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Abstract

Covalent modifications to histones play important roles in chromatin dynamics and the regulation
of gene expression. The JmjC-containing histone demethylases (HDMs) catalyse the
demethylation of methylated lysine residues on histone tails. Here we report the development of
homogeneous luminescence based assay methods for measuring the catalytic activity and the
binding affinities of peptides to HDMs. The assays use Amplified Luminescent Proximity
Homogeneous Assay (ALPHA) technology and are sensitive, robust, and can be used for small
molecule inhibitor screening of HDMs. We have profiled known inhibitors of IMID2E and
demonstrate correlation between the inhibitor potencies determined by the ALPHA and other
types of assays. Although this study focuses on the IMID2E isoform, the catalytic turnover and
binding assays described here can be used in studies on other HDMs. The assays should be useful
for the development of small molecule inhibitors selective for HDM isoforms.

Keywords

Epigenetics; Histone demethylase (HDM); IMJD2; Fe(ll) and 2-oxoglutarate (20G) oxygenases;
AlphaScreen

Introduction

An important mechanism for the regulation of gene expression is the post-translational
modifications of histones. Covalent modifications to histones identified to date include
acetylation, methylation, phosphorylation, ubiquitination, sumoylation and biotinylation [1,
2]. Together with other factors, different combinations of modifications are proposed to
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regulate gene expression patterns and ultimately lead to phenotypic outcomes in an
epigenetic manner [2-4].

Histone methylation plays a role in heterochromatin formation and maintenance, X-
chromosome inactivation, transcriptional regulation, DNA repair and genomic imprinting
[5]. Abnormal histone N&-lysine methylation has been linked to diseases, including
tumorigenesis and mental retardation [6-8]. Until recently, histone methylation was thought
to be an irreversible process [9]. However, the identification of lysine-specific demethylase
(LSD1)[10], a flavin-dependent amine oxidase, and more recently, the JumonjiC (JmjC)
containing histone lysine demethylases (HDMSs) [11, 12] has revealed that methylation /
demethylation is a dynamic process.

The catalytic JnjC domain comprises a modified double-stranded B-helix fold which is
stereotypical of the Fe(ll) and 2-oxoglutarate (20G) dependent oxygenases [6, 12-14].
HDMs can catalyse the demethylation of tri-, di and mono-methylated lysines (Figure 1a).
Although the available evidence is that all HDMs follow the same, or closely related,
catalytic mechanism, they demonstrate differences in their histone lysine site specificity as
well as their ability to demethylate different methylated states of lysines [11, 15, 16]. For
instance, whilst the JIMJD2 subfamily (JMJD2A, JIMJD2B, JMJD2C, IMID2D, JMJD2E)
can demethylate trimethy! lysines (e.g. H3K9Me3)[15], the JHDM1 (KDM2) subfamily can
only accept di- and mono- methyl lysines [11].

Several assay methods have been developed for quantifying the activity of JmjC-containing
HDMs. These include immunodetection with bulk histones using methylation status and site
specific antibodies [11]; direct detection of histone peptide demethylation by matrix-assisted
laser desorption/ionisation-time of flight (MALDITOF) mass spectrometry [11, 15, 17-19];
formaldehyde detection [11, 19-22]; and 20G turnover assays [8]. The reported HDM
assays suffer from drawbacks, including assay throughput, lack of sensitivity that requires
relatively high concentrations of HDM to be used placing a lower limit on the 1Csq values
that can be determined, requirement for expensive equipment or drawbacks associated with
the use of assays coupled to the activity of another enzyme (false positives/negatives).

We are interested in identifying selective small molecule inhibitors that can be used as
probes for the functions of histone modifying enzymes at biochemical and physiological
levels [19, 23]. Here we describe a homogeneous assay for HDMs using the Amplified
Luminescent Proximity Homogeneous Assay (ALPHA) technology. The assay is amenable
to HTS and ideal for screening of chemical inhibitors of demethylases. In this study,
JMJID2E, which demethylates tri and di-methyl-lysine9 (K9) in histone H3, was selected as
a model enzyme since it has been kinetically characterised [19, 24] and shows high activity
and stability levels. We also demonstrate that the methodology can be used to investigate
binding interactions of peptides with HDMs.
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Materials and Methods

Reagents

Reagents and solvents were from Aldrich or Alfa Aesar unless otherwise stated.
AlphaScreen IgG and Histidine (Nickel Chelate) kits were from PerkinElmer Life and
Analytical Sciences. The monoclonal antibody against K9Me2 (Ab1220) was from Abcam.

