10 mM Tris-HCI, pH 7.6, to reach a final concen-
tration of 100 mM NaCl. The reconstituted nucleosome was then purified
on a5 to 20% sucrose gradient, and the resulting fractions were analyzed
on a 0.8% agarose gel. Fractions containing only reconstituted mono- or
dinucleosomes were then pooled together and used for the electropho-
retic mobility shift assay (EMSA).

EMSA. EMSA reactions were assembled as previously described (4).
Briefly, purified, labeled nucleosome substrates were incubated with the
KDM2A protein in the presence of poly(dA-dT) competitor DNA for 20
min at room temperature and then loaded onto a 0.8% agarose gel in 0.2 X
Tris-borate (TB). The gel was run at 4°C, dried onto a DE81 anion ex-
changer paper (Whatman), and exposed to a phosphorimager screen.

MNase chromatin immunoprecipitation. For chromatin prepara-
tion, V6.5 mouse embryonic stem (ES) cells were fixed for 10 min in
0.37% formaldehyde and then quenched by the addition of glycine to a
final concentration of 125 mM. Cells were then resuspended in 1 ml RSB
buffer (10 mM Tris-HCI, pH 8, 10 mM NaCl, 3 mM MgCl,) before being
lysed by the addition of RSB buffer supplemented with 0.1% NP-40. Nu-
clei were then collected by centrifugation at 1,500 X g for 5 min, resus-
pended in RSB supplemented with 10 mM CaCl, and complete protease
inhibitors (Roche) at a density of approximately 5 X 107 cells per ml, and
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divided into 1-ml aliquots. To each 1-ml aliquot, 200 U of micrococcal-
nuclease (MNase; Worthington) was added, and the reaction mixtures
were then incubated at 37°C for 2.5 min (polynucleosome chromatin
preparations) or 1 h (mononucleosome chromatin preparations). The
reactions were stopped by adding 20 mM EDTA, and 0.5% SDS was added
to ensure complete lysis of nuclei. Chromatin immunoprecipitations were
performed overnight at 4°C with approximately 3 ug of antibody and 100
ul of chromatin (corresponding to 5 X 106 cells) diluted in 900 ul of ChIP
dilution buffer (1% Triton X-100, 1 mM EDTA, 20 mM Tris-HCI, pH 8,
and 150 mM NaCl). Antibodies used for ChIP were anti-KDM2A (4) and
anti-histone H3K4me3 (histone trimethylated at lysine 4; Abcam
ab8580). Antibody-bound proteins were isolated on protein A agarose
beads (Repligen), washed extensively, and eluted, and cross-links were
reversed according to the Upstate protocol. Samples were then sequen-
tially treated with RNase and proteinase K before being purified on a
PureLink PCR microcolumn (Invitrogen). Real-time quantitative PCR
(qPCR) was performed using Sybr green (Quantace) on a Rotor-Gene
6000 (Corbett). Primer sets used for qPCR are available upon request.

Sucrose gradient separation of native nucleosome preparations. Na-
tive nucleosome preparations and sucrose gradients were performed as
previously described (16), with minor modifications. Briefly, approxi-
mately 1 X 108 purified nuclei from V6.5 cells were resuspended in 1 ml
RSB buffer supplemented with 0.25 M sucrose, 3 mM CaCl,, and com-
plete protease inhibitors. Digestions were performed with 10 units (poly-
nucleosome preparation) or 500 units (mononucleosome preparation) of
MNase for 15 min at 37°C, and reactions were then stopped by adding
EDTA and EGTA, each to a final concentration of 3.5 mM. After centrif-
ugation at 5,000 rpm for 5 min, the supernatant (S1) was collected. The
remaining nuclear pellet was resuspended in 300 ul of nucleosome release
buffer (10 mM Tris-HCI, pH 7.5, 10 mM NaCl, 0.5 mM EDTA, and
protease inhibitor cocktail) and gently mixed at 4°C for 1 h. Following
centrifugation at 5,000 rpm for 5 min, the second supernatant (S2) was
collected. Nucleosome preparations comprising 700 ul S1 and 300 ul S2
were then fractionated through an 11-ml sucrose density gradient (5%-
t0-25% sucrose, 10 mM Tris-HCI, pH 7.4, 0.25 mM EDTA, 300 mM
NaCl) at 30,000 rpm for 16 h at 4°C. Each 500-ul fraction had 50 ul
removed for DNA purification and agarose gel analysis, and the remain-
der of each fraction was concentrated by trichloroacetic acid precipitation
and used for protein analysis by Western blotting. Antibodies used for
Western blotting were anti-KDM2A (4), anti-histone H3 (Ab1791), anti-
histone H1 (Millipore AE-4), and anti-DNMT3B (Enzo Life Sciences
52A1018).

