A scintillation proximity assay for histone demethylases.
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ABSTRACT
Covalent modiﬁcations, such as methylation and demethylation of lysine residues in
histones, play important roles in chromatin dynamics and the regulation of gene
expression. The lysine demethylases (KDMs) catalyze the demethylation of lysine
residues on histone tails and are associated with diverse human diseases, including cancer,
and are therefore proposed as targets for the therapeutic modulation of gene transcription.
High-throughput assays have been developed to find inhibitors of KDMs, most of which
are fluorescence-based assays. Here we report the development of a coupled scintillation
proximity assay (SPA) for 3 KDMs: KDM1A (LSD1), KDM3A (JMJD1A) and KDM4A
(JMJD2A). In this assay methylated peptides are first demethylated by a KDM, and a
protein methyltransferase (PMT) is added to methylate the resulting peptide with tritiated
SAM. The enzyme activities were optimized and kinetic parameters were determined.
These robust coupled assays are suitable for screening KDMs in 384-well format (Z’Factors of 0.70-0.80) facilitating discovery of inhibitors in the quest for cancer
therapeutics.
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Scintillation proximity assay (SPA)

Covalent histone modiﬁcations, including acetylation, methylation, phosphorylation,
ubiquitinylation and sumoylation, play an important role in regulating chromatin
dynamics and function [1]. Lysine residues in histones are methylated and demethylated
by sequence-specific methyltransferases and demethylases which are important processes
in the control of chromatin structure and transcriptional activity. There are at least 60
protein methyltransferases (PMTs) encoded in the human genome, including 51 lysine
methyltransferases (PKMTs) and 9 protein arginine methyltransferases (PRMTs)[1].
Methyltransferases recognize specific protein sequences and mono-, di-, or trimethylate
specific lysines or mono- or dimethylate arginine residues. Examples include EHMT2
that specifically mono- and dimethylates Lys-9 of histone H3 (H3K9) in euchromatin [2],
and KMT3A specifically mono-, di-, and trimethylates Lys-36 of histone H3 (H3K36) [3].
In contrast, the lysine demethylases (KDMs) “erase” the methyl marks. There are two
main classes of histone demethylases which are defined by their mechanisms: flavin
adenine dinucleotide (FAD)-dependent demethylases (eg; KDM1A, KDM1B), and 2oxoglutarate (2-OG)-dependent demethylases (eg; KDM3A and KDM4A) [4]. KDM1A,
also referred to as LSD1, specifically demethylates mono- or dimethylated H3K4 and
H3K9 via a redox process [5]. Recent evidence shows that KDM1A plays an important
role in a variety of biological processes, including cell proliferation [6], adipogenesis [7],
chromosome segregation and embryonic development [8, 9]. Furthermore, KDM1A can
also promote tumor development by inhibiting the tumor suppressor activity of p53 [10,
11] and KDM1A inhibitors have shown anticancer effects in cells [12, 13], supporting
their potential as cancer drugs [14, 15].

Another class of histone demethylases is the Jumonji domain containing histone
demethylases (JKDMs). These JKDMs are Fe2+ and 2-oxoglutarate (2-OG)-dependent
oxygenases. Members of this class constitute the largest family of lysine demethylases. In
contrast to KDM1A, which is only able to demethylate mono- and dimethylated lysine
residues, JKDMs are able to demethylate mono-, di- and trimethylated lysines. Although
these KDMs have highly conserved methylated lysine binding pockets and act via a
similar catalytic mechanism, they show differences in both degree and sequence
speciﬁcity in their demethylation reactions [16]. For instance, the KDM4 subfamily
(KDM4A, KDM4B, KDM4C, and KDM4D) act on di- and trimethylated H3K9, H3K36,
H1K26, while the KDM2 subfamily (KDM2A and KDM2B) only acts on mono- and
dimethylated H3K36 [17]. This subfamily is linked to a variety of cancers [4], and a
small molecule JKDM modulator has been shown to selectively inhibit cancer growth
[18].
Because of the potential pharmaceutical significance of KDM inhibitors, highthroughput assays have been developed to find small molecule modulators of KDM
activity and several commercial assay kits are available [19-22]. Most of these assays and
kits use a ﬂuorescence-based format and require no wash or liquid transfer steps, and the
homogeneous “mix-and-measure” nature makes these assays simple and robust with
relatively low cost. However, these assays usually tend to generate a high number of false
positives because of fluorescence interference from labeled substrates, colored and
fluorescent compounds, and fluorescent tracers [23-25]. High-throughput mass
spectrometry has been used to overcome these shortcomings [26], and is widely used as a
confirmatory assay for KDMs [20], however, this technique has inherent throughput

