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Gene silencing via DNA methylation is part of the normal
epigenetic regulation of gene expression.1�5 Cellular DNA

can also sustain damage from alkylation by chemicals that modify
DNA bases,6 and this damage can be inherited.7 The effects of
alkylation damage can be mutagenetic, cytotoxic, or both.8�10

Cells have evolved systems to repair DNA alkylation damage.11

Escherichia coli has an adaptive response pathway to protect DNA
against high levels of alkylation damage.12 In humans, the
enzyme ABH2 plays the role of repairing endogenously formed
1-methyladenine and 3-methylcytosine lesions in duplex DNA.13

ABH2 utilizes Fe(II) and RKG to catalyze the oxidative
demethylation of methylated DNA bases (Figure 1).14 Thus,
ABH2 belongs to the large class of RKG-dependent non-heme
Fe(II) oxygenases that activate O2 to catalyze the oxidation of a
broad range of biological substrates.15�20 The active site metal is
typically bound by a facial triad of protein ligands consisting of
the side chains of two histidines and one glutamate or aspartate
and water molecules.15�18,20,21 A crystal structure of the ABH2-
RKG complex with the non-native metal ionMn(II) reveals a six-
coordinate structure in which the protein ligands are provided by
His171, His236, and Asp173, and the RKG cofactor binds in a
bidentate fashion, with the sixth position occupied by an aqua
ligand.22 Prior XAS studies have shown that the native metal ion,
Fe(II), is five-coordinate in the resting enzyme.23

Substitution of iron with other metals in ABH2 would be
expected to yield an enzyme with altered function because of
changes in the ability of the metal site to bind and decarboxylate

RKG, and/or bind and activate O2. It has been reported that
Ni(II) inhibits ABH2 by replacing the active site metal,23

although the nature of the mechanistic change is not known.
Substitution of the active site Fe(II) ion with Ni(II) has also been
proposed to be involved in nickel carcinogenesis via the silenc-
ing of tumor suppressor genes.24,25 Herein, we use XAS as a
structural probe of the active site metal center in wild-type (WT)
recombinant ABH2 (Fe�ABH2) and Ni(II)-substituted WT
recombinant ABH2 (Ni�ABH2) to examine the reaction me-
chanism and ascertain the intermediate(s) affected by nickel
substitution.

’EXPERIMENTAL PROCEDURES

Expression and Purification of ABH2. The pET28a-His6-
ABH2 vector was obtained from T. R. O’Connor.13 E. coli
BL21(DE3)pLysS competent cells (Novagen) were transformed
with pET28a-His6-ABH2 and were plated and grown overnight
at 37 �C on LB medium containing 30 μg/mL kanamycin and
34 μg/mL chloramphenicol. Single colonies were grown over-
night in 150 mL cultures (LB kanamycin/chloramphenicol) and
diluted 1:100 in 2 L of fresh medium. The cells were grown at
37 �C to an optical density of 0.5 at 600 nm and then induced