RESULTS

KDM2A binds extranucleosomal DNA. We recently demon-
strated that recombinant KDM2A binds to nonmethylated CpG
dinucleotides via its ZF-CXXC DNA binding domain (4). The
capacity of KDM2A to recognize the nonmethylated fraction of
the genome results in nucleation of KDM2A at CpG island ele-
ments in vivo, where it demethylates histone H3 lysine 36
(H3K36). These experiments demonstrated that KDM2A could
bind nonmethylated CpG on naked DNA templates, but given
that KDM2A is a chromatin-modifying enzyme, we were inter-
ested to investigate how KDM2A interrogates more physiological
nucleosome substrates and understand if DNA alone is sufficient
for KDM2A nucleation on chromatin.

To address these questions, we first used a fully recombinant
nucleosome reconstitution system based on the 601 nucleosome
positioning sequence (28). We chose to use the 601 nucleosome
positioning sequence, as it will house a histone octamer at a well-
defined position on the DNA template and recapitulates both the
CpG content and GC nucleotide composition characteristics of
mammalian CpG islands. Histones were assembled on a 147-bp
601 sequence by salt dilution, and the reconstituted nucleosomes
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were purified by density gradient centrifugation, yielding a highly
pure mononucleosome fraction (data not shown). KDM2A was
then used in an electromobility shift assay (EMSA) comparing
binding to the naked 147-bp 601 sequence or the 147-bp 601
mononucleosome. As observed previously, KDM2A bound ro-
bustly to the naked CpG-containing DNA sequence (Fig. 1A, left
panel). However, addition of KDM2A did not lead to a mobility
shift of the mononucleosome (Fig. 1A, right panel). This interest-
ing observation suggests that deposition of histones on DNA may
occlude KDM2A binding to the CpG dinucleotides. The lack of
binding to the 147-bp nucleosome suggested that perhaps
KDM2A may require extranucleosomal DNA for efficient binding
to chromatin. To test this possibility, we generated a second
216-bp 601 mononucleosome that has an additional 60 bp of
DNA that extend out from the nucleosome positioning sequence
(Fig. 1B and C). KDM2A was incubated with the 216-bp nucleo-
some and analyzed by EMSA. The addition of extranucleosomal
DNA to the mononucleosome resulted in a dose-dependent shift
of the nucleosome substrate by KDM2A. Importantly, this inter-
action was dependent on DNA binding, as a point mutation in the
ZF-CXXC domain abrogates interaction with the 216-bp nucleo-
some.

We have previously demonstrated that methylation of CpG
dinucleotides abrogates KDM2A binding. To determine whether
KDM2A binding to the 216-bp mononucleosome was dependent
on nonmethylated CpG DNA, we reconstituted nucleosomes
where all CpG dinucleotides were in vitro methylated prior to
reconstitution (Fig. 1B and C). KDM2A binding to the methylated
substrate was completely abrogated, as analyzed by EMSA, indi-
cating that KDM2A binding to the 216-bp nucleosome is depen-
dent on nonmethylated CpG. The main difference between the
147- and 216-bp nucleosomes is the presence of extranucleosomal
DNA. This suggests that KDM2A likely recognizes nucleosome-
free DNA in the context of a mononucleosome. To investigate this
possibility, a 216-bp nucleosome was reconstituted in which only
the CpG dinucleotides in the extranucleosomal DNA were mu-
tated (Fig. 1B and C). Despite the fact that the nucleosome-
occupied portion of the 216-bp nucleosome has an abundance of
nonmethylated CpG dinucleotides, specific mutation of CpGs in
the extranucleosomal DNA was sufficient to abrogate binding.
Together, these observations demonstrate that KDM2A specifi-
cally interrogates extranucleosomal DNA in the 216-bp nucleo-
some.