limitations. The ability of LC/MS to separate substrates containing different methylation
states is another important consideration and is vital when screening involves the
detection of multiple chemical entities [27].
The scintillation proximity assay (SPA) is a homogeneous, versatile assay technology
for the rapid and sensitive analysis of a wide range of biological processes. The assay
gives fewer false positives, is widely recognized as the "gold standard" for radiometric
high-throughput screening [28, 29], and has been used for histone methyltransferases
(HMTs) [30-32]. Here we report the development of coupled SPA methods for 3 KDMs.
In this assay, biotin-labeled methylated peptides are demethylated by a KDM, and
subsequently a protein methyltransferase is added to methylate the peptide product with
3

H-SAM after KDMs are quenched by heat shock. We also characterized the kinetic

parameters and highlight the broader utility of this approach as a generic assay for all
KDMs.

Materials and methods
Iron (II) sulfate (Cat#: F7002), 2-OG (Cat#: K1875), ascorbic acid (Cat#: A5960) and
S-(5’-Adenosyl)-L-methionine (referred to as “cold SAM”; Cat#: 2408) were purchased
from Sigma-Aldrich. Tritiated SAM (“hot SAM”; Cat #: NET155V250UC) and 384-well
FlashPlate coated with Streptavidin (Cat#: SMP410A001PK) were from PerkinElmer.
KDM1A (Cat #:50097; purity: ~ 80%) was from BPS bioscience. Biotin-labeled
H3K4me1(1-21)

(sequence:

ARTK(me)QTARKSTGGKAPRKQLA-GGK-Biotin),

H3K9me2(1-21)

(sequence:

ARTKQTARK(me2)STGGKAPRKQLA-GGK-Biotin),

H3K9me3(1-21) (sequence: ARTKQTARK(me3)STGGKAPRKQLA-GGK-Biotin) were
from AnaSpec. Inhibitors RN-1 and IOX1 were obtained from Sigma-Aldrich.

Protein expression and purification
DNA fragments encoding human EHMT2 residues 913-1193, and KMT1B residues 52350 were amplified by PCR and sub-cloned into the SGC in-house pET28a-LIC vector.
For KMT7, a DNA fragment encoding residues 1-366 was amplified by PCR and subcloned into the pET28a-LIC-C His vector, downstream of the poly-histidine coding
region with M at the C-terminal region. The proteins were over-expressed in E. coli BL21
(DE3) pRARE2-V2R by the addition of 1 mM isopropyl-1-thio-D-galactopyranoside
(IPTG) and incubated overnight at 15 oC. Harvested cells were re-suspended in 20 mM
Tris buffer, pH 7.5, with 500 mM NaCl, 5 mM imidazole and 5% glycerol and flash
frozen in presence of protease inhibitor. The cells were thawed and lysed chemically
(CHAPS to final concentration of 0.5%, and 22.5 U/mL benzonase) followed by
sonication at a frequency of 8.5 Hz with 10 s on and 10 s off. After clarification of the
crude extract by high-speed centrifugation (16000 rpm for 1 h), the lysate was loaded
onto a DE52 column and passed onto the Ni-NTA column. The column was washed and
His–tagged protein was eluted by 20 mM Tris, pH 7.5, 500 mM NaCl, 5% glycerol, 50
mM and 250 mM imidazole, respectively. For KMT7, the protein was dialyzed against 20
mM Tris buffer, pH 7.5, and 500 mM NaCl. Next 4 mM DTT and 10% Glycerol were
added to 90% pure KMT7 after concentration. The protein was stored at -80 °C after flash
freezing in liquid nitrogen. For EHMT2, thrombin was used to cut the His-tag overnight,
the cut protein was passed through an Ni-NTA column, and the flow through was loaded

