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The Jumonji C (JmjC) family of 2-oxoglutarate (2OG)-dependent oxygenases

have established roles in the regulation of transcription via the catalysis of

demethylation of Ne-methylated lysine residues in histone tails, especially the

N-terminal tail of histone H3. Most human JmjC N1-methyl lysine demethylases

(KDMs) are complex enzymes, with ‘reader domains’ in addition to their cataly-

tic domains. Recent biochemical evidence has shown that some, but not all, JmjC

KDMs also have Nv-methyl arginyl demethylase (RDM) activity. JmjC KDM

activity has been linked to multiple cancers and some JmjC proteins are thera-

peutic targets. It is, therefore, important to test not only whether compounds

in development inhibit the KDM activity of targeted JmjC demethylases, but

also whether they inhibit other activities of these proteins. Here we report

biochemical studies on the potential dual inhibition of JmjC KDM and RDM

activities using a model JmjC demethylase, KDM4E (JMJD2E). The results

reveal that all of the tested compounds inhibit both the KDM and RDM activi-

ties, raising questions about the in vivo effects of the inhibitors.

This article is part of a discussion meeting issue ‘Frontiers in epigenetic

chemical biology’.
1. Background
In organisms varying from bacteria to humans, 2-oxoglutarate (2OG) and Fe(II)-

dependent oxygenases play important roles in the regulation of gene expression

and protein biosynthesis (figure 1) [1–3]. In humans, and other eukaryotes, such

roles include the regulation of transcription via the modification of nucleic acids, his-

tones and transcription factors [4]. The 2OG-dependent hypoxia inducible factor

(HIF) hydroxylases were the first such enzymes shown to have a role in transcrip-

tional regulation. HIF is an a/b-heterodimeric transcription factor that upregulates

the transcription of hundreds of genes, which collectively work to ameliorate the

effects of hypoxia (i.e. by limiting oxygen availability) [5]. Prolyl-hydroxylation of

the HIF-a subunit, which is catalysed by the 2OG-dependent prolyl hydroxylase

domain-containing protein enzymes (PHDs), signals for HIF degradation via the

ubiquitin protease system. There is substantial evidence that PHD catalysis is regu-

lated by oxygen availability in cells and that it acts as a hypoxia-sensing mechanism

for the HIF system. PHD inhibitors are at late stage clinical trials for the treatment of

anaemia, because erythropoietin is a HIF target gene [1].

A second type of 2OG oxygenase-dependent HIF-a modification is cata-

lysed by factor inhibiting HIF (FIH), which also regulates HIF activity.

In humans, and in other higher animals, FIH catalyses the hydroxylation of

an asparaginyl-residue in the C-terminal transactivation domain of HIF-a sub-

units—a post-transcriptional modification that reduces the binding of HIF-a
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Figure 1. Proposed catalytic 2OG-dependent mechanism as carried out by ‘hydroxylases’ (e.g. the prolyl hydroxylase domain-containing protein enzymes (PHDs) and factor
inhibiting 2OG-dependent hypoxia inducible factor (FIH)) and demethylases (i.e. the JmjC KDM2-7 human subfamilies). The figure is adapted from [1,2]. Methylated sub-
strates of the JmjC KDMs include mono-, di-, and tri-methylated lysine residues and mono- and di-methylated guanidino nitrogens of arginine resides. In the case of
‘hydroxylases’ (e.g. PHDs and FIH) substrates include 2OG-dependent hypoxia inducible factor (HIF) prolyl- and asparaginyl-residues in HIF-a; FIH also accepts multiple
ankyrin repeat domain proteins. Steps A to C are common to both types of 2OG oxygenases. (A) 2OG binds to the active site Fe(II) in a bidentate manner with consequent
loss of two water molecules. (B) Substrate binding is followed by O2 binding (with displacement of H2O), resulting in, (C), oxidative decarboxylation of 2OG to give succinate,
CO2, and an Fe(IV)¼O intermediate. PHD/FIH active site (hydroxylation) involves formation of a stable alcohol product. JmjC KDM/RDM (demethylation) involves hydroxylation
of the N-methyl group to give a hemiaminal that fragments to produce formaldehyde and the demethylated product.
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subunits to transcriptional co-activator p300-CBP family of

histone acetyl transferases [6]. The two types of HIF hydroxy-

lases belong to different structural subfamilies of 2OG

oxygenases, with the PHDs belonging to the deacetoxycepha-

losporin C synthase subfamily, which normally have

relatively simple domain architectures [7]. By contrast, FIH

belongs to the normally multidomain JmjC-containing

family of protein [8,9]. Subsequent work identified other sub-

types of JmjC oxygenases [10–14]. FIH is one of the JmjC

‘hydroxylases’ that catalyse the formation of stable alcohol

products [6,15]. Such enzymes include the ribosomal/protein

oxygenases and related 2OG oxygenases catalysing modifi-

cation of the translational machinery [15–17] (figure 1).

N1-methyl lysine demethylases (KDMs) form a subfamily

of JmjC oxygenases that is highly conserved in eukaryotes.

