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JIB-04, a specific inhibitor of the O,-activating, Fe-dependent histone
lysine demethylases, is revealed to disrupt the binding of O, in
KDM4A/JMJD2A through a continuous O,-consumption assay,
X-ray crystal structure data, and molecular docking.

Jumonyji C (JmjC) domain-containing histone demethylases (HDMs)
remove methyl groups from histone lysine residues through an
Fe(iv)-oxo radical mechanism." These lysine demethylases (KDMs)
belong to the larger class of a-ketoglutarate («KG)-dependent,
non-heme iron monooxygenases and play integral roles in the
maintenance of genomic integrity and transcription regulation.>*
JmjC-HDMs are considered attractive therapeutic targets as their
expression is often increased in primary tumors,” but the complex
histone recognition network of these enzymes makes the design
of primary substrate competitive inhibitors difficult.>® As a result,
the vast majority of reported JmjC-HDM inhibitors are bidentate
iron chelators acting as «KG competitors.”

JIB-04 ((E,Z)-N-(5-chloro-pyridin-2-yl)-N'-(phenyl-pyridin-2-yl-
methylene)-hydrazine) was the first reported specific inhibitor
of JmjC-HDMs that is neither a competitor of aKG nor a histone
peptide mimic.'>"* This pyridine hydrazone exists in two forms
(Fig. 1) and displays isomer-specific inhibition with (E)-JIB-04
a more potent inhibitor than the Z-isomer. (E)-JIB-04 was found
to reduce cancer growth in vivo without general toxicity, and
tumour lysates of JIB-04-treated mice displayed markedly lower
levels of HDM activity compared with tumour lysates of vehicle-
treated mice."

Among the JmjC-HDM isoforms, the pure H3K4me; (KDM5A)
and H3K9me; demethylases (KDM4D-E) are more sensitive
to JIB-04 than the H3K27 (KDM6B) and mixed H3K9/H3K36
demethylases (KDM4A-C), with reported in vitro ICs, values
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Fig. 1 JIB-04 isomers as modelled in the KDM4A active site (PDB 2Q8C);
metal-coordinating residues are shown in gold.

ranging from 0.2 to 1.1 pM. Importantly, JIB-04 does not show
action against the related aKG-dependent prolyl hydroxylases
and ten-eleven translocation (TET) enzymes or other chromatin-
modifying enzymes such as histone deacetylases."”

In competition assays, JIB-04 displayed mixed-mode inhibition
with respect to oKG and potentially competitive inhibition with
respect to the primary histone substrate,'” yet no structural data
were used to supplement the competition assay findings. JIB-04
shows remarkable action in promoting cell death in cancer cells
and does not alter the activities of other «KG-dependent enzymes,
but a thorough mechanistic understanding of the inhibitor remains
to be elucidated.

Here, JIB-04’s isomer-specific inhibition of JmjC-HDMs is
examined through molecular modelling studies of KDM4A.
A real-time O,-consumption assay was used to probe the inhibition
of KDM4A by JIB-04 at varying concentrations of O,, and JIB-04’s
inhibitory strength increases in low-oxygen environments, suggest-
ing that the hypoxic environment of the cancer cells contributes to
the efficacy of JIB-04 in vivo. Finally, a 2.75 A crystal structure of
KDM4A in complex with Ni(i) was formed in the presence of
JIB-04, and modelling of (E)-JIB-04 within the complex suggests
that it works by disrupting the binding of O, and histone JmjC-
HDM substrates.

JIB-04 was docked into a crystal structure of KDM4A in complex
with oKG and an H3K9me; peptide (sequence ARKS) without
ligand-guided assistance using OpenEye’s FRED docking program,
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Fig. 2 Predicted hydrogen bonding between (E)-JIB-04 and KDM4A residues,
highlighted with dashes.

meaning that the bound conformation of the peptide substrate
was not used to guide the modelling of either isomer (Fig. 1
and 2).; *""” The lowest-energy poses are shown, with the aromatic
moieties of (E)}-JIB-04 oriented in a fashion that mimics the
projection of the H3K9me; substrate toward the metal centre in
the KDMA4A active site, while an intramolecular hydrogen bond
between the hydrazone and pyridine (H-N- - -N distance of 2.8 A)
limits the protein-binding opportunities of (Z)-JIB-04.