onto a Superdex 200 16/60 column which was equilibrated with 20 mM Tris, pH 7.5 and
500 mM NaCl. Fractions with higher than 95% purity, as judged by SDS-PAGE, were
pooled, concentrated and flash frozen. For KMT1B, thrombin was used to cut the His-tag
overnight, the cut protein was diluted to 50 mM NaCl prior to injection onto a 6 mL
Resource S cation exchange column which was pre-equilibrated with 3 column volume
(CV) 10 mM Tris pH 6.8, followed by 3 CV of 10 mM Tris pH 6.8 containing 500 mM
NaCl and 3CV of 10 mM Tris pH 6.8. The pure KMT1B eluted at around 150-300 mM
NaCl. Pure fractions based on SDS-PAGE were pooled, concentrated and flash frozen.

For KDM3A, a DNA fragment encoding residues 515-1317, was amplified by PCR and
sub-cloned into the SGC in-house pFB-CT10HF-LIC vector. Recombinant baculovirus
was produced by transformation of DH10Bac cells. Spodoptera frugiperda (Sf9) insect
cells in Sf-900 II SFM medium (Life Technologies) were infected with recombinant
baculovirus and incubated for 72 h at 27 °C in shake flasks to over-express the protein.
Harvested cells were suspended in buffer containing 50 mM HEPES (pH adjusted using
KOH), pH 7.4, 300 mM KCl, 5 mM imidazole, 5% glycerol, 10 mM imidazole and
protease inhibitor cocktail set VII (Calbiochem) and lysed by Dounce homogenization.
The protein was purified by Ni-NTA chromatography on Sepharose 6 FF resin charged
with nickel (GE Healthcare) followed by gel filtration on Superdex 200 column. The pure
protein was stored in 20 mM HEPES, pH 7.4, 300 mM KCl and 5% glycerol at -80 °C
after flash freezing.

For KDM4A, a DNA fragment encoding residues 1-359 was amplified by PCR and subcloned into the SGC in-house pNIC28-Bsa4 vector. The protein was over-expressed in E.
coli BL21 (DE3) -R3-pRARE2 by the addition of 0.2 mM IPTG and incubated overnight
at 18 °C. Harvested cells were frozen at -80 °C. The cells were thawed and suspended in
buffer containing 50 mM HEPES, pH 7.5, 500 mM NaCl, 10 mM imidazole, protease
inhibitor cocktail set III (Calbiochem) and 50 U of Benzonase (Merck Millipore) and
lysed by high pressure homogenization (25 kpsi). The protein was purified by Ni-NTA
chromatography on a 1 mL HisTrap FF Crude column (GE Healthcare) followed by ion
exchange on a 1 mL HiTrap HP Q column (GE Healthcare). The pure protein was stored
in 25 mM HEPES, pH 7.5, 500 mM NaCl, 5% glycerol at -80 °C after flash freezing.

KDM1A assay
The assay was performed in 384-well format. 60 nM KDM1A with or without
compounds was incubated with 5 µM biotin-labeled H3K4me1(1-21) peptide in 50 mM
Tris-HCl, pH 8.0, 0.01% Triton X-100 using an Agilent Bravo automated liquid handling
platform. The reaction volume was 10 µl. The plate was covered by aluminum foil and
incubated at room temperature for 30 min. The plate was then heated at 80 °C for 15 min
in a water bath to denature KDM1A and was centrifuged at 2000 rpm at 4 °C for 5 min.
KMT7 (final concentration 1 µM), DTT (5 mM) and tritiated SAM (0.75 µM) were
added into sample wells. After 1 h, 1 mM cold SAM was added to quench the reaction
and 40 µl buffer (20 mM Tris-HCl, pH 8.0) was added into the quenched samples. All
samples were then transferred into a streptavidin/scintillant-coated microplate (Flashplate
® PLUS; Perkin Elmer Life Sciences), allowed to bind for 1 h, and then detected on a