KDM2A binding is restricted to linker DNA. KDM2A will
never encounter an isolated mononucleosome in vivo, but instead
extranucleosomal DNA will largely occur between nucleosomes
on the chromatin polymer. Therefore, to examine whether
KDM2A can bind to linker DNA between nucleosomes, we recon-
stituted dinucleosomes which consist of two 601 nucleosome po-
sitioning sequences separated by 48 bp of linker DNA (10). The
only extranucleosomal DNA in this substrate exists between the
positioned nucleosomes. KDM2A was then presented with this
substrate in an EMSA (Fig. 1D). Much like the 216-bp nucleo-
some, KDM2A bound efficiently to the dinucleosome substrate.
The retardation of the KDM2A/dinucleosome complex (Fig. 1D)
compared to the KDM2A/mononucleosome complex (Fig. 1C) is
lesser in magnitude, as the relative increase in mass due to
KDM2A binding to the KDM2A/dinucleosome complex is
smaller. To ensure that this modest mobility shift was dependent
on KDM2A, we used a DNA binding mutant that abrogated the
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FIG 1 KDM2A interacts specifically with linker DNA in vitro. (A) KDM2A
efficiently binds to the naked 147-bp 601 nucleosome positioning DNA (left-
hand panel) but binding is completely inhibited when a nucleosome is posi-
tioned on this same DNA sequence (right-hand panel), as analyzed by EMSA.
The K601A mutant version of KDM2A lacks DNA binding activity. The posi-
tions of free DNA and nucleosomal DNA are indicated to the left of the panel
with arrows. (B) Nucleosomes were reconstituted using a DNA substrate with
216 bp of DNA. The cartoon indicates nucleosomes in which the extranucleo-
somal DNA has CpG dinucleotides (top, open lollypop), methylated CpG
dinucleotides (middle, closed lollypop), or mutated CpG dinucleotides (bot-
tom, with x). (C) KDM2A interacts specifically with nucleosomes that have
CpG dinucleotides in the extranucleosomal DNA but not in the same frag-
ments when methylated or mutated. (D) Dinucleosome substrates that have 48
bp of linker DNA were reconstituted with the CpG dinucleotides in the linker
DNA either intact (left panels) or mutated (right panels). KDM2A bound
specifically to the dinucleosome with intact linker CpG dinucleotides, as indi-
cated by the protein concentration-dependent nucleosome mobility shift and
capacity to supershift this species with a KDM2A-specific antibody (left-hand
panels). Mutation of the CpG dinucleotide in the linker DNA resulted in a loss
of binding (right-hand panels).
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FIG 2 ZF-CXXC domain proteins bound to nonmethylated CpG DNA. (A) A cartoon depicting the structure of the DNMT1 ZF-CXXC domain bound to
nonmethylated CpG DNA (Protein Data Bank [PDB] number, 3PT6). The green ribbon indicates the protein backbone and the residues that specifically interact
with CpG dinucleotides in the major groove. The DNA is colored light brown and is viewed looking down the DNA double helix. The gray shading indicates the
protein surface, and the red spheres correspond to the two zinc ions coordinated by the ZF-CXXC domain. (B) The same representation as in panel A of the MLL1
ZF-CXXC domain bound to nonmethylated CpG DNA (PDB number, 2KKF). From both panels it is apparent that the ZF-CXXC domain interacts specifically
with CpG DNA in the major groove and interacts with minor-groove DNA on the opposite side of the DNA double helix.

mobility shift and antibodies against KDM2A to supershift the
KDM2A/nucleosome complex. To verify that KDM2A interacts
with the linker region, a dinucleosome was reconstituted in which
the CpG dinucleotides in the linker region were mutated. Impor-
tantly, this results in a loss of nucleosome binding (Fig. 1D, right-
hand panel). The very small amount of residual binding in the
dinucleosome lacking linker CpGs (Fig. 1D right hand panels)
appears to result from a fraction of the reconstituted dinucleo-
some being imperfectly phased over 601 nucleosome positioning
sequences (9), resulting in accessible CpG dinucleotides. This
mode of interaction is supported by the fact that the ZF-CXXC
mutant (K601A) does not cause a mobility shift of either dinucleo-
some substrate (Fig. 1D). Together, these observations demon-
strate that KDM2A interacts in the linker region between nucleo-
somes.

Our in vitro binding studies with reconstituted nucleosomes
indicate that KDM2A interacts with linker DNA. To try and un-
derstand why nucleosomes might be a barrier to interaction of the
ZF-CXXC domain with DNA, the structures of two recently
solved ZF-CXXC/CpG DNA structures (MLL1 and DNMT1)
were analyzed (Fig. 2) (7, 41). In both cases the ZF-CXXC domain
forms a crescent-shaped fold that coordinates two zinc ions. Side
chain residues in a single loop at the tip of the zinc finger interro-
gate the major groove of DNA where they recognize CpG bases
and are sterically occluded by the presence of methyl CpG. Inter-
estingly, in both of these structures a distinct portion of the ZF-
CXXC domain also wraps around the DNA and interrogates the
minor groove on the opposite side of the double helix. Mutations
that disrupt this interaction also affect DNA binding, suggesting
that simultaneous interaction with major- and minor-groove
DNA is required for efficient DNA binding (7). In the context of a
nucleosome, when the major groove is facing outwards, the minor
groove points inwards and is often engaged by arginine residues
from the histone octamer (29). This observation likely explains
the lack of KDM2A binding to nucleosomal DNA, as access to
information in both the major and minor groove would be steri-
cally constrained in nucleosomal DNA compared to naked DNA.
Therefore, it seems likely that ZF-CXXC domain proteins are oc-
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cluded from binding nucleosomal DNA by the inability to easily
interface with both major- and minor-groove DNA.