A closer look at the predicted binding of (E)-JIB-04 reveals
hydrogen bonds between Lys 241 and the N atoms of the two
pyridine and one hydrazone groups (H;N"- - -N distances of 2.7,
3.1, and 2.7 A, respectively; H;N'- - -N distances between (Z)-JIB-04
and Lys 241 are approximately an Angstrém further in each case).
This hydrogen bonding is significant since Lys 241 is proposed
to be essential in recruiting O, to the active site of KDM4A.°
An additional hydrogen bond is predicted to form between the
hydrazone and the carboxylate of Asp 191 (N-H:--O distance
of 2.4 A). Similar to the binding of the H3K36me; peptide in
the KDM4A active site,” we find no evidence of hydrophobic
interactions to stabilize JIB-04 binding, as the nearest aromatic
residue, Tyr 175, is slightly displaced and over 5 A away.

The initial report of JIB-04 found a half-maximal inhibitory
concentration (ICs,) of 445 nM when testing a KDM4A concen-
tration of 206 nM, but the in vitro assay conditions were not
reported in detail.§ Herein, an O,-consumption assay was used
to test for inhibition of KDM4A using JIB-04 synthesized as a
monohydrate.'>'® Pre-incubation of the holoenzyme with JIB-04
before the start of the reaction was necessary for notable enzyme
inhibition, and this was confirmed by a MALDI-TOF mass
spectrometry assay (Fig. S1, ESIT). KDM4A inhibition was screened
at varying levels of O, using a Clark oxygen electrode to track
enzymatic activity in real-time (Fig. 3)." Briefly, a solution of uKG
(300 pM), ascorbic acid (500 uM), H3(7_14K9me; (100 uM), HEPES
(pH 7.5, 50 mM), and Tween-20 (0.1%) was equilibrated under
varying partial pressures of O,; outside the reaction vessel, KDM4A
(2 uM, reconstituted with one equivalent Fe(n)) was incubated with
JIB-04 in DMSO (0-20 uM; higher concentrations could not be
tested due to the limited solubility of JIB-04). The injection of the
HDM Fe(u)-JIB-04 complex into the reaction chamber marked
the start of the reaction. Enzyme inhibition was tested at three
concentrations of O,: 60 pM (xKy(0,) for KDM4A), 258 uM
(air-saturated water), and 1200 uM (O,-saturated water)."® ICs, plots
and values at the three concentrations of O, are shown in Fig. 3.
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Fig. 3 Inhibition of KDM4A by JIB-04 as tested at three concentrations
of Oz.

With decreasing O, concentrations we find decreasing ICsq
values, and thus an increased potency of JIB-04 inhibition. While
there is little difference between KDM4A'’s relative activity at the
three O, concentrations with 2.5 uM JIB-04, we find substantial
differences in activity at inhibitor concentrations >7.5 uM, with
total enzyme inactivation at JIB-04 concentrations higher than
10 uM only in the low-O, environment. Based on these data, we
would expect increased inhibitor efficacy at concentrations of O,
like those found in hypoxic tissues (median pO, ~ 2-10 mmHg
or & 4-20 uM);** however, KDM4A activity is difficult to accurately
monitor below 60 pM O,. The nearly 3-fold difference in ICs,
values between 258 and 60 M O, suggests that JIB-04 disrupts the
binding of O, within the KDM4A active site, while the similar ICs,,
values at 258 uM and 1200 pM could be expected if JIB-04 is
competitive with respect to O,, since 258 uM and 1200 uM are
significantly higher than the K,(O,) value for KDM4A." Notably,
KDMA4A is not the most affected target of JIB-04 since it is a mixed
H3K9/H3K36 demethylase; testing the pure H3K4 and H3K9
KDMs could help to confirm that the drug exhibits a range of
potencies in low- and high-O, environments.