The JmjC KDMs likely evolved from the JmjC hydroxylases

[18] and form the largest known family of KDMs, with the

flavin-dependent lysine specific demethylases (LSDs) being

less ubiquitous [18,19]. The JmjC KDMs catalyse demethyla-

tion of all N1-methylation states of lysine residues (figure 1),

whereas the LSDs only accept the di- and mono-N1-

methylation states [6,14,15]. There are six human subfamilies

of JmjC KDMs that act on histone tails with different N1-

methylation states, histone sequence and ‘adjunct’ protein

selectivities. The JmjC KDMs play central roles in modulating
the dynamic post-translational methylation states of histones

and can regulate transcription [14,19–21]. The JmjC KDMs

have been linked to multiple diseases, including mutations

that correlate with genetic diseases [22]. Some KDMs are

involved in proliferation and tumour growth, and some are

overexpressed in various cancer types, including breast

cancer and prostate cancer [12,23,24]. As a consequence, certain

JmjC KDMs, including the KDM4 and KDM5 subfamilies, are

being pursued as medicinal chemistry targets.

The correct assignment of function at the (patho)physiolo-

gical level will be important in the rational development of

2OG oxygenase inhibitors. One clinically used compound,

meldonium (used to treat myocardial infarction), is proposed to

target a human 2OG oxygenase, g-butyrobetaine hydroxylase,

but the precise molecular mode of action of meldonium is

uncertain [25,26]. In the case of HIF, a combination of biochemi-

cal and physiological studies led to the proposal of an

unexpectedly direct connection between the reaction catalysed

by the PHDs (prolyl-hydroxylation of HIF-a, figure 1) and

hypoxia sensing in animals [27,28], a finding that has stimu-

lated the clinical development of PHD inhibitors for

treatment of anaemia and other hypoxia-related diseases [1].

Subsequent work has revealed complexities in the HIF

system, including reports of a number of non-HIF-a PHD sub-

strates; however, the biological relevance of these substrates
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Figure 2. (a) Matrix assisted laserd desorption/ionization - time of flight mass spectrometry (MALDI-TOF MS) showing demethylation of H3(1-15)K9me2 (top) and
H3(1-15)R2me2a (bottom) as catalysed by KDM4E. A 214 Da shift can be observed after 15 min for both substrates, indicating loss of a methyl group. (b) MALDI-
TOF MS time-course assays showing the fraction of demethylation by KDM4E. Error bars represent s.d. for analytical replicates, n ¼ 2/3. Conditions: 10 mM respect-
ive peptide, 10 mM (NH4)2Fe(SO4)2, 100 mM sodium L-ascorbate, 10 mM 2OG. (c) Correlation for KDM4E KDM versus RDM pIC50 values.
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and their involvement in the hypoxic response are unclear, and

the key role of the PHDs in HIF-mediated hypoxic response

appears robust [21,29,30]. In contrast, there is good evidence

that FIH not only accepts multiple non-HIF substrates—many

from the ankyrin repeat domains (ARD) structural family—

but it can also catalyse the hydroxylation of residues other

than asparagine, including aspartyl- and histidyl-residues

[21,31]. Like the proposed non-HIF PHD substrates, the biologi-

cal roles of FIH-catalysed ARD hydroxylation are unclear, but

they may serve to regulate the availability of FIH for HIF-a

hydroxylation [21,31]. The promiscuous nature of FIH, in

terms of its substrate and product selectivity, echoes that of

2OG oxygenases and structurally related enzymes involved

in biosynthesis [4,21].

We have been exploring the substrate/product selectivities

of the assigned JmjC KDMs. We have found that some of

them will not only accept a number of unnatural substrate

analogues, but also catalyse Nv-methyl arginine residue

demethylation (RDM), albeit with the RDM activity being

lower than the KDM activity [32,33]. The RDM activity of the

JmjC demethylases has not been validated in cells, in part

due to the paucity of appropriate reagents and antibodies

and, in part, due to the complexity of the chemistry of the

post-translational modifications on the histone H3 tail [32,33].

However, the finding that the JmjC demethylases can catalyse

Nv-methyl arginine residue demethylation raises questions on

the mode of action of the JmjC demethylase inhibitors that are

in development for use as cancer drugs. As with all the HIF

PHD inhibitors that are in clinical trials [1], most (but not all)

of the JmjC KDM inhibitors that have been developed

compete with 2OG and complex to the active site-bound
Fe(II) (figure 1) [34]. Further, clinically used iron-chelating

compounds such as deferoxamine and ethylenediaminetetra-

acetic acid (EDTA) have potential to inhibit both the KDM

and RDM activity of the JmjC demethylases. Here we report

studies that compare the inhibition of KDM and RDM activity

by a set of reported JmjC demethylase inhibitors with the

model enzyme KDM4E (JMJD2E). The results reveal that the

JmjC KDM inhibitors also inhibit RDM activity of KDM4E,

thus raising questions regarding the mode(s) of action of the

inhibitors in the cellular context.
2. Results
To investigate whether JmjC KDM inhibitors also inhibit RDM

activity, we elected to work with KDM4E, a likely pseudo

gene in humans. KDM4E is a relatively simple model JmjC

enzyme, which is reported to have both KDM and RDM activities

and which can be readily produced in recombinant form [32]. The

KDM4D, E and F genes are located on a single exon and encode

for only Jumonji N (JmjN) and JmjC domains. By contrast, the

genes for the other human members of the KDM4 family, i.e.

A, B and C, are located on multiple exons and encode for JmjN,

JmjC, PHD-fingers and two TUDOR domains [35,36].

