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Abstract

Occupational and/or environmental exposure to nickel has been implicated in various types of
cancer, and /n vitro exposure to nickel compounds results in accumulation of Ni(Il) ions in cells.
One of the major targets of Ni(ll) ions inside the cell is Fe(l)- and a KG-dependent dioxygenases.
Using JMJD2A and JMJD2C as examples, we show that IMJID2 family of histone demethylases,
which are products of putative oncogenes as well as Fe(l1)- and a KG-dependent dioxygenases, are
highly sensitive to inhibition by Ni(ll) ions. In this work, X-ray absorption spectroscopy (XAS)
has been used to investigate the Fe(ll) active site of truncated IMJD2A and IMJD2C (1 — 350 aa)
in the presence and absence of aKG and/or substrate to obtain mechanistic details of the early
steps in catalysis that precede O, binding in histone demethylation by the IMJD2 family of histone
demethylases. Zinc K-edge XAS has been performed on the resting JIMID2A (with iron in the
active site) to confirm the presence of the expected structural zinc site. XAS of the Ni(ll)-
substituted enzymes has also been performed to investigate the inhibition of these enzymes by
Ni(Il) ions. Our XAS results indicate that the five-coordinate Fe(ll) center in the resting enzyme is
retained in the binary and ternary complexes. In contrast, the Ni(ll) center is six-coordinate in the
resting enzyme, binary and ternary complexes. XAS results indicate that both Fe(I1) and Ni(ll)
bind aKG in the binary and ternary complexes. The electron density build-up that is observed at
the Fe(ll) center in the presence of aKG and substrate is not observed at the Ni(ll) center. Thus,
both electronic and steric factors are responsible for Ni-induced inhibition of the JIMJD2 family of
histone demethylases. Ni-induced inhibition of these enzymes may explain the alteration of the
epigenetic mechanism of gene expression that is responsible for Ni-induced carcinogenesis.

Occupational and/or environmental exposure to nickel has been implicated in various types
of cancer (1 - 6). However, the precise mechanism(s) of nickel-induced carcinogenesis are
not fully understood (7, 8). Alterations of epigenetic mechanisms have been proposed to
play an important role in nickel-induced carcinogenesis (9 — 11). /n vitro exposure to nickel
compounds results in accumulation of Ni(ll) ions in cells, and recent studies have shown
that Fe(ll)- and a KG-dependent dioxygenases are one of the major targets of Ni(ll) ions
inside the cell (12). Further, increases in cellular nickel concentration correlate with

"University of Massachusetts Department of Chemistry, phone number 413-545-4876, fax number 413-545-4490,
mmaroney@chem.umass.edu.

Supporting information contains figures of enzyme activity assays of JMID2A and JMJD2C and tables of EXAFS fits to iron, nickel
and zinc K-edge data used to select the best-fit models. This material is available free of charge via the Internet at http://pubs.acs.org.


http://pubs.acs.org

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Girietal.

Page 2

increases in the global levels of mono-and di-methylated histone H3 Lys9 (H3K9Mel and
H3K9Me2) — not by affecting histone methyltransferases, but by inhibiting a group of
Fe(11)- and a KG-dependent histone demethylases (13). It is known that Ni(Il) ions inhibit
both ABH2 (a DNA demethylase) and JIMJD1A (a histone demethylase that demethylates
H3K9Me2 and H3K9Mel) (14). It is possible that nickel causes alterations of epigenetic
gene expression by inhibiting the IMJD2 family of histone demethylases, which are among
the known Fe(Il)- and a KG-dependent enzymes (12, 15).

The JMJD2 family of histone demethylases (a.k.a. KDM4, lysine specific demethylase 4
histone demethylases) catalyze the demethylation of di- and tri-methylated H3K9 and
H3K36 (Figure 1) (16). IMJID2 proteins are candidate oncogenes, which contribute to tumor
formation (17, 18). IMID2A plays an important role in cell proliferation and oncogenesis
(19). IMJID2C has been found to play some role in prostate and breast cancer progression,
and has been implicated in the regulation of androgen receptor responsive genes (20).
Inhibition of IMID2A and JMJD2C is also known to affect cellular growth (21). However,
there is limited data available on the enzymology of histone demethylases.

In this work, XAS has been used to investigate the Fe(Il) active site structure of truncated
forms of both IMID2A and JMJD2C (1 — 350 aa) in the presence and absence of aKG and/
or substrate to obtain mechanistic details of the early steps (prior to O, binding) in histone
demethylation by the IMJD2 family of histone demethylases. Full-length IMJD enzymes
have high molecular weights (e.g., 150 kD) and cannot be expressed in large quantities in
bacteria, but must be expressed in baculovirus and insect cells. The truncated forms of these
enzymes, where large quantities of enzyme can be produced in bacteria, were therefore
investigated. In addition, XAS has been performed on the Ni(ll)-substituted enzymes to
understand the nickel-induced inhibition of these enzymes. Crystal structures available for
JMJD?2 proteins suggest that these proteins have a zinc binding site involving three Cys and
one His ligands, along with the Fe(ll) site consisting of a facial triad of protein ligands (2-
His-1-carboxylate) and water molecules (22 — 27). Zinc K-edge XAS has been performed on
the resting IMJD2A (with iron in the active site) to confirm the presence of the expected
structural zinc site. It should be noted that some of these crystal structures feature Ni(ll) in
the place of Fe(ll), and also may substitute 2-hydroxyglutarate and N-oxalylglycine (N-OG)
for aKG (Table 1). These are not competent enzymes, and therefore not directly relevant to
the Fe(l)- and a KG-dependent demethylation reaction carried out by these enzymes. This
study examines the structure of the competent forms of the enzymes in solution, and
provides a comparison with two related enzymes, the available crystal structures, and with
the Ni(I)-inhibited enzymes.

Experimental Section

Expression and purification of truncated histone demethylases

pGEX-4T-1-GST-JIMJD2A and pET28a—Hisg-JMJID2C constructs were kindly provided by
Dr. Yang Shi. The protein expression, purification, subsequent cleavage of the GST- or
Hisg-tag, and characterization of the protein products have been reported previously from
the Shi lab (16, 22). £. coli BL21(DE3)pLysS competent cells (Novagen) were transformed
with pGEX-4T-1-GST-JMJD2A and pET28a-Hisg-JMJD2C and were plated and grown
overnight at 37 °C on LB medium containing 34 ug/mL chloramphenicol and 100 pug/mL
ampicillin (for IMID2A) or 30 ug/mL kanamycin (for IMJD2C). Single colonies were
grown overnight in 150 mL cultures containing the antibiotics mentioned above, and then
diluted to 1:100 in 2 L of fresh LB medium. The cells were grown at 37 °C to an optical
density of 0.8 at 600 nm and then induced with isopropyl pB-D-1-thiogalactopyranoside (final
conc. 0.2 mM). The cells were grown for an additional 18 h at 18 °C, and were harvested by
centrifugation and resuspended in lysis buffer (50 mM HEPES, 300 mM NaCl, 20 mM

Biochemistry. Author manuscript; available in PMC 2014 June 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Girietal.