TopCount NXT HTS (PerkinElmer). When testing pH effect on KDM1A, since KMT7
activity could be affected by pH, we first incubated KDM1A in buffers with different pH,
and then adjusted the pH of reaction mixtures to pH 8.0 after heat shock. Effects of salt
and other reagents were characterized in the same way. Salt or other reagents (DMSO,
DTT, Triton X-100) were added into the tested wells at the beginning; and then adjusted
to same concentrations after heat shock to make sure the observed effect was on KDM1A
rather than KMT7. When testing RN-1 potency, different concentrations of RN-1 were
pre-incubated with KDM1A for 30 min before peptide was added.

KDM3A assay
For screening compounds, 80 nM KDM3A was incubated with 2.5 µM biotin-labeled
H3K9me2 (1-21), 20 µM Fe(II), 20 µM ascorbic acid , 2.5 µM 2-OG in 50 mM Tris-HCl,
pH 7.0, 0.01% Triton X-100 in a 10 µl reaction volume at room temperature for 0.5 h in
the presence of compounds or DMSO. Several wells were prepared without KDM3A as
background. The plate was then heat-shocked at 80°C for 10 min. 5 mM DTT, 0.75 µM
hot SAM, 0.1 µM EHMT2 were added into plates after centrifuging at 4 °C. 1 mM cold
SAM was added to quench the reaction after 1 h. 40 µl of buffer (20 mM Tris-HCl, pH
8.0) was added into the quenched wells. Quenched reaction mixtures were transferred to
a streptavidin/scintillant-coated microplate (Flashplate ® PLUS; Perkin Elmer Life
Sciences), and allowed to bind for 1 h, and then detected on a TopCount NXT HTS
(PerkinElmer).

KDM4A assay

In 10 µl reaction volume, 50 nM KDM4A was incubated with 5 µM biotin-labeled
H3K9me3 (1-21), 20 µM Fe(II), 20 µM ascorbic acid, 5 µM 2-OG in 50 mM HEPES, pH
7.5, 0.01% Triton X-100 for 1 h at room temperature in the presence of compounds or
DMSO. The plate was covered with aluminum foil tightly and heat shocked in a water
bath at 80°C for 10 min. After centrifuging, 0.5 µM KMT1B, 5 mM DTT and 0.75 µM
hot SAM were added into each reaction well. 1 mM cold SAM was used to quench
KMT1B activity after 1 h reaction. 40 µl of buffer (20 mM Tris-HCl, pH 8.0) was added
into the quenched samples, and all samples were then transferred into a
streptavidin/scintillant-coated

microplate

(FlashPlate®

PLUS:

PerkinElmer

Life

Sciences). The amount of methylated peptide was quantified by tracing the radioactivity
(counts per min) as measured after 1 h using a TopCount NXT HTS (PerkinElmer).
When IOX1 was tested, KDM4A was pre-incubated with inhibitor for 15 min before
addition of H3K9me3 (1-21) and 2-OG.

Kinetic Parameters determination
To determine the kinetic parameters, 25 nM of each demethylase enzyme was used in
the reaction. The demethylase reaction time was reduced to 15 min to make sure the
initial velocities were determined in the linear range. The apparent Kmapp for each
substrate was determined by varying the concentration of that particular substrate and
keeping the concentration of the other substrate(s) at saturation. After 15 min incubation
at room temperature, the reactions were quenched by heating at 80°C for 10 min. The
corresponding coupling enzyme and 3H-SAM were added to each plate and the reactions
were incubated at room temperature for 1 h. The reactions were then quenched by