Peptide synthesis

Peptides with C-terminal amides were synthesised using a CS-Bio automated solid phase
peptide synthesiser as described [18]. N-Terminal biotinylation of peptides was carried out
on the resin using biotin p-nitrophenyl ester (Merck Chemicals Ltd). Peptides were purified
using HPLC (C18 reverse phase column). The synthetic biotinylated and non-biotinylated
peptides used in this study are described in Supplementary Table 1. The histone H3 (H3)
biotinylated peptide library was from AltaBioscience.

HDM peptide turnover assay using AlphaScreen

The N-terminally His-tagged catalytic domain of recombinant JMJDZ2E (residues 1-337) was
expressed and purified as reported [18, 19]. HDM assays were carried out in 384 well white
Proxiplates (PerkinElmer). In a typical assay, JMJD2E was incubated with 100uM
ascorbate, 1UM (NH,4)2S04.FeS0O,4.6H,0, 10uM 20G and biotin-H3(1-15)K9Me3 peptide
in 50mM HEPES (pH7.5) buffer containing 0.01% (v/v) Tween 20 and 0.1% (w/v) BSA
(final concentrations), in a 10pL reaction at 22°C. The reaction was quenched by the
addition of 5ul of 30mM EDTA. Streptavidin-conjugated donor and Protein-A-conjugated
acceptor beads (5ul) were pre-incubated with monoclonal antibody (mAb1220, Abcam),
added to the quenched assay and incubated for 1 hr in the dark. The final bead concentration
was 20ug/ml and the antibody concentration was 0.3pg/mL in a 20uL reaction volume. For
inhibitor studies, assays (10uL) contained compounds dissolved in 0.1% DMSO. The plates
were analysed using an Envision (PerkinElmer) plate reader.

HDM peptide binding assay using AlphaScreen

Binding assays were carried out in 384 well white Proxiplates (PerkinElmer) in 20uL
reaction volume. His-tagged JMJD2E was incubated with biotinylated peptide for 30 min at
22°C in 50mM HEPES (pH 7.5), 0.01% Tween 20, 0.1% BSA buffer. For inhibition studies,
JMJID2E was pre-incubated with inhibitors for 30min prior to the addition of biotinylated
peptides. AlphaScreen Streptavidin-conjugated donor and Nickel-chelate conjugated
acceptor beads were added to the wells at a final concentration of 10ug/ml and incubated for
further 1 hr in the dark at 22°C. The plates were analysed using an Envision (PerkinElmer)
plate reader.

Formaldehyde dehydrogenase (FDH) Coupled Inhibition Assay Methods

FDH assays were carried out as described [19] but using a range of histone H3 peptides. In
brief, FDH (0.1 U), NAD™* (500 uM), ascorbate (100 uM), Fe(ll) (various concentrations),
JMJID2E (2 uM), H3 peptide (at various concentrations), 2-OG (100uM) were incubated
together at 37°C for 12 min while fluorescence was recorded (355 nm excitation, 460 nm
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emission) at 30 s intervals. All reagents were used as solutions in HEPES buffer (50 mM,
pH 7.5), with the exception of Fe (1) solutions, which were made using (NH,4),Fe(SO4)»
dissolved in 20 mM HCI to make 400 mM stock solutions, which were then diluted to the
appropriate concentration using MilliQ water. All solutions were kept on ice until being
mixed and incubated at 37 °C. Data were processed using GraphPad Prism 5.0™.

Demethylase turnover assay principle and setup

In AlphaScreen assays, laser excitation (680nm) of a photosensitiser within the “donor
bead” converts ambient oxygen to an excited O, singlet oxygen. If an “acceptor bead”
containing thioxene derivates is proximate (~200nm), energy transfer occurs producing a
luminescent signal at 520-620nm [25]. In the absence of an acceptor bead, singlet oxygen
returns to its ground state and no signal is detected. Both donor and acceptor bead surfaces
can be conjugated to biomolecules, giving diversity in the binding partners to be
investigated. In the HDM catalytic assay, we used a streptavidin-coated donor and Protein
A-coated acceptor bead pair (Figure 1b) to detect the turnover of biotinylated K9Me3 to
biotinylated K9Me2 by probing with a K9Me2 selective antibody. IMID2 demethylase also
catalyses the conversion of H3K9Me2 to H3K9Me, but less efficiently (as judged by
Keat/Km) than H3K9Me3 to H3K9Me2 [22].