Neither H3K4me3 nor the KDM2A PHD domain is required
for 216-bp nucleosome binding. It has recently been demon-
strated that the plant homeodomains (PHD domains) in many
proteins can function as lysine or methylated lysine binding mod-
ules (43, 50). KDM2A has a highly conserved PHD domain im-
mediately adjacent to the ZF-CXXC DNA binding domain. The
close proximity of the PHD and DNA binding domains suggested
that perhaps together these domains may form a chromatin bind-
ing interface that interrogates both DNA and histone. To test this
possibility, we generated a mutation in a conserved cysteine
within the KDM2A PHD domain (C645A) that has been shown in
other PHD domains to disrupt the structure and function (Fig.
3A) (5,19). Although this mutation disrupts the PHD domain, the
DNA binding capacity of the mutant protein was unaffected (Fig.
3B). The C645A mutant protein was then used in an EMSA to
examine the effect of this mutation on substrate binding (Fig. 3B).
As with binding to naked DNA, the KDM2A PHD mutant did not
affect interaction with the 216-bp nucleosome, suggesting that
any potential interaction with histone by the PHD domain does
not significantly contribute to binding. Our reconstitution system
uses unmodified recombinant histones. Although some PHD pro-
teins interact with unmodified lysines, others interact specifically
with methylated lysine residues. We have recently shown that
KDM2A binds specifically to CpG islands in vivo. Interestingly,
the majority of CpG islands are modified on the tail of histone
H3 at position 4 (H3K4me3) (45), suggesting that perhaps the
KDM2A PHD domain could function in concert with ZF-CXXC-
mediated recognition of CpG DNA to create a high-affinity CpG
island binding module. To specifically test this possibility, we used
arecently developed semisynthetic technique to install H3K4me3
into our recombinant histone H3 (Fig. 3C) (39). This histone was
then incorporated into a 216-bp nucleosome to create a homog-
enously H3K4me3 modified nucleosome. This substrate was used
in an EMSA with either the KDM2A wild-type (WT) or PHD
mutant protein (Fig. 3D). In both instances KDM2A bound to the
modified nucleosome with the same efficiency as the unmodified
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FIG 3 The KDM2A PHD domain does not contribute significantly to nucleosome binding. (A) KDM2A proteins encoding a wild-type (WT) or mutant PHD
domain (C645A) were expressed and purified. (B) Both the WT and C645A KDM2A proteins bind to naked 216-bp nucleosome positioning DNA with the same
level of efficiency, as determined by EMSA (left-hand lanes). Mutating the PHD domain did not inhibit binding to the 216-bp mononucleosome, whereas
mutation of the ZF-CXXC DNA biding domain (K601A) completely abrogated binding. (C) Histone H3K4me3 was installed specifically into histone H3 and the
incorporation verified by Western blotting of the recombinant histone with antibodies against H3K4me3 or histone H3. (D) Mononucleosomes (216 bp) were
reconstituted with histones containing H3K4me3 as indicated by the green dots on the nucleosome cartoon above the EMSA panels. The addition of H3K4me3
to the mononucleosome did not increase binding of KDM2A, nor did mutation of the PHD domain inhibit binding to the nucleosome, indicating that H3K4me3
does not contribute significantly to nucleosome recognition by KDM2A. (E) Multiple sequence alignment of PHD domains that bind either to H3K4me3 (BPTF,
ING2, and PHF8) or H3K4me0 (BHC80 and DNMT3L) and KDM2A. Gray boxes indicate conserved zinc-coordinating cysteines/histidines, and orange boxes
indicate methyl-lysine- or lysine-interacting residues. Although KDM2A has conserved zinc-coordinating residues, lysine interaction residues are absent.

substrate and mutation of the PHD domain did not impact this
binding. Therefore, nucleosome binding by KDM2A does not ap-
pear to rely on the function of the PHD domain nor on H3K4me3.