Page 3

imidazole, 0.5 mM TCEP and 5% glycerol at a pH of 7.5) and stored at =80 °C. Upon
thawing, the cells were lysed in the presence of PMSF and DNAse and then centrifuged to
collect the lysate.

Purification of IMJD2A

The supernatant was added to the MagneGST ™ particles in a centrifuge tube (50 mL) and
gently agitated for an hour using a shaker (Orbitron rotator I1). Glutathione immobilized on
MagneGST™ particles binds the GST-fusion protein. These particles were sequestered by a
magnetic field, the liquid phase removed, and unbound proteins were washed away using
wash buffer (50 mM HEPES, 300 mM NacCl, 0.5 mM TCEP and 5% glycerol at a pH of
7.5). Pure JIMJD2A was released from the particles using the wash buffer containing 20 mM
glutathione. The purity of IMJD2A was confirmed by a single band with MW ~ 67 kD on
an SDS-PAGE gel (see supporting information). Finally, the GST-tag was cleaved from
purified protein using a Thrombin CleanCleave Kit (Sigma). Pure JMJD2A (yield ~ 1.4 mg/
| of cell culture) was separated from uncleaved JMJD2A and the GST-tag using a gel
filtration column (23.5 mL, Superdex 75 10/300 GL, GE Healthcare Life Sciences) and
buffer containing 10 mM HEPES, 300 mM NaCl, 0.5 mM TCEP and 5 % glycerol at a pH
of 7.5. The cleavage of GST-tag was confirmed by SDS-PAGE (see supporting
information). This cleavage leaves two extra amino acid residues (GS) on the N-terminus of
JMID2A (16, 22).

Purification of IMJD2C

The supernatant was loaded on to a Ni-NTA column (27 mL, Kontes FlexColumn, Kimble
Chase Kontes) and gently mixed for an hour using a shaker (Orbitron rotator I1). The
column was washed with lysis buffer containing 40 mM imidazole. JIMJD2C was eluted
using lysis buffer with 300 mM imidazole. IMJD2C obtained from Ni-NTA column was
buffer exchanged into a buffer containing 10 mM HEPES, 300 mM NaCl, 0.5 mM TCEP, 5
% glycerol at a pH of 7.5 and then loaded on to a gel filtration column (23.5 mL, Superdex
200 10/300 GL, GE Healthcare Life Sciences) that was previously equilibrated with the
same buffer. IMID2C was eluted using two column volumes (~ 47 mL) of this buffer. The
purity of IMJD2C obtained was confirmed by a single band with MW ~ 44 kD on an SDS-
PAGE gel (see supporting information). The Hisg-tag was subsequently cleaved from
purified protein using a Thrombin CleanCleave Kit (Sigma) and removed by dialysis against
a buffer containing 50 mM HEPES, 300 mM NaCl, 0.5 mM TCEP and 5 % glycerol at a pH
of 7.5 (yield ~ 1.1 mg/l of cell culture). The cleavage of the Hisg-tag was confirmed by
SDS-PAGE (see supporting information). This cleavage will leave 17 extra amino acid
residues (GSHMASMTGGQQMGRGS) on the N-terminus of IMJD2C (16, 22).

Activity assay of JIMJD2 proteins

The demethylase activity of IMID2A and JMJD2C was confirmed using an assay described
previously (14), employing 5 pg of histone protein (Sigma) in 25 uL (for JIMJD2A) or in 30
pL (for IMID2C) of reaction buffer containing 50 uM HEPES (pH 7.8), 100 uM FeSQy,, 100
UM ZnSOy4, 1 mM aKG, 2 mM ascorbic acid. The demethylase activity assay of IMID2A
and JMJD2C (see supporting information) was used to determine the amount of enzyme
used for the nickel-inhibition studies. In order to show the inhibition of IMID2A and
JMJID2C by Ni(ll) ions, varying concentrations of NiCl, were added to the reaction buffer
prior to the addition of JMJD2 proteins. The reaction mixture was incubated at 37 °C for 1
hour. The reaction was terminated by the addition 6X SDS loading dye to a final
concentration of 1X and heating at 100 °C for 5 minutes. The remaining amounts of
modified H3K9Me3 in histones were determined by immunoblotting as previously
described (Figure 2) (14). The IC50 value for the inhibition of IMJD2C by Ni(ll) was
determined from densitometry performed in the gel image using GraphPad Prisom 6
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software (version 6.0a, July18, 2012) and a sigmoidal dose-response function (see
supporting information).

XAS Sample preparation

Apo-protein was prepared by adding a five-fold excess of EDTA to the protein solution and
incubating it at 4 °C overnight. EDTA was then removed by dialysis against a buffer
solution containing 50 mM HEPES, 300 mM NaCl, 2 mM ascorbic acid and 5 % glycerol at
pH = 7.5. The protein concentration was determined by the Bradford assay using BSA as a
standard (33). Metallated samples were prepared in a Coy™ chamber and frozen under N,
atmosphere. Both IMID2A and JMJD2C were first metallated with zinc (both of these
proteins have a zinc binding site along with the Fe(l1) active site) by adding ZnSO4 (10 mM,
1.25 eq) to the corresponding apo-protein ( ~ 45 uM). Unbound and non-specifically bound
zinc was then removed by adding Chelex 100 beads to the sample, incubating 20 min., and
then decanting the solution via pipette. This zinc containing protein solution was divided in
to two portions — one portion was further metallated with iron and the other portion was
metallated with nickel as described below. Fe(JMJD2A/JMJID2C) was prepared by adding a
solution of (NHg),Fe(SO4)2 (10 mM, 1.25 eq) in the buffer mentioned above to the zinc
containing protein and incubating for 6 h. Unbound and non-specifically bound metal was
then removed by adding Chelex 100 beads to the sample, incubating 20 min., and then
decanting the solution via pipette. The iron and zinc content of the metallated proteins was
determined by ICP-OES using the emissions at 238.208 and 206.2 nm, respectively. On the
basis of a Bradford assay of protein concentration and the metal content found, the
metallated IMIJD2A and JMJD2C have Fe:Zn:protein ratios of 0.85:0.92:1 and 0.91:0.96:1,
respectively.

The same procedure, only substituting NiCl, (10 mM, 1.25 eq) for (NH,),Fe(SO4),, was
used to prepare Ni(JMJD2A/IMJID2C) complexes. Analysis of the protein concentration and
metal content using the same procedure as for the Fe(ll) enzyme (nickel concentration was
measured using the 231.604 nm emission) gave Ni:Zn:protein ratios of 0.90:0.94:1 for
JMJID2A and 0.94:096:1 for IMJD2C.