Initially, we assessed the compatibility of donor/acceptor beads with the HDM assay
components. The JmjC HDMs require Fe (I1) as a cofactor and reducing agent (e.g.
ascorbate) for optimal in vitro activity. Because the AlphaScreen methodology relies on the
singlet oxygen energy transfer, strong quenchers such as transition metals (e.g. iron) and
compounds such as ascorbate (or their reaction products) have the potential to interfere with
the assay. The effect of Fe(ll) and ascorbate at different concentrations on the luminescence
signal produced by biotinylated-1gG was examined (Supplementary Figure 1b,c). Up to 5uM
of Fe (11) and 50uM ascorbate (equivalent to 10uM and 100uM in the demethylase assay
respectively) had no effect on the luminescence signal.

Secondly, the sensitivity of the assay for IMID2E demethylase relies on the antibody
selectivity for the di-methylated K9 product over the tri-methylated K9 substrate.
Monoclonal K9Me2 antibody (Ab1220, 0.3ug/mL) was incubated with a range of
concentrations of biotinylated histone H3 peptides with different methylated lysine states
(no methylation (K9me0), mono-methyl lysine (K9Mel), di-methyl lysine (K9Me2) and tri-
methyl lysine (K9Me3)). Ab1220 was found to be sufficiently selective for binding K9Me2
over K9Me3 (Figure 2a) as well as any other methyl-state K9 peptides (Supplementary
Figure 1a). The highest selectivity (>10 fold) for K9Me2 across all methylation states was
obtained at 10-30nM, and 30nM substrate was selected for further assay development.

The HDM assay was carried out in 10uL reaction volumes in a 384-well plate format.
EDTA was used to quench the reaction and was incubated with AlphaScreen beads
(20pg/mL final) pre-incubated with Ab1220. The Fe (I1) concentration was maintained at
1uM, equivalent to = 100 fold molar excess of the initial enzyme concentrations (< 10nM)
tested in the assay. Under these assay conditions, the luminescence signal increase was only
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observed in the presence of all the assay components, and omission of any of the
components (JMJD2E, Fe (I1), 20G or biotin-H3(1-15)K9Me3) resulted in no signal
increase (Figure 2b).

JMJD2E concentration was titrated in the assay with the biotin-H3(1-15)K9Me3 substrate at
30nM. The time-courses over 60 min show that activity can be measured at IMJD2E
concentrations as low as 0.5nM, with the initial rates being proportional to enzyme
concentrations (Figure 2c). Signal to noise ratio (S/N) was highest for 5-10nM JMJD2E
(S/N ~ 30, 0.6 < Z’ <0.9 at both 10, 20 min time points); approximately 15% biotin-
H3(1-15)K9Me3 was demethylated after 15 min at 5nM JMJDZ2E, as calculated from the
biotin-H3(1-15)K9Me2 standard curve. This enzyme concentration was selected for
screening of enzyme inhibitors.

Application of the assay to inhibitor studies of IMIJD2E

Pyridine carboxylic acids [19], bipyridine carboxylic acids [19], N-oxalyglycine (NOG,
compound 7) [26], and N-oxalyl-D-tyrosine derivatives [24] have been identified as
inhibitors of JMJD2E, as determined by both FDH and MALDI-TOF mass spectrometry
assays, with ICsq values in the micromolar range [19, 27]. We therefore tested the suitability
of the luminescence-based turnover assay for inhibitor screening using these chemical
scaffolds.

In the inhibition assays, compounds were pre-incubated with JIMID2E (5nM in 10uL final
reaction), Fe(ll) and ascorbate mixture for 15 min prior to initiating the reaction by addition
of biotin-H3(1-15)K9Me3 (30nM in 10ul final reaction) and 20G. The reaction was
quenched with EDTA after 15-20 min, when beads that had been pre-incubated with the
K9Me3 antibody (20pug/mL in final 20pL volume) were added.