Recombinant KDM4E was produced in Escherichia coli and

purified as reported [37]. We initially optimized assay con-

ditions for comparing KDM/RDM activities using 15mer H3

peptide fragments. These either had a dimethylated lysine at

position nine (H3(1-15)K9me2) or asymmetrically dimethy-

lated arginine at position two (H3(1-15)R2me2a) (figure 2).

Kinetic analysis of KDM4E-catalysed demethylation of



Table 1. pIC50 values for various inhibitors against KDM4E KDM and RDM
activity. Dose – response experiments were performed using the RF-MS-
based assay (n ¼ 3 assay repeats, each assay replicate has n ¼ 3 analytical
replicates). Conditions: 5 mM H3(1-15)K9me2/H3(1-15)R2me2a with
0.25 mM/1 mM KDM4E, respectively, 10 mM (NH4)2Fe(SO4)2, 100 mM
sodium L-ascorbate, 10 mM 2OG; t ¼ 15/25 min for KDM and RDM
activities, respectively, following from analyses shown in electronic
supplementary material, figure S1. Structures of inhibitors are given in
electronic supplementary material, figure S2. s.e.m., standard error of mean.

inhibitor

pIC50+++++ s.e.m.

inhibition of
H3(1-15)K9me2
demethylation

inhibition of
H3(1-15)R2me2a
demethylation

IOX1 5.65+ 0.03 5.45+ 0.03

2,4-PDCA 6.75+ 0.02 5.96+ 0.03

NOG 5.06+ 0.05 3.91+ 0.10

deferoxaminea 5.62+ 0.03 5.45+ 0.06

EDTAa 5.82+ 6.53 5.95+ 0.06

CPI-455 5.35+ 0.03 5.44+ 0.04

KDOAM25 3.74+ 0.14 3.17+ 0.34

KDM5-C49 5.68+ 0.04 5.04+ 0.05

SD70 5.22+ 0.02 4.65+ 0.04

ML324 5.32+ 0.02 5.31+ 0.04

JIB-04 5.03+ 0.03 4.59+ 0.07

Ni(II)a 6.84+ 0.03 5.80+ 0.06

Co(II)a 7.17+ 0.02 6.19+ 0.04

fumaratea 2.71+ 0.05 2.90+ 0.07

succinatea 3.83+ 0.04 3.15+ 0.05

L-2HGa 4.87+ 0.03 4.14+ 0.05

D-2HGa 4.94+ 0.02 4.40+ 0.05
an ¼ 2 assay repeats.
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H3(1-15)K9me2 and H3(1-15)R2me2a peptides confirmed that

lysine demethylation was more rapid than arginine demethyla-

tion, with specific activities of 13 nmole min21 mg21 for H3(1-

15)K9me2 and 0.3 nmole min21 mg21 for H3(1-15)R2me2a

demethylation under the employed assay conditions

(figure 2 and electronic supplementary material, S1). These

observations are consistent with the catalytic efficiencies of

these peptides (kcat/KM ¼ 114 � 1026 s21 mM21 for H3(1-

15)R2me2a and 2167.2 � 1026 s21 mM21 for H3(1-15)K9me2)

(electronic supplementary material, table S1). We then tested

various classes of reported JmjC KDM inhibitors against both

the KDM and RDM activities, using RapidFire Mass Spec-

trometry (RF-MS), a high throughput-based MS assay. To

ensure robust results, the KDM and RDM assays differed in

their endpoints (15 and 25 min, for KDM and RDM assays,

respectively) and also in the enzyme concentrations used

(0.25 and 1 mM for KDM and RDM assays, respectively). The

2OG concentration was 10 mM, its approximate KM value

(electronic supplementary material, table S1). A panel of

JmjC KDMs inhibitors were then selected (see electronic

supplementary material, figure S2 for compound structures)

and tested under the optimized KDM and RDM assay

conditions.

Initially, we tested the broad-spectrum 2OG oxygenase

inhibitors 5-carboxy-8-hydroxyquinoline (IOX1), 2,4-pyridine-

dicarboxylic acid (2,4-PDCA) and N-oxalylglycine (NOG)

[38–41]. Both RDM and KDM activities were inhibited

approximately equally by IOX1 (pIC50 (RDM) ¼ 5.45+0.03;

pIC50 (KDM) ¼ 5.65+0.03), while 2,4-PDCA (pIC50

(RDM) ¼ 5.96+0.03 and pIC50 (KDM) ¼ 6.75+0.02) and

NOG (pIC50 (RDM) ¼ 3.91+0.10; pIC50 (KDM) ¼ 5.06+
0.05) showed somewhat better inhibition of KDM4E KDM

activity. IOX1, 2,4-PDCA and NOG are 2OG competitive

inhibitors [39–41], whereas IOX1 has been reported to exhibit

mixed-mode inhibition and to cause movement of the active

site metal [38] (table 1, electronic supplementary material,

figure S2). Note that care should be taken in drawing con-

clusions from (small) differences between KDM and RDM

potencies due to the different assay conditions.

We then tested the iron chelators Deferoxamine and EDTA.