addition of equal volume of 7.5 M guanidinium hydrochloride (Gu-HCl). 10 µL of
quenched reaction mix was spotted onto streptavidin-coated membrane squares (SAM2®
Biotin capture membrane, Promega). The membrane was washed three times with 2 M
NaCl for two min each time, then with water three times for 30 s each. The membrane
was dried at 50 oC for 1 h and then each spotted square was cut from the membrane and
placed in a scintillation vial. The amount of methylated peptide was quantified by tracing
the radioactivity (counts per min) as counted by a TriCarb liquid scintillation counter
(Perkin Elmer Life Sciences). In order to ensure that the observed changes in activities
upon varying substrate concentrations used in determining the KDM kinetic parameters
were independent of methylation activities of the coupled enzymes, the HMT
concentrations as well as the concentration of their substrates were kept constant and in
excess. We also confirmed the linearity of all initial velocities used in determining the
KDM kinetic parameters (Fig. S2).

Results
To evaluate the demethylation activity of KDMs, we coupled each KDM with a protein
lysine methyltransferase (PKMT) that methylates the same lysine mark on the histone tail
(KDM1A and KMT7; KDM3A and EHMT2; KDM4A and KMT1B) (Fig. 1). Each
selected PKMT was able to generate the methylation state of the mark that was the
substrate for the corresponding KDM and vice versa. In general, we used methylated
peptides as substrates for KDMs and planned that removal of a methyl group by a KDM
will be followed by methylation of the same mark by a methyltransferase in the presence
of 3H-SAM. In this manner, KDM activity is monitored by the incorporation of 3H-

methyl group into the target peptide (Fig. 1). KDMs were heat inactivated before addition
of PKMTs in each reaction.

KDM1A/KMT7 coupled SPA development
KDM1A removes monomethyl (me1) and dimethyl (me2) groups from H3K4, while
KMT7 monomethylates the same mark. We used biotinylated H3K4me1 (1-21) as
KDM1A substrate. The reaction mixtures were incubated for 1 h and KDM1A was heat
inactivated. The product of the reaction, H3K4me0 (1-21) peptide, was used as a
substrate for KMT7 using 3H-SAM (Fig. 1). Methylation rates were determined as
described in material and methods that reflect KDM1A activity since the only available
substrate for KMT7 was demethylated peptide generated by KDM1A.

Optimum KDM1A activity was observed at pH 7.5-9.0 and low NaCl concentrations
(Fig. S1). While most HMTs need reducing agents to be fully active [33, 34], no increase
in KDM1A activity was observed in the presence of up to 15 µM DTT. Since reducing
agents are necessary for KMT7 activity, 5 mM DTT was added to the reaction mixture
after heat shock. DMSO concentrations up to 10% could be used without significantly
affecting KDM1A activity (Fig. S1). Triton X-100 at concentrations below 0.02% had
little effect on KDM1A activity (Fig. S1). We used the optimized conditions to determine
the kinetic parameters for KDM1A (KmappH3K4me1: 5 ± 1 µM; kcatapp: 246 ± 12 h-1) (Fig.
2A, Table 1), which are similar to reported result using same peptide substrate [35]. RN-1,
an irreversible inhibitor of KDM1A [36], showed an IC50 value of 0.6 ± 0.05 µM in our

KDM1A/KMT7 coupled assay (Fig. 2B). We were able to perform this assay in 384-well
format with a Z’-factor of 0.72 (Fig. S3) [37].