The inhibition results are summarised in Table 1. Overall, the ALPHA method was able to
identify compounds that were inhibitors of JIMJD2E across several different chemical
scaffolds. A significant correlation was found between the ICgq values determined using
ALPHA and FDH assay, (Spearman R = 0.9643, P (two-tailed) = 0.0028), demonstrating
that this luminescent-based assay is a valid method for identifying inhibitors of
demethylases (Figure 2e). Compound 1 (2,4-PDCA) showed the most potent inhibition,
with a clear dose-response curve and an 1Cgq value of 0.88 uM (Figure 2d), in agreement
with 1Cs values observed using other assay methods (Table 1). Weak JMJDZ2E inhibition
was observed with compound 6 (NOG), at 225uM. Previously identified potent inhibitor
derivatives of N-oxalyl-D-tyrosine were also identified as inhibitors of JMIJD2E, validating
this assay as a reliable screening method for identifying HDM inhibitors.

AlphaScreen enzyme-peptide binding assay principle and setup

AlphaScreen binding assays have been successfully used to investigate protein-protein
interactions in epigenetic proteins, including malignant brain tumour (MBT) domains [28],
chromo and tudor domains, as well as plant homeodomains [29], all of which are methyl-
lysine recognition proteins. Having established that the ALPHA technology can be used to
detect HDM activity by peptide product - antibody interaction, we next explored the
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possibility of using the bead chemistry to study the peptide - HDM (protein-protein)
interactions. Such an assay is potentially useful not only for measuring the binding of small
molecules at the active site, but also for investigating the binding of peptides and proteins
associated with HDMs.

In the binding assay mode, a Streptavidin-coated donor and Ni2*-chelate acceptor bead pair
was used (Figure 1c). Upon binding of biotinylated peptide and Hisg-tagged JMJD2E, the
donor and acceptor beads (associated with biotin and His-tags respectively) become
proximate, allowing energy transfer and luminescence signal to be detected when the beads
are excited.

Initially we investigated the binding of biotin-H3(1-15)K9Me3 to Hisg-tagged JMJD2E. The
H3K9Me3 peptide is a good substrate for IMID2s and was considered to be the most
suitable peptide for development of a binding assay. Biotin-H3(1-15)K9Me3 and JMJD2E
were co-incubated at varied concentrations, after which the AlphaScreen beads were added.
An increase in luminescence signal was observed with increasing concentrations of enzyme
and peptide, indicating peptide-enzyme binding in a dose-dependent manner. There was
negligible background signal when either the peptide or the enzyme was omitted, excluding
the possibility of bead precipitation by either component. Binding was observed under a
wide range of peptide (3 - 1000nM) and enzyme (3 - 2000nM) concentrations. A maximum
was observed with the JIMJID2E titrations; increases in JMID2E concentration above 30nM
gave a reduction in signal. This “hook effect” is precedented and arises because excess
binding molecules beyond the bead binding capacity become inhibitory to the signal
production [30] (Figure 3a). No such effect was observed over the range of peptide
concentrations tested (Figure 3b). An equimolar JIMJD2E/peptide concentration at 10nM,
which is below the saturation concentration for IMID2E, was selected for further binding
studies.

HDM-peptide interactions and probing for affinities for other histone marks

To determine the binding affinity of H3(1-15)K9Me3 peptide to JMID2E, unlabelled
H3(1-15)K9Me3 was titrated and pre-incubated with IMJD2E, and subsequently incubated
with biotin-H3(1-15)K9Me3 (Figure 3c). The unlabelled H3(1-15)K9Me3 displaced its
biotinylated peptide with ICsg value of 1.2uM, demonstrating that the unlabelled peptide
competes with biotinylated peptide for JIMID2E binding. This ICsq value is in the similar
range to the affinity observed for biotinylated H3K9Me3 and JIMJD2A determined using a
surface plasmon resonance technique (apparent affinity ~ 1uM)[17]. Competition assays
with other unlabelled K9 methyl-state peptide revealed a methylation state dependence on
the binding affinities, where higher methylation state had higher affinity, with a rank order
of H3(1-15)K9Me3 > H3(1-15)K9Me2 > H3(1-15)K9Mel. This correlates with the ranking
of the corresponding peptide K., values observed in the turnover assays determined by the
FDH assay (Figure 3e). The H3(6-21)K9Me3 peptide had higher IMID2E affinity than
H3(1-15)K9Me3 in the binding assay, which is in agreement with the lower K, value for
this peptide (Figure 3e). These results demonstrate that peptide binding affinities can be
detected by AlphaScreen for HDMs and relative binding affinities can be measured for both
coupled and un-coupled (e.g. where competing peptide sequence is not the same as the
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biotinylated peptide sequence) sequences. Moreover, the binding affinities are peptide
length and sequence dependent, consistent with peptide kinetic parameters (Figure 3e) and
turnover rates (unpublished data).