From the Fe(JMJD2A/IJMJID2C) preparation described above, a total of three samples of
each protein were prepared for XAS experiments. The first sample contained only the
metallated protein, hereafter referred to as Fe(JMJID2A/JMJID2C). The second sample
contained Fe(JMJD2A/IMJID2C) plus 1.0 equiv. of aKG, hereafter referred to as
Fe(JIMJID2A/JIMJID2C)-aKG. Finally, the third sample contained Fe(JMJD2A/IMJD2C), 1.0
equiv. of aKG, plus 2 equiv. of histone from calf thymus (Sigma), and is hereafter referred
to as Fe(JMJID2A/IMJD2C)-aKG + substrate. The samples had an iron content of 0.64 mM
(for 0.75 mM JMJD2A protein) and 0.62 mM (for 0.68 mM JMJD2Cprotein) for the
Fe(JMJD2A) and Fe(JMJD2C) samples, respectively; 0.63 mM (for 0.74 mM JMJID2A
protein) and 0.61 mM (for 0.67 mM JMJD2C protein) for the Fe(JMJD2A)-a.KG and
Fe(JIMJD2C)-aKG samples, respectively; 0.61 mM (for 0.72 mM JMJD2A protein) and
0.59 mM (for 0.65 mM JMJD2C protein) for the Fe(JMID2A)-aKG + substrate and
Fe(JIMJD2C)-aKG + substrate samples, respectively, as determined by ICP-OES. Three
analogous samples were prepared from Ni(JMJD2A/JMJD2C). The samples had a nickel
content of ~ 0.60 mM (for 0.67 mM JMJD2A protein) and 0.63 mM (for 0.67 mM JMJD2C
protein) for the Ni(JMJD2A) and Ni(JMJD2C) samples, respectively; 0.59 mM (for 0.66
mM JMJD2A protein) and 0.62 mM (for 0.66 mM JMJID2C protein) for the Ni(JMJD2A)-
aKG and Ni(JMJD2C)-aKG samples, respectively; 0.57 mM (for 0.63 mM JMJD2A
protein) and 0.60 mM (for 0.64 mM JMJD2C protein) for the Ni(JMJD2A)-aKG + substrate
and Ni(JMJD2C)-aKG + substrate samples, respectively, as determined by ICP-OES. The
protein examined by Zn K-edge XAS had a zinc content of 0.69 mM (for 0.75 mM JMJD2A
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protein). The samples (60 pL) were syringed into polycarbonate sample holders with kapton
windows and frozen in liquid N, for XAS data collection.

X-ray Absorption spectroscopy

XAS data collection and analysis were performed as reported previously (34, 35). Iron,
nickel and zinc K-edge data were collected at 10 K using a liquid He cryostat (Oxford
Instruments) on beam line 7-3 at the Stanford Synchrotron Radiation Lightsource (SSRL).
Beamline optics consisted of a Si(220) double crystal monochromator and a single Rh-
coated mirror for harmonic rejection. X-ray fluorescence was collected using a 30-element
Ge detector (Canberra). Scattering was minimized by placing a set of Soller slits with a
(Z-1) element (Mn, Co or Cu) filter between the sample chamber and the detector. The
energy of each metal K-edge was calibrated to the first inflection point of the relevant metal
foil (7112.5 eV for iron, 8331.6 eV for nickel and 9660.7 eV for zinc). Extended X-ray
absorption fine structure (EXAFS) data were collected to &= 14 A~1 above the edge energy
for all the samples.

XAS data analysis was performed using EXAFS123 (36) for XANES analysis and SixPack
(37) for EXAFS analysis. Scattering parameters for SixPack fitting were generated using the
FEFF 8 (38). For the data presented here, 12 scans were averaged for iron containing
samples, eight scans were averaged for nickel containing samples, and six scans were
averaged for the zinc data. The averaged spectra were background corrected and normalized
in SixPack, which uses AUTOBK routine of IFEFFIT (37, 39, 40). For XANES analysis, the
edge energy reported was taken to be the maximum of first derivative in the edge region. For
pre-edge XANES analysis, a Gaussian function was used to fit the baseline of the pre-edge
region, with a 75% Gaussian and 25% Lorenzian function used to fit the rise in the
fluorescence at the edge. Gaussian peaks were added to the baseline corrected spectrum to
account for any peaks in the pre-edge region. The areas of these peaks were taken as a
measure of their intensities. The intensity of the peak associated with a 1s — 3d electronic
transition was then used to indicate the coordination number/geometry of the metal sites (44
—46).

For EXAFS analysis, the averaged spectra were first converted to A-space. EXAFS data
were fit over a krange of 2 — 12.5 A~1 with the exception of Fe-JMID2A-aKG and Ni-
IJMJD2C-aKG + substrate, where a krange of 2 — 12 A1 was used due to poorer
signal:noise ratio at high values of & For the zinc K-edge EXAFS analysis of the resting
JMJID2A (with iron in the active site), a krange of 2 — 13.5 A~1 was used. The 4 3-weighted
data were fit in r-space. Structural models of the metal sites involving coordination humbers
from two to seven were systematically evaluated for all possible combinations of N/O- and
S-donors by holding the number of scattering atoms in each shell to integer values (see
supporting information). The number of histidine imidazole ligands involved in the
coordination sphere was estimated by multiple-scattering analyses, as described previously
(44 - 46). Amplitudes and phase shifts for multiple-scattering paths for Fe-Im ligands were
generated using FEFF 8 with the coordinates of an Fe-Im ligand obtained from the crystal
structure of human PHF8 (PDB: 3K30). For Ni-Im and Zn-Im ligands, the crystal structures
of PHF2 (PDB: 3PUA) and JMJD2A (PDB: 2GP3) were used, respectively. Scattering paths
of similar lengths were combined in one shell as described by Tierney et a/ (45, 46) to
decrease the number of variables in each fit. During the fitting process coordination numbers
were constrained to be integer values and a scale factor of 0.9 was used. Bond lengths (r), o2
and a single value of AEq were allowed to vary in each fit. For a KG and ascorbate ligands,
the best models including imidazole ligands were further screened using multiple-scattering
analysis employing rigid O-C-C-O five membered chelate rings with parameters obtained
from FEFF 8 and the structures mentioned above. The crystal structure of trimethylreductic
acid (an ascorbic acid analogue) was used to generate the parameters for the chelate ring in
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the resting enzymes (47). The crystal structures of PHF2 (PDB: 3PUA) and PHF8 (PDB:
3K30) were used to generate the parameters for the chelate ring in the a KG containing
complexes. In this analysis, the distances in the chelate ring were constrained to vary with a
single value of Ar and o2. With the exception of resting enzymes with Fe(l1) and Ni(ll), the
fits were improved by the substitution of two N/O donors in the first coordination sphere by
the chelate ring, which adds two carbon atoms to the second coordination sphere in addition
to replacing two N/O atoms in the first coordination sphere.