KDM3A/EHMT2 coupled SPA development
KDM3A (JMJD1A) is a histone demethylase that specifically demethylates H3K9. It
preferentially demethylates mono- and dimethylated H3K9 residues, with a preference
for dimethylated residue, while it has weak or no activity on trimethylated H3K9 [38].
We coupled KDM3A with EHMT2 that specifically mono- and dimethylates H3K9. In
this assay, biotinylated H3K9me2 (1-21) was used as substrate (Fig. 1C). During the
assay, the H3K9me2 (1-21) was demethylated by KDM3A into H3K9me1 or H3K9me0,
which was then methylated by EHMT2 using 3H-SAM. To obtain a reasonable signal to
noise ratio, we used 100 nM EHMT2 (signal-to-noise of > 10) (Fig. S3). Signal in the
absence of KDM3A was considered background and subtracted.
KDM3A showed optimum activity at pH 7.0 (Fig. S1). Similar to KDM1A, high
concentration of NaCl reduced KDM3A activity; DMSO was tolerated up to 10% and
DTT had little effect on KDM3A activity. High concentrations of Triton X-100 slightly
reduced KDM3A activity (Fig. S1). Iron (II) and ascorbic acid at concentrations lower
than 20 µM were used for KDM3A to reach maximum activity (Fig. S4).
Kinetic parameters for KDM3A were determined under the optimum assay conditions
(KmappH3K9me2(1-21): 0.4 ± 0.1 µM; Kmapp2-OG: 0.5 ± 0.1 µM; kcatapp 198 ± 6 h-1) (Fig. 3;
Table 1). IOX1 (8-hydroxyquinoline-5-carboxylic acid) [20], a known KDM inhibitor
also inhibited KDM3A with an IC50 value of 1 ± 0.1 µM (Fig. 3E; Table1). A Z’-factor of

0.7 was determined for performing this assay in 384-well format confirming robustness
of this assay (Fig. S3).

KDM4A/KMT1B coupled SPA development
KDM4A is a histone demethylase that specifically demethylates H3K9 and H3K36.
KDM4A demethylates trimethylated H3K9 and H3K36, while it has weak activity on
mono- and dimethylated residues [39, 40]. So far, in all reported KDM4A kinetic studies
and assay development, short peptides, H3K9me3 (1-15) or H3K9me3 (7-14) have been
used as substrates [39-44]. At first, a short peptide H3K9me3 (1-15) was tested in our
coupled assay. However, KDM4A showed very weak activity with estimated Km of 70
µM and kcat of 0.3 h-1, which is similar to the previously reported result [41, 43].
However, we found that KDM4A showed much higher activity with longer peptide
H3K9me3 (1-21) (KmappH3K9me3(1-21): 1.5 ± 0.3 µM; kcat 108 ± 6 h-1). Therefore, in the
assay development for KDM4A, we used biotin labeled H3K9me3 (1-21) as substrate. In
the crystal structure of KDM4A/H3K9me3 complex, only the interaction between H3 (714) and KDM4A were observed [40]. However, based on our results, residues after
H3K14 may also contribute to the interaction between H3 and KDM4A.
KDM4A was coupled with KMT1B, which specifically trimethylates H3K9 (Fig. 1D).
Since KMT1B showed no activity with H3K9me3 (1-21) and the assay had very low
background (signal-to-noise ratio of >200), we used 0.5 µM KMT1B to obtain maximum
signal.
KDM4A showed highest activity at pH 7.5 (Fig. S1). High concentration of NaCl and
DTT reduced KDM4A activity. DMSO up to 10% had little effect on KDM4A activity.

High concentration of Triton X-100 was avoided to maximize KDM4A activity (Fig. S1).
High concentrations of Iron (II) and ascorbic acid were used to increase KDM4A activity
(Fig. S4). Kinetic parameters were also determined (KmappH3K9me3(1-21): 1.5 ± 0.3 µM;
Kmapp2-OG:10.5 ± 1.6 µM; kcatapp: 108 ± 6 h-1) (Fig. 3; Table1). KDM4A activity was also
inhibited by IOX1 with an IC50 value of 4.0 ± 0.3 µM (Fig. 3F), which is comparable to
the reported result by MALDI-TOF MS assay (1.7 µM) at similar 2OG concentration
[20]. Z’-factor of 0.8 was obtained with IOX1 indicating suitability of this assay for
screening in 384-well format as well (Fig. S3).