Both chelators inhibited both KDM and RDM activities with

similar pIC50 values (deferoxamine: pIC50 (RDM) ¼ 5.45+
0.06 and pIC50 (KDM) ¼ 5.62+0.03, EDTA: pIC50 (RDM) ¼

5.95+0.06, pIC50 (KDM) ¼ 5.82+6.53) (table 1, electronic

supplementary material, figure S2). Nickel(II) and cobalt(II)

ions also inhibited both KDM and RDM activities, likely via

competition with Fe(II) for binding [42].

Certain TCA cycle metabolites inhibit 2OG oxygenases,

including the JmjC KDMs with varying potencies [37,39,

43,44]. In addition, levels of both enantiomers of 2-hydroxyglu-

tarate (L-2HG and D-2HG) can be substantially increased in

some tumours [45]. Succinate, fumarate, L-2HG and D-2HG

were thus tested for inhibition against the KDM and RDM

activities of KDM4E. These metabolites inhibited both KDM

and RDM activities, consistent with prior reports on JmjC

KDM inhibition by 2-hydroxyglutarate [39,44] (table 1, elec-

tronic supplementary material, figure S2). Notably, both

enantiomers of 2-hydroxyglutarate inhibited KDM and RDM

activities with similar efficiency, which accords with their

reported inhibition of the KDM activities of KDM4A and

KDM4C (but not of all 2OG oxygenases) [39].

Inhibitors reported to be selective for specific JmjC KDM

subfamilies were then tested [34]. CPI-455, KDOAM25 and
KDM5-C49 are all reported to be selective inhibitors of the

KDM5 subfamily [46–48]. For both CPI-455 and KDM5-C49,

which are reported 2OG competitors [46,48], both KDM and

RDM activities of KDM4E were inhibited (in accordance with

the reported values for KDM4C [46,48]), with pIC50 values

within a close range. As expected from its reported selectivity

profile [47], KDOAM25 proved to be the weakest KDM4E

KDM and RDM inhibitor with pIC50 , 4, further supporting

its selectivity towards the KDM5 subfamily. SD70, ML324

and JIB-04 (which unusually to date is identified as a non

2OG competitor [49]) have been reported to be selective inhibi-

tors of the KDM4 subfamily [49–51]. All these compounds

inhibited both KDM and RDM activities and in each case

(except for ML324) with a slightly lower value for the RDM

activity, but all comparable with published IC50 (KDM)

values. ML324 was an equipotent inhibitor for the KDM and

RDM activities (table 1 and electronic supplementary material,

figure S2).

Analysis of KDM and RDM pIC50 values showed a sig-

nificant correlation (Spearman rank correlation r ¼ 0.86,

Pearson’s r ¼ 0.93, p-value , 0.0001), with no significant out-

liers (figure 2). Thus, the overall results reveal that the

analysed compounds inhibit both KDM and RDM KDM4E
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3. Discussion
The results demonstrate that all of the tested JmjC KDM inhibi-

tors that inhibit via metal chelation (2OG mimetics/generic

metal chelators) inhibit both the KDM and RDM activities of

KDM4E. Overall, the potencies of inhibition were similar for

the KDM and RDM activities, although in some cases, there

were small differences in the apparent potencies. These differ-

ences are likely (at least in part) to be due to the different assay

conditions for the KDM and RDM activities, namely, the

enzyme concentrations used due to KDM4E catalytic efficiency

being 20-fold higher for the H3(1-15)K9me2 peptide than for the

H3(1-15)R2me2a peptide (electronic supplementary material,

figure S1 and table S1). Although KDM4E is a model JmjC

KDM, it is likely that the KDM/RDM dual inhibition will be

observed for most, if not all, JmjC demethylases with RDM

activity. This is because of the overall similarities in the active

sites of the JmjC demethylases and the fact that all tested inhibi-

tors work either by chelation with the active site iron or by

chelating iron in solution [2]. Although the RDM activity of

the JmjC KDMs has not been verified in a cellular context, the

results clearly highlight the need to consider potential activities

beyond KDM catalysis when considering the effects of JmjC

demethylase inhibitors, whether in pharmaceutical form or

when produced endogenously, as is the case as a consequence

of TCA cycle enzyme-associated mutations [37,39,43].

Given the apparent promiscuity of at least some JmjC

demethylases [33], activities beyond KDM/RDM catalysis

should also not be ruled out. In this regard, it is notable that

one other human 2OG oxygenase, JMJD6, has also been

reported to have RDM activity [52]. However, subsequent

work revealed that JMJD6 catalyses hydroxylation of lysyl-C-

5 of mRNA splicing factor proteins and of histones [53,54].

JmjC demethylases may have KDM and RDM activities.

Whether or not JMJD6 is truly a bifunctional RDM/5-

hydroxylase [55], extensive work on microbial 2OG oxyge-

nases involved in secondary metabolite biosynthesis has

revealed that such flexibility in substrate/product selectivity

can and does occur in cells, so the potential for unanticipated

reactivities of human (JmjC) 2OG oxygenases should not be

excluded [3,56]. In the case of human 2OG oxygenases, the ten-

dency to accept multiple substrates is probably best

exemplified in the case of FIH. FIH was initially validated to

catalyse the C-3 asparaginyl-hydroxylation of the C-terminal

transcriptional activator domain of HIF-a [6,15]. Subsequently,

FIH was shown to catalyse hydroxylation not only of asparagi-

nyl, but also of aspartyl- and histidinyl-residues in cells on

multiple members of the ARD family [31], which have roles

including in, e.g. cell structure and the inflammatory response.