We were successful in crystallizing the catalytic JmjC and
JmjN domains of KDM4A in complex with Ni(u) and in the
presence of (E)-JIB-04, but not in the presence of (E)-JIB-04 and
aKG or N-oxalylglycine (NOG).q The refinement of the crystallo-
graphic structure to 2.75 A resolution revealed the electron
density of the inhibitor to be unclear and so the molecular
modelling of (E)-JIB-04 into the KDM4A-Ni(u) complex was
performed using AutoDock Vina (ver. 1.1.2).]*' The lowest-
energy pose (Fig. 4) has an apparent binding affinity of about
2 kecal mol ™" lower in energy than the most favourable poses in
KDMA4A-Ni(n)-0KG (PDB 5TVR), KDM4A-Ni()-NOG (PDB 20Q7),
and KDM4A-Ni(n)-aKG-H3K9me3 (PDB 2Q8C) complexes, and
approximately equal in energy to the binding affinity found for
(E)-JIB-04 modelled in JARID1B/KDM5B (PDB 5A1F), the most
sensitive JmjC-HDM to JIB-04 in in vitro studies (Table S1,
ESI¥).">?*?? Taken together, these data indicate that (E)-JIB-04
has likely influenced the architecture of the KDM4A active site
in the 2.75 A structure.
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Fig. 4 Structure of KDM4A in complex with Ni() and the lowest-energy
(E)-JIB-04 conformer. (A) Surface view of KDM4A with a space-filling
model of (E)-JIB-04. (B) Interactions of (E)-JIB-04 with KDM4A active site
residues highlighted by dashes.
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In the complex, (E)-JIB-04 is predicted to form two hydrogen
bonds with Tyr 177 (HO---N distances of 3.1 and 3.2 A), a
residue involved in the binding of the trimethylammonium
group of the enzyme’s histone substrate (Fig. 4B);>"” this inter-
action is in line with earlier findings pointing to (E)-JIB-04 acting
competitively with respect to the primary substrate. At least one
hydrogen bond with Lys 241 forms (H;N"- - -N distance of 3.1 A,
with a possible second interaction at 3.7 A), and this residue is
responsible for the recruitment of O, in KDM4A.® Additional
sources of stability in this model come from a n-n stacking
interaction with Phe 185 (4 A) and possible chelation of the
metal centre by the unsubstituted pyridine nitrogen (2.7 A),
which is not possible for the Z-isomer due to its intramolecular
hydrogen bond. As shown in the surface view (Fig. 4A), the
hydrazone N-H group is solvent accessible and available for
hydrogen bonding. While the predicted binding mode of (E)-JIB-04
in this structure is different from that found with PDB 2Q8C
docking studies (Fig. 1), both models have (E)-JIB-04 interacting
with Lys 241 through hydrogen bonding. This, in conjunction with
the O,-consumption assay results, indicates that (E)-JIB-04 disrupts
the binding of O, in the KDM4A active site.

The 2.75 A KDM4A-Ni(n) structure shows a high degree of
similarity to the 2.05 A structure KDM4A-Ni(u)-«KG-H3K9me;
(PDB 2Q8C) when the two are overlaid (Fig. 5A). However, there
are notable shifts in positioning of the metal centre as well as
metal-coordinating residues His 188, His 276, and Glu 190
(Fig. 5B), with Ni(u) in the 2.75 A structure positioned about 1 A
closer to the unsubstituted pyridine nitrogen of (E)-JIB-04, which
overlaps with the binding site of aKG in 2Q8C. These active site
residue shifts are likely due to the presence of «KG in PDB
2Q8C rather than the presence of the histone peptide substrate,
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Fig. 5 Structure comparison of PDB 2Q8C (in gold) and KDM4A-Ni(i)
(in white) with (E)-JIB-04 docked. (A) Overlay of the two structures shows a
high degree of structural similarity. (B) Metal centre and metal-coordinating
residue displacements in the two active sites, with (E)-JIB-04 in aKG's
binding site. (C) (E)-JIB-04-binding residues show little displacement between
the two structures.
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since overlaying the 2.75 A structure with a 2.1 A KDM4A-Ni(u)-oKG
(PDB 5TVR) structure shows a similar degree of active site residue
displacement (Fig. S2, ESIt). This could be an indication that the
inhibitor can alter the binding of the co-substrate, since earlier
studies found mixed-mode inhibition of (E)}-JIB-04 with respect to
oKG." In the histone- and O,-binding portions of the active site,
only slight differences in KDM4A residues are found between the
two crystal structures (Fig. 5C).