Discussion
When Zhang et al discovered KDMs (JKDM1A, JKDM2A, JKDM3A, etc) using a
radioactive assay, nucleosomes or octamer was first methylated with different
methyltransferases using tritiated SAM, and tritiated formaldehyde was detected after
incubation with KDM fractions [17, 38, 45]. In this study, we use the reverse reaction
sequence to test for KDM activity in which a demethylated substrate is subsequently
methylated using 3H-SAM. This sequence minimizes the manipulation of radioactive
materials and also eliminates the generation of a volatile radioactive component
(formaldehyde). Table 2 presents the advantages and disadvantages of the fluorescencebased, LS/MS-based and SPA assay formats.
Despite these advantages, compounds that interfere with coupled HMT activity would
also show up as hits. HMT assays need to be considered as counter screens to identify
these types of false positives when screening KDMs. In this study, the compounds tested
(RN-1 and IOX1) showed no inhibition against the coupled HMTs (data not shown). For

compounds that inhibit both KDM and coupled HMT, a simple reverse coupled assay can
be used for testing compounds inhibition potency only against KDMs. In this reversed
assay, a peptide is first methylated by a HMT with hot SAM, and then a KDM and
different concentrations of inhibitors are added to demethylate the methylated peptide
after HMT is denatured by heat shock. In this reverse assay, only inhibition against KDM
is monitored. For example, a potent in-house KMT7 inhibitor shows good inhibition in
the KDM1A/KMT7 SPA. However, the compound shows no inhibition against KDM1A
in the reversed KMT7/KDM1A assay in which the compound is added after KMT7 is
denatured (data not shown).
Here, we report the development of a coupled KDM/HMT SPA for KDM1A, KDM3A,
KDM4A, and in fact, the methods can be exploited for other KDMs with slight
modifications. However, three factors should be taken into consideration for such assay
development. First, an appropriate coupling HMT needs to be selected. The HMT’s
activity, selectivity, expression system and yield should be taken into consideration. For
example, for KDM4A assay, both KMT1E and KMT1B could be used as coupled
enzymes. Both enzymes showed high activity in the assay, however, KMT1E can only be
expressed in Sf9 cells via a baculovirus expression system while KMT1B can be
efficiently expressed in E. coli. Therefore, KMT1B was selected for KDM4A coupling
SPA to reduce cost.
Secondly, peptide sequence and methylation status should be carefully selected. Since
most of KDMs are active with tri-/dimethylated or mono-/dimethylated peptides, there
are several peptides with different methylation states which could be used as substrates,
and several HMTs could be used for the coupled methylation. In this condition, the effect

of peptide sequences and methylation states on KDM/HMT activity is very important.
For example, in KDM4A assay, the kcatapp/Kmapp with H3K9me3 (1-21) is over 5000 fold
of that with H3K9me3 (1-15). KDM3A is also very active with H3K9me2 (1-21) while
showing no activity with H3K9me2 (1-13). However, although longer peptides increase
enzyme activity, it also may result in elevated background levels. For example, while
background activity was low using H3K9me3 (1-21) as a substrate for KMT1B, it was
significantly higher with H3K9me3 (1-25). Therefore, in the coupled KDM4A/KMT1B
assay, H3K9me3 (1-21) was used as a substrate rather than H3K9me3 (1-25) or
H3K9me3 (1-15).
Another example is KDM3A/EHMT2 assay. Higher background signal was observed
using H3K9me2 (1-21) as a substrate for EHMT2. Considering the possibility that
EHMT2 may have a residual activity with other available lysine residues, we synthesized
a mutated H3K9me2 (1-21) with all lysine residues (except K9) replaced with alanine.
However, while EHMT2 showed no activity with mutated H3K9me2 (1-21), KDM3A is
also inactive with this peptide. So H3K9me2 (1-21) was chosen to be used by optimizing
the EHMT2 concentration and buffers to produce high S/N. Therefore, the correct
combination of peptides and HMTs is vital for this coupled assay.
Thirdly, when optimizing the coupled KDM/HMT assay, the effect of assay conditions
on both HMT and KDM should be considered. For example, in the KDM4A/KMT1B
assay, DTT can increase KMT1B activity; however, it greatly reduces KDM4A activity.
Therefore, in the assay, DTT should be added after KMD4A denaturation instead of
adding DTT at the beginning of the demthylation reaction.