To compare different fits in the same data set IFEFFIT uses three goodness of fit parameters
- XZ (Equation 1), reduced XZ and R (Equation 2) where Mgy is the number of independent
data points, N¢2 = number of uncertainties to minimize, Re() = real part of the EXAFS
fitting function, Im() = imaginary part of the EXAFS fitting function and  (7) is the
Fourier-transformed data or model function. Reduced Xz = XZ/(Nind — Nyarys) (Where Nyarys
= the number of refining parameters) and represents the degrees of freedom in the fit.
IFEFFIT also calculates R for the fit, which is given by Equation 2 and is scaled to the
magnitude of the data, making it proportional to XZ. To compare different models (fits) the
R-factor and reduced XZ parameters can be assessed, in which case both parameters should
be minimized. Although R will always improve with an increasing number of shells
(adjustable parameters), reduced Xz will go through a minimum and then increase,
indicating that the model is over fitting the data. Best fits were judged by using two
goodness of fit parameters, reduced Xz and R, and the deviation of o2 from typical values.

N; i=1
Xz: N_@Z({Re [/?dam(ﬁ) - /?nlodel(ﬁ)] }2+{Im[)?data (ﬁ) - )?rnodgl(ﬁ)]}z) 1)
e N

N
'Zl({Re[/\;data(ﬁ) _/?model(ﬁ)]}z+{Im[/\7data(ﬁ) _/{/model(ﬁ)]}2)
R== @
N
;1 ({ReL¥ dara, N HIMLE g, ST

Activity Assay of JIMJD2 proteins

The demethylase activity of IMID2A shows that it took 9 pg of enzyme to demethylate all
the H3K9Me3. IMJD2C weas slightly more active; it took 6 pg of enzyme to demethylate all
H3K9Me3 (see supporting information). These amounts of enzymes were subsequently used
to show the inhibition of IMID2A and JMJD2C by Ni(ll) ions.

Inhibition of demethylase activity of JIMID2A and JMJD2C was observed in the presence of
a varying concentration of Ni(ll) ions (Figure 2). It should be noted that IMJD2C is
inhibited at a much lower concentration of Ni(ll) ions, 50 UM vs. 250 uM for IMID2A. This
is due in part to the fact that a smaller amount of enzyme was used for the JIMJD2C assay
than for the IMID2A assay. The molar ratio of Ni(Il):JMJD2 proteins for the inhibition of
JMJID2A and JMJD2C are 28.4 and 10.6 respectively. This molar ratio indicates that
JMJID2C is more sensitive to Ni(ll) inhibition than is IMJD2A. We were able to calculate
IC50 value for the inhibition of IMJD2C by Ni(ll) ions using densitometry (see supporting
information). The IC50 value for the inhibition of IMID2C by Ni(ll) ions is 20.5 pM, which
is similar to that previously determined for JIMID1A (25 pM) (14).
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X-ray absorption spectroscopy

XANES Analysis

The analysis of XANES data provides information about the coordination number and
geometry of the metal site (44 — 46) and is summarized for the IMID2A and JMJD2C
proteins in Table 2 and in Figures 3 =5. Both Fe(l1) and Ni(ll) give rise to peaks associated
with 1s — 3d electronic transitions (at ~ 7113 eV and ~8332 eV, respectively) that are
observed in the pre-edge region of the K~edge XANES spectra in all the histone
demethylase samples. The intensities (peak areas) of these peaks depend on the coordination
number and geometry of the metal sites (44 — 46). Comparison of the peak areas measured
for the histone demethylase samples with those obtained for coordination compounds with
known coordination numbers and/or geometries provides a measure of coordination number
and geometry for the enzyme metal sites. The peak areas obtained for all of the iron
containing histone demethylase samples (10 — 13 x 1072 eV) are indicative of five-
coordinate sites (typical values are 8 — 13 x1072 eV) (42, 43). This is in agreement with the
crystal structure of IMJD2A obtained in the presence or absence of aKG (22).

XANES data (Table 2, Figures 3 and 4) for the iron containing samples show a decrease in
iron K-edge energy from Fe(JMJD2A/JMJD2C) — Fe(JMJID2A/IMJID2C)-aKG —
Fe(JIMJD2A/JMJID2C)-a.KG + substrate. This indicates an increase in the electron density at
the iron center that will eventually bind O, in the presence of both a KG cofactor and
substrate. No changes in the coordination number of the iron site are observed in any of the
iron containing samples. In contrast, XANES data (Table 2, Figures 3 and 4) for nickel
containing JIMJD2A and JMJD2C samples do not show any systematic lowering of edge
energy in the presence of aKG and/or the substrate, indicating that very little change in the
electron density occurs at the nickel site in the presence of a KG and/or the substrate. Unlike
the analogous iron containing samples, the 1s — 3d peak areas (2.7 — 3.7 x1072 eV) are
indicative of six-coordinate nickel sites (typical values are 0.6 — 4 x1072 eV) (41) in all the
nickel containing samples. This result is in agreement with the crystal structures of nickel
containing JMJD2A obtained in the presence of aKG and substrate (24, 25), and suggests
that the electronic interaction of Ni(ll) with aKG is quite different from Fe(ll). The result is
also in agreement with the crystal structure of IMID2C complexed with Ni(ll) and N-OG.

Zn(11) does not give rise to peaks associated with 1s — 3d electronic transitions in the pre-
edge XANES region of the K-edge spectra. However, the shape and intensity of the
absorption edge can be used to obtain the structural information of the zinc site in resting
JMJID2A (with iron in the active site, Figure 5). The intensity of the zinc K-edge XANES
spectrum of the resting enzyme indicates the presence of a four-coordinate zinc site (48).
The presence of two XANES peaks at 9664 eV and 9669 eV indicates the presence of a zinc
site with a mixed environment of N/O and S ligands (48).

EXAFS analysis

EXAFS analysis provides information regarding the number (N) and the type of ligands
bound to a metal and metric details of the metal site structure. The information obtained
from the best fits of the data is summarized in Table 2, and Figures 5 — 7. For all the histone
demethylase samples, the determined N values are in agreement with the XANES analysis
(vide supra). The best fit for both Fe(JMJD2A) and Fe(JMJD2C) EXAFS data consist of
five N/O donors, of which two are imidazole ligands. The remaining three ligands are
consistent with coordination by the active site Glu ligand and two aqua ligands, consistent
with the crystal structure of the catalytic domain of IMJD2A (22). Multiple-scattering
analyses that include a five-membered O-C-C-O chelate ring do not support inclusion of
ascorbate binding to iron center in any of the resting enzymes, as was seen for ABH2 (35)
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and 1-aminocyclopropane-1-carboxylate oxidase (ACCO) (49, 50). Upon reconstitution with
Ni(1l), the best fit for both IMID2A and JMJD2C features six N/O-donors, of which two are
His imidazole ligands. Multiple-scattering analyses involving O-C-C-O chelate rings do not
show ascorbate binding to nickel center in either IMID2A or IMJID2C. Thus, the remaining
four ligands are consistent with the expected coordination of the active site Glu ligand and
the three aqua ligands.