In isolated form, the residue selectivity of FIH has been shown

to be even broader, i.e. where it can accept serine and even

hydrophobic residues [57].

There is thus considerable interest in developing ‘substrate

selective’ 2OG oxygenase inhibitors and, potentially, activa-

tors. Our results suggest that this may be difficult for the

KDM and RDM activities of the JmjC demethylases with

inhibitors that bind to the active site metal. As demonstrated

in X-ray crystal structures (figure 3), both the N-methylated

arginyl- and lysyl-residues (from two different peptides)
bind the KDM4A active site with a similar orientation at a

location separate to where N-oxalylglycine, or any other 2OG

competitor, might bind; this further supports the findings

that RDM activity is inhibited in a similar way to KDM inhi-

bition by this class of inhibitors. An alternative approach

would be to develop ‘allosteric’ inhibitors that disrupt binding

of a particular type of substrate (e.g. to generate selective

inhibitors for either KDM or RDM). As a step towards this,

we have been working to develop substrate-competitive inhibi-

tors and have recently reported on cyclic peptides that potently

and selectively inhibit JmjC KDM4A, B and C [58].

Alternatively, it is possible that the non-catalytic domains

of the JmjC demethylases could be targeted. The JmjC

demethylases are much more than ‘mere’ catalysts, with most

of them having additional domains to the JmjC/JmjN domains

(with KDM4D, E and F being exceptions). The biological roles

of these domains are still being explored; in some cases, they

can regulate the JmjC KDM activity, as clearly exemplified in

the case of KDM PHD finger protein 8 (PHF8), where its

PHD domain located close to the N-terminus of the JmjC

domain binds to H3K4me3 promoting catalysis at H3K9me2

[59,60]. Thus, at least in some cases, there is potential for the

development of small molecules that bind to the PHD

domain to inhibit H3K9me2 KDM activity. It is possible that

non-catalytic domains of the JmjC demethylases, possibly in

conjunction with interacting proteins and nucleic acids, guide

substrate selectivity both towards specific protein sequences

and the type of reaction catalysed (e.g. KDM versus RDM

activity). To date, little has been reported on the development

of ‘inhibitors’ binding to the non-catalytic domains of the JmjC

demethylases [2,34,61] and although there are challenges, par-

ticularly with respect to biologically relevant assays, this is an

objective of current work in our laboratory.
4. Material and methods
(a) Assay reagents
Recombinant KDM4E(1-377) was produced in E. coli BL21(DE3)-R3

containing the pRARE2 plasmid and purified (to greater than 90%
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purity by SDS-PAGE analysis) as described [37]. Unless otherwise

specified, reagents were from Sigma-Aldrich. All assays were per-

formed in 50 mM HEPES (pH7.5) buffer. All peptides were

prepared as C-terminal amides. H3(1-15)R2me2a (full sequence:

AR(me2a)TKQTARKSTGGKA-NH2) was synthesized by Peptide

Protein Research, while H3(1-15)K9me2 (full sequence: ARTKQ-

TARK(me2)STGGKA-NH2) was synthesized by GL Biochem.

(b) MALDI-TOF-mass spectrometry (MS)-based assays
Time-course assays: Four different enzyme mixes containing

KDM4E at 2, 1, 0.5 or 0.25 mM were tested with both the H3(1-

15)K9me2 and H3(1-15)R2me2a peptides, and demethylation

activities were monitored over time. KDM4E was allowed to equi-

librate to room temperature for 10 min; the substrate/cofactor

mixture was then added to initiate the reaction. Final concentrations

in 10 ml reaction volume: 10 mM peptide, 10 mM ammonium

iron(II) sulfate hexahydrate ((NH4)2Fe(SO4)2), 100 mM sodium

L-ascorbate, 10 mM 2-oxoglutaric acid (2OG), as described in [19].

The 2OG concentration used was at approximately the KM value

for KDM4E (electronic supplementary material, table S1). Reactions

were quenched with 1:1 (v/v) aqueous methanol.

On a 96-spot MALDI plate, samples were mixed in a 1:1 ratio

(v/v) with a-cyano-4-hydroxycinnamic acid (CHCA) dissolved in

50% acetonitrile, 0.01% (v/v) aqueous trifluoroacetic acid

(CF3CO2H). The dried spots were analysed using a MALDI-TOF

MS (Micro MX, Waters, UK) machine in the positive ion reflectron

mode; flight tube voltage 12 000 V; reflectron voltage 5200 V.

Spectral analysis was carried out using MassLynx 4.0 (Waters).

The relative peak intensities (RPI) of each methylation state

were used to determine the percentage activity of the enzyme.

All values were normalized using the percentage demethylation

obtained from the first time point.

(c) High-throughput liquid chromatography mass
spectrometry (LC-MS) assays [62]

Assays were performed in 384-well polypropylene

v-bottomed plates (Greiner Bio One). 2,4,PDCA, NOG, Deferox-

amine, EDTA, KDOAM25, ML324, JIB-04, succinic acid disodium

salt hexahydrate (succinate), fumaric acid (fumarate), L-2-hydro-

xyglutarate (HG), D-2HG, nickel (II) sulfate heptahydrate (Ni(II))

and cobalt (II) chloride hexahydrate (Co(II) were from Sigma-

Aldrich, IOX1 was from Stratech Scientific, CPI 455 from Axon

Medchem and KDM5-C49 and SD70 were from Xcess Bio-

sciences. Structures of the inhibitors are defined in electronic

supplementary material, figure S2.