As the KDM2A PHD domain did not appear to contribute to
nucleosome binding using the substrates tested, we hypothesized
that the KDM2A PHD domain may interact with histone modifi-
cations on other residues of H3 or other core histones. To test this
possibility, we applied the KMD2A PHD domain to a peptide
array containing 600 different variations of modified and unmod-
ified peptides corresponding to all four core histones (30). Per-
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haps somewhat surprisingly, in this screen we observed no specific
binding of the KDM2A PHD domain to any peptide on the array,
suggesting that the function of this domain is not to recognize the
histone component of the nucleosome (unpublished observa-
tions). Given that the structure of several PHD domains bound to
their cognate substrates has been solved, we carried out a multiple
sequence alignment of the KDM2A PHD domain, comparing it to
PHD domains that bind either nonmethylated or methylated
lysine residues (Fig. 3E). Importantly, the structural cysteines re-
quired to form the PHD fold are conserved among all PHD do-
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FIG 4 KDM2A interacts with linker DNA in vivo. (A) Nuclei were partially digested with micrococcal nuclease to produce polynucleosomes that contain linker
DNA. Chromatin was separated by sucrose density gradient centrifugation. The gradient was fractionated from the top into 24 fractions. DNA was purified from
each fraction and resolved by agarose gel electrophoresis (top panel), and proteins from each fraction were visualized by Western blotting (bottom panels). DNA
and protein analyses include an unfractionated input sample representing 10% of material loaded onto the sucrose gradient. (B) As above, except that native
chromatin was digested to completion with micrococcal nuclease to produce mononucleosomes lacking linker DNA. (C) Fractionation of chromatin-free

nuclear extract.

mains in the alignment, but the specific aromatic cage that is uti-
lized for methyl-lysine binding and the conserved residues used
for lysine binding are completely absent from KDM2A. Together
these data suggest that although the PHD domain is conserved
across KDM2A orthologues, the function of the PHD domain in
KDM2A is not to recognize histone.

KDM2A binds linker DNA in vivo. Our in vitro nucleosome
binding assays indicate that KDM2A interacts with chromatin
through recognition of linker DNA via the ZF-CXXC DNA bind-
ing domain. To understand if this binding mechanism is utilized
in vivo, nuclei were isolated from mouse embryonic stem cells and
digested with micrococcal nuclease. Digestion was done either
under limiting reaction conditions that produced a polynucleo-
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somal ladder of approximately 1 to 10 nucleosomes or under com-
plete conditions that resulted in exclusively mononucleosome
fragments (Fig. 4A and B) (16). If endogenous KDM2A associates
with linker DNA in vivo it would remain associated with poly-
nucleosomal chromatin that has intact linker regions but not with
more completely digested mononucleosomal chromatin that
lacks linker DNA. To examine whether this was the case, chroma-
tin was isolated using limited digestion and fractionated by den-
sity sucrose gradient centrifugation. A nucleosome repeat length
DNA ladder was observed in gradient fractions that have histone
H3, indicating intact chromatin (Fig. 4A). When the same frac-
tions were analyzed by Western blotting, KDM2A was found ex-
clusively in the chromatin-containing fractions. This suggests
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FIG 5 KDM2A is targeted to CpG islands through recognition of linker DNA. (A) Formaldehyde-fixed chromatin was digested with micrococcal nuclease to
produce polynucleosomes that contain linker DNA and mononucleosomes lacking linker DNA. (B) KDM2A binding to the Suv420h1 gene was analyzed by ChIP
at tiled positions across the gene (A to F on the x axis) by quantitative PCR on both chromatin preparations. KDM2A binding (left panel) in the polynucleosomal
fraction (blue line) corresponded to the CpG island region, and this signal was lost in the mononucleosomal preparation (red line). In contrast, the signal for
H3K4me3 over the same regions remained constant for both samples (right panel). (Cand D) The same analysis was extended to a series of four more CpG island
genes, analyzing both the CpG island region and body region. In all instances, digestion to mononucleosomes released KDM2A from CpG island chromatin (C),
while the H3K4me3 signal remained relatively constant (D). Together, these observations indicate that KDM2A interacts with linker DNA at CpG islands. In all
cases, error bars correspond to standard errors of the means from biological triplicates. Numbers below the data for promoter (Prom) and body primer sets
indicate the position of the primer set (kb from center of amplicon) with respect to the major transcription start site of the gene in question.