The zinc K-edge EXAFS analysis of the resting JMID2A (with iron in the active site) is
shown in Table 2 and Figure 5. In agreement with expectations based on the XANES
analysis (vide supra) and the amino acid sequence, the best fit for zinc K-edge EXAFS data
of the resting JMJD2A consists of a four-coordinate tetrahedral zinc site with the ligation
from one N/O-donor ligand (from imidazole) at 2.08 A and three S-donor ligands (from
cysteine) at 2.34 A. The observed Zn-S distances are typical of tetrahedral zinc sites (2.33
A) (51). The FT XAS spectrum for the resting JMJD2A shows outer peaks at 2.8 A, 3.4 A
and 3.8 A. These are similar to the peaks observed for a Zn(Cys)sHis peptide complex (51),
and are consistent with expectations from amino acid sequence homologies, which feature a
C(X)5H(X)g5CXC motif, and consistent with the crystal structure of the catalytic domain of
JMJID2A (22) and IMJD2D (27).

Addition of aKG to either Fe(JMJD2A) or Fe(JMJD2C) does not cause any net change in
the in the number of ligands in first-coordination sphere, as it still contains five N/O-donors
including two imidazole ligands (Table 2, Figure 6 and Figure 7). This is in agreement with
the crystal structure of Fe(JMJD2A) in the presence of aKG (22). However, changes in the
second-coordination sphere are apparent (Figures 6 and 7). Multiple-scattering analyses
involving O-C-C-O five-membered chelate rings were performed to determine a KG
binding. These fits use a single distance parameter and a single value of o for all the atoms
in the chelate ring. Therefore, these fits do not contain more adjustable parameters than the
corresponding fit without the chelate ring and are thus directly comparable. The results show
that in contrast to the data for resting enzymes, both R and Xz are improved by the
replacement of two first coordination shell N/O donors by one O-C-C-O unit (Table 2).
Using the chelate model, two second-coordination sphere carbon atoms at 2.62 A and 2.72 A
for IMID2A and 2.64 A and 2.74 A for IMID2C are found. The presence of two second-
coordination sphere carbon atoms is consistent with bidentate a KG binding to the iron
center. While it is true that the EXAFS arising from second sphere carbon atoms is
sometimes suppressed by destructive interference from other scattering atoms (52 — 54), this
is not the case for the samples studied here. In the present case, the amplitude ratio for the
aKG second sphere carbon atoms calculated by FEFF 8 (~ 45, considering M-O to be
~100) are comparable to that of second sphere carbon atoms in imidazole (~ 40, considering
M-N to be 100). This is consistent with the observation of second sphere carbon atoms using
EXAFS in other samples (52 — 56). The decrease in the iron K-edge energy in the presence
of aKG further supports the binding of aKG to the metal center. [It is important to note that
the model obtained from the PHF8 crystal structure features two metal-carbon distances that
are below the resolution of the EXAFS data (Table 2, Figure 6 and Figure 7)]. The similar
metal-carbon distances, coupled with the errors (2.62(3) A and 2.72(3) A for IMJD2A and
2.64(7) A and 2.74(7) A for IMID2C) indicate that the difference in the distances to the
carbon atoms is not resolved in the EXAFS of IMJD2A or IMJD2C.

Addition of aKG to either Ni(JMJD2A) and Ni(JMJD2C) does not change the first-
coordination sphere, as the nickel site still consists of six N/O-donors, of which two are
imidazole ligands. This is consistent with the crystal structure of Ni(JMJD2A) with N-OG
(24) and Ni(JMJD2C) with N-OG, which shows the presence of a six-coordinate nickel site.
Using the chelate model outlined above, two second-sphere carbon atoms at 2.67 A and 2.69
A for Ni(JMJD2A)-aKG and 2.76 A and 2.78 A for Ni(JMJD2C)-aKG are observed. The
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presence of the second coordination sphere carbon atoms indicates the bidentate binding of
aKG to nickel center.

Addition of substrate to the a KG complexes of the iron- and nickel-containing histone
demethylases does not change the structure of the metal sites significantly (Table 2, Figures
6 and 7). The iron site remains five-coordinate with five N/O-donor ligands, of which two
are imidazoles. The O-C-C-O five membered chelate rings observed for the a KG complexes
are retained in the presence of substrate. Using the chelate model for a KG binding, two
second sphere carbon atoms at 2.68 A and 2.78 A for Fe(JMJD2A) and 2.73 A and 2.83 A
for Fe(JMJD2C) are observed. The presence of the second sphere carbon atoms confirms
that bidentate binding of aKG to the iron center is retained in the presence of substrate. The
nickel site remains six-coordinate with six N/O donor ligands, of which two are imidazoles.
This is in agreement with the crystal structure of JMJD2A in the ternary complex formed
with a histone H3K9Me3 peptide and a KG (25). The O-C-C-O five membered chelate rings
are also retained in the nickel containing samples in the presence of substrate as well. Using
the chelate ring model, two second-sphere carbon atoms at 2.65 A and 2.67 A for
Ni(JIMJID2A) and 2.63A and 2.65A for Ni(JMJD2C) are observed. The presence of the
second-coordination sphere carbon atoms indicates the bidentate binding of aKG to the
nickel center is retained in the presence of substrate.

Discussion

Histone tails undergo a number of posttranslational modifications including acetylation,
methylation, phosphorylation and ubiquitination (57). Histone methylation occurs on both
lysine and arginine residues. Several lysine residues of histone H3 and H4 (H3K4, H3K9,
H3K27, H3K36, H3K79 and H4K20) undergo methylation (58, 59). Histone methylation
can contribute to several biological processes including heterochromatin formation, X-
inactivation, genome imprinting and silencing of homeotic genes (60 — 62). Histone
methylation was considered as a permanent modification for a long time (63, 64). However,
the identification of the H3K4 specific lysine demethylase (LSD1) suggested that histone
methylation is reversible (65). Histone demethylase JHDM1 (jumonji domain containing
histone demethylase 1), which specifically demethylates H3K36Me2, also indicated that
histone methylation is reversible (66). Both LSD1 and JHDM1 demethylate only mono- and
di-methylated histones (65, 66). The inability of LSD1 and JHDM1 to demethylate
trimethylated histone Lys residues raised the possibility of unknown histone demethylases
able to demethylate trimethylated histones.