In summary, we have described the development of three KDM/HMT coupled assays
representing three different classes of KDMs.

In each case, the optimization of

conditions and reagents furnished robust assays which could be extended to encompass
all members of the KDM family.
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Table 1
Kinetic constants and Z’ for 3 KDMs
Kmapp (µM)

Enzyme

kcatapp

-1

(h )

kcatapp/ Kmapp
(min-1µM-1)

Z’

2-OG

Peptide

KDM1A

N/A

5.0 ± 1.0

246 ± 12

0.9 ± 0.2

0.72

KDM3A

0.4 ± 0.1

0.5 ± 0.1

198 ± 6

8.3 ± 0.2

0.70

KDM4A

10.5 ± 1.6

1.5 ± 0.3

108 ± 6

1.2 ± 0.1

0.80

Table 2
Advantages/disadvantages of various KDM assay formats

Advantages
Fluorescence-based assay

•
•
•

High-throughput
No separation step
Low cost

•

•
•

Label –free
Less sensitive to
interference from
compounds

•

High-throughput
No separation step
Less sensitive to
interference from
compounds

•
•

Mass spectrometry assay

Coupled SPA

Disadvantages

•
•
•

•

•
•

Sensitive to fluorescence
interference from compounds
May need specific antibody and
labeling
Instrument capacity is about
1/5 of fluorescence reader [26]
Product separation by
chromatography required
High cost of mass spectrometer
Need Coupled enzymes
Need decoupling assay for hit
validation

Figure legends:
Fig. 1. Mechanism of coupled KDM/HMT scintillation proximity assay (SPA). (A)
Phylogenetic tree of KDMs. Squares indicate three KDMs for which coupled assays were

developed. (B) Scheme of coupled KDM1A/KMT7 SPA; (C) Scheme of coupled
KDM3A/EHMT2 SPA; (D) Scheme of coupled KDM4A/KMT1B SPA.
Fig. 2. KDM1A assay development. (A) Determination of Kmapp for H3K4me1; (B) Doseresponse inhibition profile of KDM1A by RN-1.
Fig. 3. KDM3A and KDM4A assay development. (A) Determination of Kmapp for
H3K9me2 with KDM3A; (B) Determination of Kmapp for 2-OG with KDM3A; (C)
Determination of Kmapp for H3K9me3 with KDM4A; (D) Determination of Kmapp for 2OG with KDM4A; (E) Dose-dependent inhibition of KDM3A by IOX1; (F) Dosedependent inhibition of KDM4A by IOX1.
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Supplementary figures:

Fig. S1. Effect of pH and additives on activities of KDMs.
Fig. S2 Time course of KDMs reactions at different concentrations of substrates
Fig. S3. Z’-Factor determination.
Fig. S4. Effect of Iron (II) and ascorbic acid on KDM activity.

Figure S1. Effect of pH and additives on activity of KDMs. Effect of pH, NaCl, DMSO, DTT,
and Triton X-100 on activity of KDM1A, KDM3A and KDM4A were assessed as described in
Material and Methods. Experiments were performed in triplicate.

Figure S2. Linearity of initial velocities. The linearity of the initial velocities at different
concentrations of substrates (below Km, around Km, and two above Km) were assessed and
confirmed for a period of 30 min for KDM1A, KDM3A and KDM4A. In all experiments, 15 min
enzymatic reaction time was used to make sure the values were determined within the linear
range.

Figure S3. Z’-Factor determination. Z’-Factors were determined in the presence (opened circle)
and absence (filled circle) of inhibitors for (A) KDM1A screening with RN-1; (B) KDM3A and
(C) KDM4A with IOX1.

Figure S4. Effect of Iron (II) and ascorbic acid on KDM activity. Effect of Iron (II) and ascorbic
acid on activity of (A) KDM3A and (B) KDM4A were assessed as described in Material and
Methods. Experiments were performed in triplicate.