KDM2A is intimately associated with chromatin that contains
linker DNA. Interestingly, KDM2A was enriched in the mono-
trinucleosome fractions, suggesting that it may predominantly as-
sociate with nuclease-sensitive chromatin, a feature that is char-
acteristic of CpG island elements (35). In agreement with previous
observations, histone H1 is preferentially enriched in the oligo-
nucleosomal fractions, suggesting that these regions of the gra-
dient contain the rapidly sedimenting, compact and more
nuclease-resistant chromatin (23). In contrast, when chroma-
tin was digested to a homogenous mononucleosome population
that lacks linker DNA and resolved on the same density gradient,
a single mononucleosome DNA band was observed that cofrac-
tionated with histone H3, again indicating intact chromatin (Fig.
4B). Importantly, at this point, when KDM2A was analyzed by
Western blotting, it was no longer associated with the chromatin-
containing fraction but instead migrated in the same position on

January 2012 Volume 32 Number 2

the gradient as is observed when chromatin-free nuclear extracts
are fractionated in a similar manner (Fig. 4C). This indicates that
KDM2A chromatin binding is abrogated when linker DNA is re-
moved. In support of the contention that this binding is depen-
dent on linker DNA, these observations mirrored the behavior of
histone H1, which also interacts with linker DNA (Fig. 4A to C).
The loss of KDM2A from the mononucleosomal fraction appears
to be due to the loss of linker DNA as DNMT3B, a protein previ-
ously shown to interact with nucleosomes (16), remains associ-
ated with the mononucleosomal fraction (Fig. 4C). Together these
observations demonstrate that KDM2A in bulk chromatin relies
on linker DNA to bind chromatin.

KDM2A binds linker DNA in CpG islands. KDM2A binding
to bulk chromatin relies on intact linker DNA. Our recent work
demonstrated that KDM2A binds to CpG islands in vivo (4).
Therefore, we wanted to know whether targeted interaction of
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FIG 6 KDM2A remains bound specifically to CpG islands in cells lacking DNA methylation. TKO mouse embryonic stem cells that lack all three known DNA
methyltransferases (F) and have no detectable DNA methylation were obtained. ChIP was used to analyze KDM2A binding to three CpG island genes (A) and
three non-CpG island genes (B) in both the WT parent line and the TKO cell line. In the three CpG island regions, KDM2A binding remained the same, indicating
that loss of methylation elsewhere in the genome did not cause a loss of binding. In addition, the body of the CpG island genes (A) and non-CpG island genes (B)
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KDM2A with promoter-associated CpG islands relies on linker
DNA. To address this possibility, a modified chromatin immuno-
precipitation (ChIP) approach was designed whereby nonhistone
factors were mildly fixed to chromatin using formaldehyde and
then nuclei were isolated and digested under limiting or complete
conditions using micrococcal nuclease (Fig. 5A). This resulted in
chromatin that either contains linker DNA or lacks linker DNA.
KDM2A was then immunoprecipitated, and the isolated DNA was
analyzed by quantitative real-time PCR. Initially amplicons span-
ning the CpG island containing the Suv420H]1 gene were analyzed
in either the limited or complete digestions (Fig. 5B). The KDM2A
signal in the limited digestion revealed a normal KDM2A ChIP
signal that peaked over the CpG island and was absent from the
rest of the gene. However, when the same regions were analyzed in
the complete digestions, the KDM2A ChIP signal was completely
lost (Fig. 5B, left panel). This loss of signal is not due to preferen-
tial overdigestion of CpG island chromatin in these complete di-
gestions, as the amount of H3K4me3 ChIP signal at the CpG is-
land regions was the same in both chromatin preparations (Fig.
5B, right panel). A further four CpG island genes were analyzed at
both the CpG island and body for both KDM2A and H3K4me3
(Fig. 4Cand D). In all instances, removal of linker DNA abrogated
KDM2A binding but left CpG island chromatin intact, as verified
by H3K4me3 ChIP. Together these observations are in keeping
with our in vitro observations and demonstrate that KDM2A
binds to CpG island chromatin through recognition of DNA be-
tween nucleosomes that encompasses linker DNA or more ex-
tended nucleosome-free regions.

KDM2A is retained at CpG islands in the absence of DNA
methylation. We have previously shown that KDM2A binds to
nonmethylated CpG islands and that the acquisition of DNA
methylation in a small fraction of CpG islands during differentia-
tion is sufficient to block DNA binding (4). CpG islands contain a
much higher density of CpGs than the rest of the genome, and
outside CpG islands, the remaining CpG dinucleotides are heavily
methylated. Presumably these two features of the mammalian ge-
nome lead to efficient nucleation of KDM2A to CpG islands. To
understand if DNA methylation in bulk chromatin is a determin-
ing factor for excluding KDM2A from these regions of the ge-
nome, mouse triple knockout (TKO) embryonic stem cells that
lack both de novo methyltransferases DNMT3A and -B and the
maintenance methyltransferase DNMT1 were obtained (Fig. 6F)
(48). These cells do not have any detectable CpG methylation. To
examine whether the presence of nonmethylated DNA outside
CpG islands in TKO cells alters KDM2A binding profiles, ChIP
analysis was carried out on a panel of genes with CpG island pro-
moters and genes with non-CpG island promoters, analyzing both
promoter and body regions in wild-type (WT) and TKO cell lines
(Fig. 6A and B). Interestingly, a loss of DNA methylation had no
impact on the normal nucleation of KDM2A at the CpG island
promoters examined (Fig. 6A) and did not create new binding
sites at several non-CpG island promoters (Fig. 6B). Furthermore,