The JIMJD2 family of histone demethylases consists of six members — the long group
(IMJD2A, IMJD2B and JMJD2C) and the short group (JMJD2D, JMJD2E and JMJD2F)
(67). Short group enzymes contain only JmjN and JmjC domains, whereas the long group
enzymes contain two PHD domains and two Tudor domains in addition to the JmjN and
JmjC domains (16). IMID2A-C catalyze demethylation of di- and tri-methylated forms of
H3K9 and di- and tri-methylated forms of H3K36 residues (Figure 1), but not mono-, di- or
tri-methylated H3K4, H3K27 and H4K20 sites, while IMID2D and JMJD2E demethylate
di- and tri- methylated forms of only H3K9 (68). Sequence alignment of the IMJD2 family
members shows a high degree of similarity (55.7 % identity and 81.71 % similarity) within
the first 350 amino acids (22). IMID2A and JMJD2C are the most studied members of this
family (68). Studies on some of the truncated enzymes showed that they catalyze the
demethylation reactions with the same site specificity as the full-length enzyme (16).
Truncated enzymes were used in this study because of difficulties in the heterologous
expression of the full-length enzymes in £. coli. Using IMID2A and JMJD2C as examples,
we show that the JIMJD2 family of histone demethylases is sensitive to inhibition by Ni(ll)
ions (Figure 2).
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A healthy unexposed adult has about 7.3 ug of Ni/kg body weight (69). The unexposed
population in the United States has 2.6 pg/l (0.0443 uM) nickel in blood serum (70).
Endocytosis of a 1.5 or 4.0 pm crystalline NiS particle can result in a intracellular Ni(ll)
concentration of 0.25 or 4.75 M respectively (69). Results obtained in this work indicate that
JMJD2 proteins will not be inhibited by normal nickel exposures, but would be inhibited by
nickel concentrations resulting from endocytosis of particulate nickel compounds. Inhibition
of histone demethylases by Ni(ll) ions changes global as well as gene specific levels of
histone methylation (13). This would lead to alteration of gene expression via epigenetic
mechanisms, which have been previously implicated in nickel-induced carcinogenesis. In
this work, XAS was performed to examine the structures of Fe(ll)- and Ni(Il)-JMID2A/2C
complexes to obtain mechanistic details of histone demethylation by JMJD2 family of
enzymes and their inhibition by Ni(ll) ions.

Structures of the early intermediates in the JMJD2A and JMJD2C reaction cycles by XAS

The structural information obtained from XAS analysis (Table 3) is in general agreement
with the expectations from the available crystal structures of the catalytic core domain of
JMJD?2 proteins (Table 1). Resting Fe(JMJD2A) and Fe(JMJD2C) show the presence of a
five-coordinate iron site involving two imidazole ligands and three other N/O-donor ligands
(Table 3), which are likely Glu (190 for IMID2A and 192 for JIMJD2C) and two water
molecules observed in the crystal structures of IMID2A (22). The two very long Fe-O
distances involving two aqua ligands at 2.49 A and 2.67 A observed in the crystal structure
of IMJID2A are not observed in XAS analysis (22). These results are consistent with the
active site structures of other non-heme iron dioxygenases, which show ligation of the iron
center by a 2-His-1- carboxylate facial triad and water molecules (71). XAS results obtained
for resting JIMID2A (with iron in the active site) also show the presence of a four-coordinate
zinc site involving one imidazole and three other sulfur donor ligands (Table 3). This is
consistent with the CysgHisZn site in the crystal structure of the catalytic domain of
JMJID2A (22) and JIMJD2D (27), and confirms the presence of the expected zinc site in the
reconstituted samples used for XAS.

Crystal structures of the IMJD2 proteins in the presence of aKG or its analogue (Table 1)
show that the cofactor binds to the metal center in a bidentate manner, forming a five-
membered chelate ring. The EXAFS analysis of the samples of Fe(JMJD2A) and
Fe(JMJD2C) prepared in the presence of aKG are also consistent with the bidentate
coordination of aKG to the iron center. XAS results obtained for both Fe(JMJD2A) and
Fe(JMJD2C) in the presence of a KG show the presence of a five-coordinate iron site
involving two imidazole ligands, a bidentate a KG and one other N/O donor ligand,
presumably the active site Glu residue (Table 3) observed in the crystal structure of
JMJID2A in the presence of aKG (22). The distances obtained for the second sphere carbon
atoms of aKG (2.62 A and 2.72 A for IMID2A and 2.64 A and 2.74 A for IMID2C) using
XAS are much shorter than those observed in the crystal structure (3.26 A and 3.29 A) of
Fe(JMJD2A) in the presence of aKG (22). However, similar M-C distances (obtained using
XAS analysis) have been observed in human ABH2 complexed with a KG by XAS (35), the
crystal structure of ABH3 complexed with aKG (2.82 — 2.84 A) (72), the crystal structure of
human FIH in complex with aKG (2.66 — 2.88 A) (73), in the crystal structure of C. Elegans
lysine specific demethylase 7 A (ceKDM7A) complexed with aKG (2.69 — 2.73 A) (74), the
crystal structure of human PHD2 complexed with aKG (2.77 — 2.87 A) (75) and the crystal
structure of human JMJD3 complexed with aKG (2.86 — 2.76 A) (76). The shorter distances
observed in XAS could be due to the fact that XAS data were collected at 4 K and therefore,
one will expect slightly shorter distances. It is important to note that some of these crystal
structures show considerable flexibility of the a KG chelate ring because of the shorter M-C
distances than those required for symmetrical coordination of a bidentate aKG. In FIH and
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ceKDMT7A, the five-membered O-C-C-O chelate ring undergoes a rotation with respect to
the metal ion’s equatorial plane (M-O-C-C dihedral angle ~ 19°). On the other hand, in
ABH3, IMJD3 and PHD?2 the rotation of the five-membered chelate ring with respect to the
metal ion’s equatorial plane is much smaller (M-O-C-C dihedral angle ~ 10°). Thus, the M-
C distances obtained from XAS analysis for JMID2A and JMJD2C reflect the range of these
conformations. In the presence of both a KG and substrate, both IMID2A and JMJD2C
retain the five-coordinate iron site and the second sphere carbon atoms of a KG are observed
at 2.68 A and 2.78 A for Fe(JMJD2A) and 2.73 A and 2.83 A for Fe(JMJD2C). These
results are in agreement with the crystal structure of AIkB in complex with Fe(ll) in the
presence of both aKG and methylated trinucleotide (2.87 — 2.93 A) (77), the crystal
structure of E. coli. TauD complexed with Fe(ll) in the presence of both a KG and substrate
(2.57 - 2.85 A) (78, 79) and in the crystal structure of FIH complexed with both aKG and
substrate (2.64 — 2.70 A) (80, 81).