Small molecule modulators of HDM-peptide binding interactions

The effect of 20G (compound 1) and NOG (compound 7) on the HDM-peptide interaction
was then assessed. JMID2E was pre-incubated with 20G or NOG, prior to addition of
biotinylated-H3(1-15)K9Me3. An increase in luminescence signal was observed with
increasing concentrations of 20G, a co-substrate of IMJD2E, suggestive of a synergistic
effect of 20G and peptide binding to JMJD2E. The signal maximum is reached at around 10
— 30uM, at approximately the Ky, of 20G (14pM)[19]. A similar effect was seen with NOG,
a non-reactive 20G analogue and a competitive inhibitor, where enzyme-peptide binding
was enhanced in presence of increasing concentrations of NOG. Whilst NOG inhibits
JMJD2E activity (Table 1), the assay demonstrated that NOG does not inhibit the binding of
peptide-enzyme interaction. This is in accordance with kinetic data, as well as the binding
mode observed in NOG-complexed JMJD2A crystal structures [17, 18, 22]. For 20G to
bind to HDMs, an active site transition metal is required. In these assays, we did not add a
metal ion, because JIMID2E co-purifies with at least some Fe(ll); Ni(ll) may also have been
present from the affinity purification step.

2,4-PDCA, and the N-oxalyl-D-tyrosine derivatives described in Table 1, interfered with the
bead chemistry and reliable ICgq values could not be measured. The interference is most
probably with the Ni2*-chelate acceptor bead, as no interference was observed with Protein-
A conjugated acceptor bead in the turnover assays.

The binding assay provides an alternative screening method to the turnover assay for
identifying novel IMJDZ2E inhibitors. Use of both assay modes may allow different types of
inhibitors (peptide binding inhibitors / enzyme turnover inhibitors) and novel chemical
scaffolds to be identified as modulators of HDMs.

Discussion

The versatility of the ALPHA technology allows its application in a variety of assay formats.
We have described two different applications of the luminescent assay for HDMs; an assay
for detecting the enzyme activity of HDMs, and an assay for determining the protein-protein
binding interactions of HDMs.

In the catalytic turnover mode, the combination of a modified lysine histone peptide
substrate with a lysine methylation state selective antibody allowed for successful
measurement of HDM enzyme activity. Direct detection of product formation using
antibodies not only has the advantage of the high sensitivity of an immunoassay, but also
low background due to the specific bead chemistry. Unlike other immunoassays such as
western blotting and ELISA, the assay is homogenous and does not require multiple wash
steps. We were able to measure JMJD2E enzyme activity at low nM concentrations of
enzyme and peptide, avoiding the drawbacks of limited assay range and high protein
consumption associated with other reported HDM assay methods where pM enzyme
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concentrations are required. Because there is a limit to the number of binding sites on the
beads and a corresponding upper limit to the peptide concentration that can be used in this
assay, the assay cannot be readily used to determine kinetic parameters (e.g. Km, Vimax
values) for HDMs; however, we have demonstrated that small-molecule inhibitors can be
reliably screened, generating robust ICsq data and with excellent Z” and S/N values, making
the assay amenable to HTS. The assay setup described here is a signal increase type assay,
where the product is probed using a product methyl-state selective antibody. However, the
assay can also be used in signal decrease assays, where the loss of biotinylated substrate is
probed. The assay choice is dependent on the availability of the methyl-state selective
antibody and the assay sensitivity that is required. Furthermore, other utilities of ALPHA
technology include rapid antibody characterisation and screening for selectivity across
various biotinylated peptides, as demonstrated in this paper (Figure 2a).