Recognition of CpG Island Chromatin by KDM2A

the presence of nonmethylated DNA in the body of both classes of
genes did not result in de novo binding of KDM2A over these
regions of the genes tested. Importantly, KDM2A profiles were
also maintained in the TKO cells when promoter regions of vari-
ous CpG content were analyzed (Fig. 6C). However, loss of DNA
methylation at some weak CpG islands that are subject to DNA
hypermethylation in normal ES cells did lead to a modest renucle-
ation of KDM2A in the TKO cells (Fig. 6D and E). This is in
agreement with previous observations that CpG island methyl-
ation is a barrier to KDM2A binding (4). Importantly, the main-
tenance of normal KDM2A binding profiles at the genes tested in
the TKO cells was not simply due to increased KDM2A expres-
sion, as the levels of KDM2A were the same in the parental WT
and TKO cell lines (Fig. 6G). From the regions analyzed here, it
appears that in situations where a CpG island acquires methyl-
ation, KDM2A binding is inhibited (4) (Fig. 6D), but loss of DNA
methylation elsewhere in the genome does not significantly im-
pact KDM2A binding (Fig. 6A, B, and C). Based on the observa-
tion that KMD2A is incapable of binding to nucleosome-bound
DNA, it appears that low CpG dinucleotide frequency and occlu-
sion of CpG binding sites by nucleosomes is a major barrier to
KDM2A binding outside CpG islands. Therefore, KDM2A recog-
nition of CpG island chromatin appears to rely on both non-
methylated CpG and accessibility of this binding site in ex-
tranucleosomal DNA.

DISCUSSION

Despite over 25 years of active research on CpG islands, the mech-
anisms underpinning the function of these interesting elements
remain poorly understood. The recent discovery that ZF-CXXC
domain-containing proteins act as interpreters that translate the
CpG island signal into a unique chromatin architecture has re-
vealed that CpG islands are not simply passive genomic elements
but that they function proactively in marking regulatory element
chromatin (4, 45). Based on these observations, there appears to
be an intimate relationship between CpG island chromatin struc-
ture and function.

To better understand this relationship, we have taken advan-
tage of a chromatin reconstitution system to define how KDM2A
binding to CpG islands is achieved. Importantly, this work reveals
that nucleosomal DNA is a major barrier to chromatin binding in
vitro and that the ZF-CXXC domain specifically recognizes DNA
between nucleosomes, including linker DNA or nucleosome-free
regions. Despite the fact that KDM2A encodes a PHD domain, it
does not appear to use this domain in recognition of chromatin. In
vivo, recognition of CpG island promoters by KDM2A is achieved
through interaction with linker DNA, revealing that a combina-
tion of nonmethylated CpG dinucleotide content and linker DNA
accessibility may be utilized by ZF-CXXC proteins to recognize
the CpG island signal and translate this into chromatin modifica-
tion. As most ZF-CXXC domain-containing proteins function to
modify chromatin, this would suggest that there is an intimate and

(both promoter and body) did not acquire KDM2A binding. (C) This analysis was then expanded to analyze a series of gene promoters that have high,
intermediate, and low CpG content to demonstrate that KDM2A nucleation is largely unaffected by a loss of DNA methylation. (D) A similar ChIP analysis was
performed at two CpG islands that are hypermethylated in wild-type J1 cells. Loss of DNA methylation in the TKO cells caused a modest increase in KDM2A
nucleation at these weak CpG islands. (E) Bisulfite sequencing demonstrated that the Chst11 and C1qtnf2 CpG islands are hypermethylated in J1 but not TKO
mouse ES cells. (G) Importantly, KDM2A protein levels remained the same in the WT and TKO cell lines. Error bars in all ChIP experiment data correspond to