The results obtained from XAS analysis of the Ni(ll)-substituted JIMIJD2A and JMJD2C are
in agreement with the crystal structure of IMJD2D (27). These structures show a six-
coordinate nickel site involving two imidazole ligands and four other N/O donor ligands,
which are identified in the crystal structure as Glu of the 2-His-1-carboxylate motif and
water molecules. The EXAFS analysis of the samples of Ni(JMJD2A) and Ni(JMJD2C)
prepared in the presence of aKG indicate the coordination of aKG to the nickel center in a
bidentate manner (the second sphere carbon atoms of aKG are observed at 2.67 A and 2.69
A for IMID2A and 2.76 A and 2.78 A for IMID2C). In the presence of aKG, both
Ni(JMJD2A) and Ni(JMJD2C) have six-coordinate nickel sites involving two imidazole
ligands, a bidentate a KG and two other N/O donor ligands, which are likely active site Glu
and a water molecule observed in the crystal structure of Ni(JMJD2C) in the presence of N-
OG. These results are in agreement with the crystal structure of Ni(JMJD2A) with N-OG
(2.85—2.90 A) (24), the crystal structure of the KIAA1718 (a human jumonji demethylase)
with N-OG (2.59 — 2.62 A) (82), the crystal structure of human PHF2 with N-OG (2.82 —
2.86 A) (83). In the presence of both aKG and substrate, both Ni(JMJD2A) and
Ni(JMJD2C) retain the six-coordinate nickel site and the second coordination sphere carbon
atoms of aKG are observed at 2.65 A and 2.67 A for Ni(JMJD2A) and 2.63A and 2.65A for
Ni(JMJD2C). These results are in agreement with the crystal structure of human vy -
butyrobetaine 2-oxoglutarate dioxygenase 1 (2.71 A - 2.72 A, PDB: 3MS?5), the crystal
structure of Ni(JMJD2A) with aKG and substrate (2.81 A —2.82 A) (25) and crystal
structure of a H3K9 jumonji demethylase (2.80 — 2.85 A) (84).

Comparison between XAS results of DNA and histone demethylases

XAS was previously carried out for AlkB (85) (£. coli. DNA demethylase) and ABH2 (35)
(human DNA demethylase). Both the DNA demethylases and the histone demethylases are
Fe(I)- and a KG-dependent mononuclear non-heme iron enzymes. JMJD2A and JMJD2C
have a five-coordinate iron site in the resting state, similar to the results obtained for
Fe(AlkB) and Fe(ABH2). The maintenance of a five-coordinate iron site in the binary and
ternary complex is observed for ABH2 and JMJD2 proteins. In both cases the iron K-edge
energy decreases from the resting enzyme to the a KG complex, and again to the aKG-
substrate complex. This is expected for an iron site that will eventually bind and reductively
activate O,. Remarkably, the iron K-edge energy (7122.5 eV) of the a KG complex is same
for ABH2 and JMJD2 proteins. This is due to the very similar active site (2-His-1-
carboxylate and aKG) for ABH2 and JMJD2 proteins. However, the iron K-edge energy for
the resting ABH2 and JMJD?2 proteins are different (7125.9(2) eV for ABH2, vs. 7123.1(2)
eV for IMID2A and 7122.9(2) eV for IMID2C). This could be attributed to the ascorbate
binding shown for ABH2 (35). Also, the iron K-edge energies for the ABH2 and JIMJD2
proteins are different (7121.5(2) eV for ABH2 vs. 7121.9(2) eV for IMJD2A and 7122.1(2)
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eV for IMID2C) in the presence of the substrate. This could be due to differences in the
nature of the substrate (DNA vs. histone protein) and also in active site environment for
ABH2 and JMJD2 proteins. The Ni-complexes of ABH2 are five-(resting state and in the
presence of a KG) and six-coordinate (in the presence of both a KG and substrate). All of the
Ni-complexes are six-coordinate for JMJD2 proteins. The Ni K-edge energies for ABH2 do
not show any systematic shift, and they are within experimental error for JMJD2 proteins.
These results indicate very little change in electron density at the nickel center in the
presence or absence of aKG or substrate for both ABH2 and JMJD2 proteins.

Mechanistic implications from the XAS results of iron-containing and nickel-substituted
JMJD2 proteins

Characterization of a number non-heme Fe(ll) oxygenases have revealed that they function
by a sequential reaction mechanism (Scheme 1) (86 — 89). In the first step of the consensus
mechanism, aKG displaces two aqua ligands (Scheme 1, B) from the six-coordinate metal
site composed of the 2-His-1-carboxylate facial triad and three aqua ligands (Scheme 1, A).
In the next step, an empty coordination site for O, binding will open up due to the loss of the
remaining aqua ligand in the presence of both aKG and substrate (Scheme 1, C).
Subsequently, oxidative decarboxylation of a KG takes place, leading to the formation of an
Fe(IV)=0 species (90). In the case of the IMJD2 proteins, the Fe(1\VV)=0 species will
hydroxylate the methyl group on the N-atom of lysine in the histone tail, resulting into the
formation of an alcohol, which then forms formaldehyde and a Lys with one less methyl
group on the N-atom in the histone tail (Figure 1).

The XAS studies of the structures of early intermediates (prior to O, binding) in the
JMJID2A and JMJD2C reaction cycles show that they appear to operate by a variation of the
consensus mechanism. XANES and EXAFS analysis are consistent with a five-coordinate
Fe(l) site composed of N/O-donor ligands in both IMJD2A and JMJD2C in the resting state
(Table 3). Analysis of features from scattering atoms in the second- and third-coordination
spheres indicate that two of these ligands are histidine imidazoles, consistent with the
available crystallographic data where the remaining ligands are presumably derived from
Glu and water. The data from the complexes formed with aKG are consistent with the
cofactor binding to Fe(ll) in a bidentate manner in both JIMJD2A and JMJD2C, while
retaining the five-coordinate geometries of the complexes (Table 3). Thus, binding of aKG
does not change the coordination number of the metal center, but perturbs the electronic
environment of the metal center by replacing two aqua ligands with anionic O-donors. This
is similar to the results obtained for Cu- or Fe-TfdA (44). Upon binding of the substrate, the
iron site remains five-coordinate (Table 3) in both IMJD2A and JIMJD2C. The formation of
a five-coordinate iron site in the presence of both substrate and a KG has been observed in
the consensus mechanism of other a KG-dependent enzymes (86 — 89). However, the iron
K-edge energy decreases in the presence of substrate. This indicates a change in the
electronic environment at the metal center in the presence of substrate. The presence of a
five-coordinate iron site in the resting enzyme (Table 3) and its maintenance through ternary
complex formation is not unprecedented in DNA or histone demethylases. The crystal
structure of JIMJD2A in the presence and absence of aKG reveals a five-coordinate iron site
(22). The crystal structure of KIAA1718 in the presence of aKG also has a five-coordinate
iron site (82).