Time-course assays: 1 and 0.25 mM (final concentrations in

50 ml reaction volume) enzyme mixes containing KDM4E were

used with H3(1-15)R2me2a and the H3(1-15)K9me2, respect-

ively; activity was monitored over time. KDM4E was incubated

for 10 min with 1% (v/v) DMSO (dimethylsulfoxide) before

addition of the cofactor/substrate mixture to initiate reaction.

Final concentrations in 50 ml reaction volume: 5 mM respective

peptide, 10 mM (NH4)2Fe(SO4)2, 100 mM sodium L-ascorbate,

10 mM 2OG. The reactions were quenched with 1% (v/v) aqu-

eous formic acid (HCO2H). Assays were carried out with two

analytical repeats.

Inhibition assays: compound dispensing (500 nl) was carried

out using an ECHO 550 Acoustic dispenser (Labcyte). For each
compound 12 different concentrations were prepared. Compound

concentrations were decreased by a dilution factor of two between

each point. Negative controls (no enzyme activity) and positive

controls (maximum enzyme activity) all contained 500 nl DMSO

without inhibitor.

The KDM4E enzyme mixture (24.5 ml) was transferred into

each well containing 0.5 ml of the compound in DMSO and incu-

bated for 10 min. The reaction was initiated upon addition of

25 ml of the substrate/cofactor mixture. Final concentrations in

a 50 ml reaction volume were: 0.25 mM KDM4E (for KDM

activity) or 1 mM KDM4E (for RDM activity), the compound at

respective concentration, 1% (v/v) aqueous DMSO, 5 mM

respective peptide, 10 mM (NH4)2Fe(SO4)2, 100 mM sodium

L-ascorbate and 10 mM 2OG. The reaction was quenched with

aqueous 1% (v/v) HCO2H after 15 min for KDM activity and

25 min for RDM activity.

The reactions were then transferred to a RapidFire RF360

high-throughput sampling robot connected to an Agilent 6530

Accurate-Mass Quadrupole time-of-flight (Q-TOF) mass spec-

trometer operated in the positive ion mode (Agilent, Wakefield,

MA, USA). Prior to MS analysis, the samples were aspirated

under vacuum for 400 ms then loaded onto a C-18 solid phase

extraction (SPE) cartridge to remove buffer salts from the

samples. This was achieved by washing the cartridge with

0.1% (v/v) HCO2H in water at a flow rate of 1.5 ml min21 for

4.5 s and followed with an elution step (85% acetonitrile, 15%

deionized water, 0.1% formic acid). The samples were loaded

onto the MS with at a flow rate of 1.25 ml min21 for 4.5 s. The

cartridge was re-equilibrated with water for 500 ms.

For both KDM and RDM assays, the þ5 charge state of the

dimethylated substrate and the mono-methylated product were

used to extract ion chromatogram data. Using RapidFire Integra-

tor software (Agilent, Wakefield, MA, USA), the peak area data

were integrated and produced the relative intensities at each

point. The percentage activity was then calculated. The assays

were repeated two or three times; and, in each case, this was car-

ried out with three analytical repeats.

All data points were combined, producing six or nine dose

response datasets and these were analysed collectively using

GraphPad Prism 5. A non-linear curve with variable slope (the

four-parameter logistic function) was applied to generate the

best-fit LogIC50 values and the LogIC50 standard error mean

(s.e.m.). pIC50+ s.e.m. values were calculated using the

equation, pIC50 ¼ –Log (IC50/M).
Data accessibility. The datasets supporting this article have been
uploaded as part of the electronic supplementary material.

Authors’ contributions. J.B. performed MALDI and RF-MS experiments,
data analysis and interpretation of data. A.T. optimized and estab-
lished RF-MS methods. A.K. and C.J.S. designed the study. All
authors contributed to writing the manuscript.

Competing interests. We have no competing interests.

Funding. We thank the following for funding: Cancer Research UK
(CRUK) (C8717/A18245) to C.J.S and A.K; CRUK and Engineering
and Physical Sciences Research Council (EP/M508111/1) for a stu-
dentship to J.B; The Royal Society for a Dorothy Hodgkin
Fellowship (to A.K); and the Wellcome Trust.

Acknowledgements. We thank Dr Richard Hopkinson for helpful advice
and the Structural Genomics Consortium (Michelle Daniel and Dr
Stanley Ng) for providing KDM4E.
References
1. Chan MC, Holt-Martyn JP, Schofield CJ,
Ratcliffe PJ. 2016 Pharmacological targeting
of the HIF hydroxylases—a new field in
medicine development. Mol. Aspects Med.
47 – 48, 54 – 75. (doi:10.1016/j.mam.2016.
01.001)
2. Thinnes CC, England KS, Kawamura A, Chowdhury
R, Schofield CJ, Hopkinson RJ. 2014 Targeting
histone lysine demethylases—Progress, challenges,

http://dx.doi.org/10.1016/j.mam.2016.01.001
http://dx.doi.org/10.1016/j.mam.2016.01.001


rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

373:20170071

7
and the future. Biochim. Biophys. Acta Gene Regul.
Mech. 1839, 1416 – 1432. (doi:10.1016/j.bbagrm.
2014.05.009)

3. Loenarz C, Schofield CJ. 2008 Expanding chemical
biology of 2-oxoglutarate oxygenases. Nat. Chem.
Biol. 4, 152 – 156. (doi:10.1038/nchembio0308-152)

4. Hausinger RP 2015 Biochemical diversity of
2-oxoglutarate-dependent oxygenases. In
2-oxoglutarate-dependent oxygenases: The Royal
Society of Chemistry (eds CJ Schofield, RP Hausinger),
pp. 1 – 58. London, UK: Royal Society of Chemistry.