standard errors of the means from biological triplicates.
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potentially self-reinforcing cycle that defines CpG island func-
tionality through chromatin modification and accessibility. For
example, genome-wide studies analyzing nucleosome occupancy
of transcription start sites suggest that CpG island-containing
genes have high occupancy and more regularly phased nucleo-
somes (47) than non-CpG island genes and other regions of the
genome. It has been suggested that this could arise in part through
the underlying GC-rich sequence (46, 47). Together, elevated
nonmethylated CpG content and regular nucleosome arrange-
ment may create a situation at CpG islands where linker DNA is
largely accessible and occupied by ZF-CXXC proteins. Indeed,
both ZF-CXXC-containing proteins KDM2A and CFP1 occupy
over 90% of CpG islands genome-wide and appear to be excluded
from only a very small subset of CpG island genes that are highly
repressed (4, 40, 45). Nucleation of KDM2A at CpG islands re-
moves H3K36me2, a modification that would normally recruit
repressive histone deacetylase complexes and is inhibitory to tran-
scriptional initiation (6, 42). In contrast, CFP1 leads to deposition
of H3K4me3, a modification that correlates positively with tran-
scriptional potential (12). Interestingly, H3K4me3 can act as a
nucleation site for the NURF chromatin remodelling complex
through the effector protein BPTF and the SAGA histone acetyl-
transferase complex through the effector protein SGF29 (49, 50).
Therefore, nucleation of these activities at CpG islands following
CFP1-mediated deposition of H3K4me3 could result in a rein-
forcement of nucleosome phasing and histone acetylation, in
keeping with genome-wide studies indicating that CpG island
chromatin is often more accessible and acetylated than surround-
ing and bulk chromatin (34, 35, 44, 51). Based on these properties,
one can envisage that CpG islands may therefore function in a
self-reinforcing manner whereby organized nucleosome structure
and accessibility may permit access by ZF-CXXC DNA binding
factors to nucleosome-free DNA, as described here, which then
initiates a chromatin architecture through histone modification
that allows effector protein-based reinforcement of accessibility.
Importantly, this cascade could easily be reinitiated following cell
division through binding of ZF-CXXC proteins to nonmethylated
CpG islands in daughter cells and provide a simple mechanism by
which CpG island chromatin architecture could be copied, based
on a DNA template, to cellular progeny. Clearly, future studies are
required to address these possibilities.

CpG islands are associated with the majority of genes, and ZF-
CXXC proteins bind almost all CpG islands. This includes genes
that cover the entire gene expression spectrum, including re-
pressed, poised, and active genes. Together, these observations
suggest that the presence of a CpG island does not directly impact
the defined expression state of associated genes. Therefore, how
do CpG islands impact gene regulatory element function and why
are they so broadly associated with genes? Our work and the work
of others indicate that chromatin accessibility (35, 51) and defined
chromatin modification architecture (4, 45) are common features
of CpG islands. Therefore, one possibility is that CpG islands use
ZF-CXXC-dependent chromatin modification to set up a consti-
tutively fluid and accessible chromatin structure that permits ef-
ficient recognition of gene regulatory elements by DNA binding
transcription factors and perhaps eventually the core transcrip-
tional machinery during gene activation. The fact that chromatin
accessibility is a central feature of transcription factor nucleation
is supported by recent work demonstrating that the binding of
glucocorticoid receptor (GR) following hormone stimulation re-
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quired not only the presence of the GR binding motif but also an
accessible chromatin environment prior to stimulation for effi-
cient GR nucleation (17). This is in agreement with other genome-
wide studies analyzing transcription factor binding to chromatin
in vivo that indicate not all theoretical binding sites are recognized
equally (11, 13, 18, 24, 32). Therefore, the capacity of CpG islands
to create permissive and accessible chromatin may be particularly
important for highlighting gene regulatory elements in large and
complex mammalian genomes. Given their association with both
silent and active genes, this model places CpG islands as facilita-
tors of gene regulatory processes as opposed to defining absolute
transcriptional output. In keeping with this model, a recent study
demonstrated that induction of CpG island-containing immedi-
ate early genes occurs rapidly without a requirement for the chro-
matin remodelling machinery (33). In contrast, induction of non-
CpG island-containing immediate early genes relies on the
function of the ATP-dependent chromatin remodelling factor
BRG-1 (33). Therefore, it is tempting to speculate that chromatin
modifications and accessibility that are intrinsic to CpG islands
through the function of ZF-CXXC proteins contribute to this
transcriptionally permissive and responsive state.

As we begin to uncover the factors that interpret CpG islands,
the more apparent it becomes that chromatin structure and mod-
ification are important in defining CpG island function. Our ob-
servations that the CpG island signal is interpreted through rec-
ognition of linker DNA by the ZF-CXXC domain and an emerging
trend from ChIP-seq studies analyzing transcription factor nucle-
ation imply that nucleosome structure, occupancy, and modifica-
tion may be important factors in gene regulatory element recog-
nition and function in vivo. Therefore, a detailed mechanistic
understanding of how DNA binding proteins interface with de-
fined chromatin templates in vitro, and not simply their underly-
ing naked DNA sequence motifs, in addition to genome-wide pro-
filing endeavors will be central to understanding how selection
and nucleation at target sites are achieved in vivo.
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