We are currently extending the catalytic turnover assay for detecting demethylase activities
within the JMJD2 subfamily as well as for other HDM subfamilies, by utilising various
combinations of appropriate methylated lysine peptide and antibodies.

Previous studies on demethylase binding interactions with histone peptides have employed
techniques such as isothermal titration calorimetery (ITC)[20] and surface plasmon
resonance [17, 31]. Despite the high sensitivity of these methods, they are limited by low-
throughput rates, high enzyme and peptide consumption and complex binding of the protein-
peptide interactions, which have made the data analysis difficult. Here, we have provided an
alternative method of binding studies for HDMs, which is simple, homogeneous and robust.
We were able to demonstrate JMJD2E binding to a variety of modified histone peptide
sequences, and the peptide binding affinity determined in our luminescent method was
comparable to that of BIAcore studies [17].

The amenability of the assay to high-throughput formatting should make it useful for
analysing the combination of binding of histone modifications to HDMs and other histone
modifying enzymes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. AlphaScreen assay method
(@) Jmjc demethylation outline reaction mechanism. JmjC HDMs demethylate tri-, di- and

mono-methylated lysines in an oxidative mechanism using Fe(ll) and 20G as co-
substrate/co-factor; the hydroxylated intermediate undergoes fragmentation to give
formaldehyde and the demethylated lysine product.

(b) HDM peptide turnover AlphaScreen assay setup. The assay utilises a methyl-state
specific antibody to detect the demethylated product. Using an AlphaScreen 1gG detection
kit (Streptavidin-coated donor beads / Protein A-coated acceptor beads), the interaction of
the antibody with biotinylated peptide can be detected. In the case of IMJID2, biotinylated-
H3K9Me3 peptide is demethylated to its di-methylated state in the presence of Fe(ll) and
20G. An antibody selective for H3K9Me2 (Ab1220) is added to the reaction, and the
interaction between the peptide and the antibody is detected by addition of the IgG detection
beads.

(c) HDM-peptide binding AlphaScreen assay setup. His-tagged protein and biotinylated-
peptide interactions can be detected using AlphaScreen His-detection beads.
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Figure 2. IMJID2E peptide turnover AlphaScreen assay
(a) Antibody selectivity against different methylation states. Antibody selectivity against

biotinylated H3peptides (15mer) with different Lysine (K9) methylation states. Biotinylated

peptides were incubated with Ab1220 (0.3pg/ml) and AlphaScreen 1gG detection beads
(20ug/ml) in 20ul reaction volume at 22°C for 1hr.
(b) AlphaScreen JMJD2E demethylase reaction controls. Increase in AlphaScreen signal
was observed only when all the assay components were present in the reaction.
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(c) Time-course for IMID2E enzyme activity. Turnover assay was run at different IMJID2E
concentrations and quenched with EDTA at various time intervals. AlphaScreen beads were
added to the quenched reactions simultaneously once the final time-point was taken.

(d) Inhibition of IMJD2E by 2,4-PDCA (Compound 1). ICsq value for 2,4-PDCA against
JMJID2E was 0.9uM as calculated using non-linear regression using normalised dose-
response fit on Prism GraphPad. The final concentration of DMSO in the reaction was 0.1%.
Average + StdError (N=3).

(e) Correlation curve for IMID2E plCgq values (FDH vs. AlphaScreen).
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Figure 3. IMJD2E protein-protein binding AlphaScreen assay
(a-b) Titration of IMJD2E and biotin-H3(1-15)K9Me3. Both biotin-H3(1-15)K9Me3 (a) and

His-tagged JMJD2E (b) were titrated in order to determine the optimal concentrations for
the binding studies. JMJD2E concentration (a) and biotin-K9Me3 concentration (b) was

maintained at 10nM for titration studies.

(c-e) Peptide and small molecule affinities against IMID2E. Assays were all carried out in
triplicate, and SEMs in log(ICsq) values were below 10%.
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*Data from [27] T Highest three concentration data points omitted to calculate EC50. No
luminescence signal interference was observed for unlabeled peptides.
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1C5q values for IMID2E
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The final concentration of DMSO in the reaction was 0.1%, except NOG where no DMSO was used. SEMs in

log(ICsgp) values were below 10%.
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