5. Schodel J, Mole DR, Ratcliffe PJ. 2013 Pan-genomic
binding of hypoxia-inducible transcription factors.
Biol. Chem. 394, 507 – 517. (doi:10.1515/hsz-
2012-0351)

6. Markolovic S, Leissing TM, Chowdhury R, Wilkins SE,
Lu X, Schofield CJ. 2016 Structure – function
relationships of human JmjC oxygenases—
demethylases versus hydroxylases. Curr. Opin Struct.
Biol. 41, 62 – 72. (doi:10.1016/j.sbi.2016.05.013)

7. Aik WS, Chowdhury R, Clifton IJ, Hopkinson RJ,
Leissing T, McDonough MA, Nowak R, Schofield CJ,
Walport LJ. 2015 Introduction to structural studies
on 2-oxoglutarate-dependent oxygenases and
related enzymes. In 2-oxoglutarate-dependent
oxygenases: The Royal Society of Chemistry (eds CJ
Schofield, RP Hausinger), pp. 59 – 94. London, UK:
Royal Society of Chemistry.

8. Lando D, Peet DJ, Gorman JJ, Whelan DA, Whitelaw
ML, Bruick RK. 2002 FIH-1 is an asparaginyl
hydroxylase enzyme that regulates the
transcriptional activity of hypoxia-inducible
factor. Genes Dev. 16, 1466 – 1471. (doi:10.1101/
gad.991402)

9. McNeill LA, Hewitson KS, Claridge TD, Seibel JF,
Horsfall LE, Schofield CJ. 2002 Hypoxia-inducible
factor asparaginyl hydroxylase (FIH-1) catalyses
hydroxylation at the b-carbon of asparagine-803.
Biochem. J. 367, 571 – 575. (doi:10.1042/
bj20021162)

10. Whetstine JR et al. 2006 Reversal of histone lysine
trimethylation by the JMJD2 family of histone
demethylases. Cell 125, 467 – 481. (doi:10.1016/j.
cell.2006.03.028)

11. Tsukada Y, Fang J, Erdjument-Bromage H, Warren
ME, Borchers CH, Tempst P, Zhang Y. 2006 Histone
demethylation by a family of JmjC domain-
containing proteins. Nature 439, 811 – 816. (doi:10.
1038/nature04433)

12. Cloos PAC, Christensen J, Agger K, Maiolica A,
Rappsilber J, Antal T, Hansen KH, Helin K. 2006 The
putative oncogene GASC1 demethylates tri- and
dimethylated lysine 9 on histone H3. Nature 442,
307 – 311. (doi:10.1038/nature04837)

13. Cloos P et al. 2007 INHIBITION OF GASCl. Google
Patents.

14. Klose RJ, Kallin EM, Zhang Y. 2006 JmjC-
domain-containing proteins and histone
demethylation. Nat. Rev. Genet. 7, 715 – 727.
(doi:10.1038/nrg1945)

15. Markolovic S, Wilkins SE, Schofield CJ. 2015 Protein
hydroxylation catalyzed by 2-oxoglutarate-
dependent oxygenases. J. Biol. Chem. 290,
20 712 – 20 722. (doi:10.1074/jbc.R115.662627)

16. Ge W et al. 2012 Oxygenase-catalyzed ribosome
hydroxylation occurs in prokaryotes and humans.
Nat. Chem. Biol. 8, 960 – 962. (doi:10.1038/
nchembio.1093)

17. Feng T et al. 2014 Optimal translational termination
requires C4 lysyl hydroxylation of eRF1. Mol. Cell 53,
645 – 654. (doi:10.1016/j.molcel.2013.12.028)

18. Chowdhury R et al. 2014 Ribosomal oxygenases are
structurally conserved from prokaryotes to humans.
Nature 510, 422 – 426. (doi:10.1038/nature13263)

19. Walport LJ, Hopkinson RJ, Schofield CJ. 2012
Mechanisms of human histone and nucleic acid
demethylases. Curr. Opin Chem. Biol. 16, 525 – 534.
(doi:10.1016/j.cbpa.2012.09.015)

20. Cheng X et al. 2015 JmjC Lysine demethylases. In 2-
Oxoglutarate-dependent oxygenases: The Royal
Society of Chemistry (eds CJ Schofield, RP
Hausinger), pp. 210 – 245. London, UK: Royal
Society of Chemistry.

21. Wilkins SE et al. 2015 The role of 2-oxoglutarate-
dependent oxygenases in hypoxia sensing. In
2-Oxoglutarate-dependent oxygenases: The Royal
Society of Chemistry (eds CJ Schofield, RP
Hausinger), pp. 169 – 209. London, UK: Royal
Society of Chemistry.