JMJID2A and JMJD2C demethylate the same histone tail Lys residues (H3K9 and K3K36)
(67). This similarity is consistent with their high sequence homology. They are also similar
in their methylation state selectivity as they demethylate both dimethylated and
trimethylated Lys residues (68). It has been suggested that methylation state selectivity will
depend on the orientation of the substrate methyl groups towards a Fe(1VV)=0 intermediate in
the enzyme-substrate complex (25). The XAS results presented here show that the resting
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enzyme, enzyme-aKG complex and enzyme-a KG + substrate complex are similar for both
JMID2A and JMJD2C (Table 3). Thus, these results are consistent with the similar activity
of IMID2A and JIMJD2C. Substitution of iron by other metals in JMJD2 proteins would be
expected to yield an enzyme with altered function because of the differences in the ability of
the metal site to bind and decarboxylate a KG, and/or bind and activate O,. XANES and
EXAFS analysis are consistent with a six-coordinate site composed of N/O-donor ligands
for nickel in both IMJD2A and JMJD2C in the presence and absence of cofactor and/or
substrate (Table 3). Analysis of features from scattering atoms in the second and third
coordination shells indicate that two of these ligands are histidine imidazoles, consistent
with the available crystallographic data and the remaining ligands are presumably derived
from Glu and water (and/or aKG) (24, 25).

One possible mechanism of nickel induced inhibition of JIMJD2 proteins would be to use
protein conformation to block O, access to the iron site as observed in AIkB, £. coli DNA
demethylase that catalyzes demethylation of methylated DNA bases (91, 92). Like human
JMJD2 proteins, AlkB is a mononuclear non-heme Fe(l11) enzyme that utilizes aKG and O,
to carry out the oxidative demethylation of its substrate. Both of these enzymes also utilize
the 2-His-1-carboxylate motif to bind Fe(ll). There are several crystal structures of AlkB
reported in the literature where the Fe(ll) in the catalytic center has been replaced by Mn(ll),
Co(ll) or Ni(l1) in presence of both aKG and substrate (77, 93 — 95). All of the metal-
substituted AIkB enzymes are catalytically inactive. Comparison of crystal structures of
AIkB containing Fe(lIl), Co(ll) or Mn(l1) in presence of both aKG and substrate shows that
the positioning of Trp178 and Leu184 is different in case of Mn(lIl) or Co(ll) than that in
case of Fe(ll) (77, 95). In the case of Mn(l1) and Co(Il), Trp178 blocks the O, binding site
and Leu184 blocks the O, diffusion tunnel. The positioning of these residues can also place
O, in a nonreactive mode (ée.g., decreased O, binding affinity) in a manner analogous to the
distal H58Y mutation in hemoglobin (83).

There are several possible mechanisms of inhibition of JIMJD2 proteins involving Ni(ll).
Among these possibilities are first, that Ni(ll) in a ligand environment consisting of the 2-
His-1-caboxylate motif and an aKG ligand would not be expected to possess a redox
potential capable of reductively activating O, (96 — 98). Consistent with this is the
observation that the electron density build-up that occurs on the Fe(ll) center upon binding
aKG and then substrate is not observed for Ni(ll). Second, the ternary complex formed
between Ni(11)-JIMJD2 proteins, a KG and substrate contains a six-coordinate nickel site
(Table 3) that has no open coordination site for O, binding. This six-coordinate Ni(ll)
complex is indistinguishable from the Ni(ll) center in the crystal structure of IMIJD2A in the
presence of aKG and H3K9Me3 (24), IMID2C in the presence of N-OG and Mn(l1) center
in the crystal structure of ABH2 in the presence of aKG and dsDNA (93).

In summary, using JMJD2A and JMJD2C as examples we show that JIMJID2 family of
histone demethylases are inhibited by Ni(Il) ions. Using XAS, we show that the inhibition of
these enzymes by nickel is due to the presence of nickel in the active site instead of iron.
Also, the presence of nickel in the active site does not prevent the binding of a KG cofactor.
This inhibition of IMIJD2A and IMJD2C by Ni(ll) appears to involve both electronic and
steric factors.
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Demethylation of methylated histone tails by JMJD2 proteins.
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Figure 2.
Demethylase activity assay of IMID2A (top) and IMJD2C (bottom) in the presence of

varying concentrations of Ni(ll) ions done by immunoblotting. The lack of any band in the
absence of Ni(ll) ions indicates the demethylation of all the H3K9Me3. The appearance of
bands in the presence of Ni(ll) ions indicates that H3K9Me3 remains present due to the
inhibition of the enzymes.
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Figure 3.

Top: Fe K-Edge XANES spectra; Fe(JMJID2A) (brown), Fe(JMJD2A)-aKG (red) and
Fe(JMJD2A)-aKG + substrate (orange). Bottom: Ni K-Edge XANES spectra; Ni(JMJD2A)
(blue), Ni(JMJD2A)-aKG (purple) and Ni(JMJID2A)-aKG + substrate (green). Inserts show
the expansions of the pre-edge XANES region showing peaks associated with 1s — 3d
transitions.
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Figure 4.

Top: Fe K-Edge XANES spectra; Fe(JMJID2C) (brown), Fe(JMID2C)-aKG (red) and
Fe(JIMJD2C)-a.KG + substrate (orange). Bottom: Ni K-Edge XANES spectra; Ni(JMJD2C)
(blue), Ni(JMJD2C)-a.KG (purple) and Ni(JMJD2C)-aKG + substrate (green). Inserts show
the expansions of the pre-edge XANES region showing peaks associated with 1s — 3d
transitions.
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Figure 5.

Zn K-edge XAS of resting JIMID2A (with iron in the active site): XANES spectrum (top)
and EXAFS analysis (bottom, Left: Unfiltered, A3-weighted EXAFS spectra in red and fit in
black, from Table 2. Right: Fourier-transformed EXAFS data and fit.
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Figure 6.

EXAFS analysis for IMJD2A. Left: Unfiltered, A3-weighted EXAFS spectra (colored lines)
and fits (black lines, from Table 2). Right: Fourier-transformed EXAFS data and fits.
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apnjubepy | 4

EXAFS analysis for IMIJD2C. Left: Unfiltered, A3-weighted EXAFS spectra (colored lines)

and fits (black lines, from Table 2). Right: Fourier-transformed EXAFS data and fits.
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Scheme 1.
Consensus mechanism of non-heme Fe(l1) dioxygenases (adapted from ref.
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Table 3
Results obtained from XAS analysis of IMID2A and JMJD2C samples.

Protein ~ Metal ion Cofactor Substrate Active site

JMID2A Fe/Zn No No - j ;
JMID2A Fe/Zn aKG No %;' ,
JMID2A Fe/Zn aKG Yes é;' ’
JMID2A Ni/Zn No No f

JMID2A Ni/Zn aKG No .’
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Protein Metal ion  Cofactor  Substrate

Active site

JMID2A Ni/Zn aKG Yes
JMJID2C Fe/zZn No No
JMID2C Fe/Zn aKG No
JMJD2C Fe/Zn aKG Yes
JMJID2C Ni/Zn No No
JMID2C Ni/Zn aKG No
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Protein Metal ion  Cofactor  Substrate Active site
JMJD2C Ni/zZn aKG Yes
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