In conclusion, the structural data reported here, in combi-
nation with computational docking, indicate that (E)-JIB-04 inter-
acts with Lys 241 and Tyr 177 through hydrogen bonding, thus
disrupting the binding of O, and histone substrates in the KDM4A
active site. Additionally, the inhibitor may chelate the metal centre,
thereby altering the binding ability of the co-substrate aKG.
Importantly, a continuous O,-consumption assay reveals that
JIB-04 is a more effective inhibitor of KDM4A in low-O, environ-
ments, a further indication that the inhibitor is competitive
with respect to O,. We propose that JIB-04’s selective anticancer
properties, as evidenced by reduced tumour growth without
general toxicity in JIB-04-treated mice,'” are in part due to its
disruption of O,-binding in JmjC-HDM active sites. While the
O, affinities of most JmjC-HDMs are unknown, the KDM4 sub-
family exhibits low apparent affinities for O,, with K,,(O,) values
close to and above the O, levels in well-oxygenated tissues.'® It is
therefore likely that it is the low-oxygen environment of the
cancer cell which allows JIB-04 to exhibit specificity of action in
cancer cells over healthy cells. Our biochemical studies prompt
further investigation to find how JIB-04 influences the activities
of aKG-dependent HDMs in cell culture under varying tensions

This journal is © The Royal Society of Chemistry 2017
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of O,. Overall, these studies suggest that the development of
specific inhibitors for JmjC-HDMs should focus on compounds
that act as competitive inhibitors with respect to more than one
substrate, preferably both O, and the histone substrate.

Notes and references

i Ten thousand conformers of the E- and Z-isomers were generated using
OMEGA following minimization by SZYBKL>***> Conformers were modelled
into the active site using the Poisson-Boltzmann solvation method at 310 K,
taking into account cavity solvation energies. All renderings were generated
using PyMOL.>

§ In the original report, neither the concentration nor the length of
H3K9me; peptide used was specified; assuming the use of H3(7_14K9me;,
a 1:6.5 ratio of KDM4A : H3K9me; is calculated (400 ng KDM4A ~ 9.1 x
10~° mmol, 50 ng H3(;_,,K9me; ~ 5.9 x 10~° mmol); the 1:50 KDM4A:
H3K9me; ratio used here would lead to a higher ICs, value since (E)-JIB-04 is
competitive with respect to the histone peptide.

€ KDM4A was expressed and purified as previously described, with size-
exclusion chromatography (Sephadex 75) as an additional, and final,
purification step.'® KDM4A (12.0 mg mL ') was pre-incubated with
750 uM JIB-04 and 300 pM NiCl, for 30 min before crystallization.
Protein crystals were grown using the vapour diffusion method in
hanging-drops of a 1:1 mixture of protein and crystallization buffer
(17.5% PEG-3350 and 0.1 M citrate pH 6.0). Diffraction data were
collected at beamline 19-ID of the Argonne National Lab Advanced
Photon Source. HKL300022%” was used for indexing, integration, and
scaling of diffraction data. The crystal structure of KDM4A Ni(u) was
determined via a molecular replacement using PHASER23%® and the
structure of the catalytic core of JMJD2A (PDB 2GP3)*° with ligands
removed as the search model. Manual model building and refinement
were performed in COOT*® and PHENIX,*" respectively. Data collection
and refinement statistics are summarized in Table S2 (ESIt). Coordinates
and structure factors for the KDM4A_Ni(i) complex have been deposited
in the Protein Data Bank (5TVS).

| The ligand was generated using ChemDraw 3D and was energy
minimized. Twenty low-energy poses of (E)-JIB-04 were modelled in
the protein complex using a grid box of 36 x 38 x 32 A and the level of
exhaustiveness set to 40.
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