22. Johansson C, Tumber A, Che KH, Cain P, Nowak R,
Gileadi C, Oppermann U. 2014 The roles of Jumonji-
type oxygenases in human disease. Epigenomics 6,
89 – 120. (doi:10.2217/epi.13.79)

23. Hoffmann I, Roatsch M, Schmitt ML, Carlino L,
Pippel M, Sippl W, Jung M. 2012 The role of histone
demethylases in cancer therapy. Mol. Oncol. 6,
683 – 703. (doi:10.1016/j.molonc.2012.07.004)

24. Wissmann M et al. 2007 Cooperative demethylation
by JMJD2C and LSD1 promotes androgen receptor-
dependent gene expression. Nat. Cell Biol. 9,
347 – 353. (doi:10.1038/ncb1546)

25. Tars K et al. 2014 Targeting carnitine biosynthesis:
discovery of new inhibitors against g-butyrobetaine
hydroxylase. J. Med. Chem. 57, 2213 – 2236.
(doi:10.1021/jm401603e)

26. Leung IK, Krojer TJ, Kochan GT, Henry L, Von Delft F,
Claridge TDW, Oppermann U, Mcdonough MA,
Schofield CJ. 2010 Structural and mechanistic
studies on g-butyrobetaine hydroxylase. Chem. Biol.
17, 1316 – 1324. (doi:10.1016/j.chembiol.2010.09.
016)

27. Ivan M et al. 2002 Biochemical purification and
pharmacological inhibition of a mammalian prolyl
hydroxylase acting on hypoxia-inducible factor. Proc.
Natl Acad. Sci. USA 99, 13 459 – 13 464. (doi:10.
1073/pnas.192342099)

28. Epstein AC et al. 2001 C. elegans EGL-9 and
mammalian homologs define a family of
dioxygenases that regulate HIF by prolyl
hydroxylation. Cell 107, 43 – 54. (doi:10.1016/
S0092-8674(01)00507-4)

29. Wong BW, Kuchnio A, Bruning U, Carmeliet P. 2013
Emerging novel functions of the oxygen-sensing
prolyl hydroxylase domain enzymes. Trends
Biochem. Sci. 38, 3 – 11. (doi:10.1016/j.tibs.2012.
10.004)

30. Gorres KL, Raines RT. 2010 Prolyl 4-hydroxylase.
Crit. Rev. Biochem. Mol. Biol. 45, 106 – 124.
(doi:10.3109/10409231003627991)

31. Wilkins SE, Karttunen S, Hampton-Smith RJ,
Murchland I, Chapman-Smith A, Peet DJ. 2012
Factor inhibiting HIF (FIH) recognizes distinct
molecular features within hypoxia-inducible factor-
a (HIF-a) versus ankyrin repeat substrates. J. Biol.
Chem. 287, 8769 – 8781. (doi:10.1074/jbc.M111.
294678)

32. Walport LJ, Hopkinson RJ, Chowdhury R, Schiller R,
Ge W, Kawamura A, Schofield CJ. 2016 Arginine
demethylation is catalysed by a subset of JmjC
histone lysine demethylases. Nat. Commun. 7,
11974. (doi:10.1038/ncomms11974)

33. Hopkinson RJ, Walport LJ, Münzel M, Rose NR,
Smart TJ, Kawamura A, Claridge TDW, Schofield CJ.
2013 Is JmjC oxygenase catalysis limited to
demethylation? Angew. Chem. Int. Ed. Engl. 52,
7709 – 7713. (doi:10.1002/anie.201303282)

34. McAllister TE, England KS, Hopkinson RJ, Brennan
PE, Kawamura A, Schofield CJ, 2016 Recent progress
in histone demethylase inhibitors. J. Med. Chem.
59, 1308 – 1329. (doi:10.1021/acs.jmedchem.
5b01758)

35. Katoh M. 2004 Identification and characterization of
JMJD2 family genes in silico. Int. J. Oncol. 24,
1623 – 1628.

36. Hillringhaus L et al. 2011 Structural and
evolutionary basis for the dual substrate selectivity
of human KDM4 histone demethylase family. J. Biol.
Chem. 286, 41 616 – 41 625. (doi:10.1074/jbc.M111.
283689)

37. Rose NR, Ng SS, Mecinovicı̀ J, Lienard BMR, Bello
SH, Sun Z, Mcdonough MA, Oppermann U, Schofield
CJ. 2008 Inhibitor scaffolds for 2-oxoglutarate-
dependent histone lysine demethylases. J. Med.
Chem. 51, 7053 – 7056. (doi:10.1021/jm800936s)

38. Hopkinson RJ et al. 2013 5-Carboxy-8-
hydroxyquinoline is a broad spectrum
2-oxoglutarate oxygenase inhibitor which causes
iron translocation. Chem. Sci. 4, 3110 – 3117.
(doi:10.1039/c3sc51122g)

39. Chowdhury R et al. 2011 The oncometabolite
2-hydroxyglutarate inhibits histone lysine
demethylases. EMBO Rep. 12, 463 – 469. (doi:10.
1038/embor.2011.43)

40. King ON et al. 2010 Quantitative high-throughput
screening identifies 8-hydroxyquinolines as
cell-active histone demethylase inhibitors.
PLoS ONE 5, e15535. (doi:10.1371/journal.pone.
0015535)

41. Thalhammer A, Mecinović J, Loenarz C, Tumber A,
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