Received: October 15, 2010
Revised: April 19, 2011

ABSTRACT: Human ABH2 repairs DNA lesions by using an
Fe(II)- and RKG-dependent oxidative demethylation mechan-
ism. The structure of the active site features the facial triad of
protein ligands consisting of the side chains of two histidine
residues and one aspartate residue that is common to many non-
heme Fe(II) oxygenases. X-ray absorption spectroscopy (XAS)
of metallated (Fe and Ni) samples of ABH2 was used to
investigate the mechanism of ABH2 and its inhibition by Ni(II)
ions. The data are consistent with a sequential mechanism that
features a five-coordinate metal center in the presence and
absence of the R-ketoglutarate cofactor. This aspect is not altered in the Ni(II)-substituted enzyme, and both metals are shown
to bind the cofactor. When the substrate is bound to the native Fe(II) complex withR-ketoglutarate bound, a five-coordinate Fe(II)
center is retained that features an open coordination position for O2 binding. However, in the case of the Ni(II)-substituted enzyme,
the complex that forms in the presence of the cofactor and substrate is six-coordinate and, therefore, features no open coordination
site for oxygen activation at the metal.
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with isopropyl β-D-1-thiogalactopyranoside (final concentration
of 1 mM). The cells were grown for an additional 3 h at 25 �C,
harvested by centrifugation, resuspended in lysis buffer [50 mM
HEPES, 300mMNaCl, 2mM 2-mercaptoethanol, 2 mMEDTA,
and 5% glycerol (pH 7.8)], and stored at�80 �C. Upon thawing,
the cells were lysed in the presence of PMSF andDNase and then
centrifuged to collect the lysate. The lysate was then dialyzed
against lysis buffer without EDTA. After dialysis, the soluble
proteins were loaded onto a Ni-NTA column. The column was
washed sequentially with buffers [50 mM HEPES, 300 mM
NaCl, 2 mM 2-mercaptoethanol, and 5% glycerol (pH 7.8)]
containing 10, 40, and 60mM imidazole. Pure protein was eluted
using the same wash buffer, but with 250 mM imidazole added.
The His6 tag was cleaved from purified protein using a Thrombin
CleanCleave Kit (Sigma) and removed by dialysis. Purity was
confirmed by a single band with a molecular mass of 33 kDa on a
sodium dodecyl sulfate�polyacrylamide gel electrophoresis gel.
Apoprotein was prepared via addition of a 5-fold excess of EDTA
to the protein solution and incubation at 4 �C overnight. The
EDTA was then removed by dialysis against a buffer solution
containing 50 mM HEPES, 100 mM NaCl, and 2 mM ascorbic
acid (pH 7.8). Protein concentrations were determined by the
Bradford assay26 using BSA as a standard. Metallated samples
were prepared in a Coy chamber and frozen under a N2 atmo-
sphere. Fe�ABH2 was prepared via addition of a solution of
(NH4)2FeSO4 (10 mM, 1.25 equiv) in the buffer described
above to 18 μMapoprotein and incubation for 6 h. Unbound and
nonspecifically bound iron was then removed via addition of
Chelex 100 beads to the sample, incubation for 20 min, and then
decanting the solution via pipet. The demethylase activity of the
samples was confirmed using an assay described previously23

(see the Supporting Information).
The same procedure, only substituting Ni(OAc)2 for

(NH4)2FeSO4, was used to prepare Ni�ABH2.
XAS Sample Preparation. From the Fe�ABH2 preparation

described above, a total of three samples were prepared for XAS
experiments. The first sample contained only themetallated protein,
hereafter termed Fe�ABH2. The second sample contained
Fe�ABH2 and 1.0 equiv of RKG, hereafter termed Fe�
ABH2�RKG. Finally, the third sample contained Fe�ABH2,
1.0 equiv of RKG, and 5 equiv of a substrate, 50-AAAGCAC-
MeCGGTCGAAAAAGCGAAA-30 (MeC being 3-methylcytosine;
Midland Certified Regent Co.; Km ∼ 4�5 μM27), and is hereafter
termed Fe�ABH2�RKG þ substrate. The samples had an iron
content of∼0.3 mM, as determined by ICP-OES. Three analogous
samples were prepared from Ni�ABH2 (vide supra). The samples
had a nickel concentration of∼0.3 mM. On the basis of a Bradford
assay of protein concentration, the samples had metal:protein ratios
of 0.89:1 (Fe�ABH2) and 0.93:1 (Ni�ABH2). The samples were
added via syringe to polycarbonate sample holders with kapton
windows and frozen in liquid N2 for XAS data collection.
X-ray Absorption Spectroscopy. XAS data collection and

analysis were performed as reported previously.28 Iron and nickel

K-edge data were collected at 10 K using a liquid He cryostat
(Oxford Instruments) on beamline 9-3 at the Stanford Synchro-
tron Radiation Laboratory. The ring conditions were 3 GeV and
80�100 mA. Beam line optics consisted of a Si(220) double-
crystal monochromator and two Rh-coated mirrors for focusing
and harmonic rejection. X-ray fluorescence was collected using a
30-element Ge detector (Canberra), with the exception of
Fe�ABH2�RKGþ substrate, for which a 100-element detector
was employed. The data obtained using the latter detector have a
significantly higher signal:noise ratio than other data collected at
the Fe K edge and allowed for a higher-resolution analysis.
Scattering was minimized by placing a set of Soller slits with a
Z-1 element (Mn or Co) filter between the sample chamber and
the detector. X-ray absorption near-edge spectroscopy (XANES)
data were collected from�200 to 200 eVwith respect to the edge
energy of the absorbing metal. The energy of each metal K edge
was calibrated to the first inflection point of the relevant metal
foil (7112.5 eV for Fe and 8331.6 eV for Ni). Extended X-ray
absorption fine structure (EXAFS) data were collected to
k = 16 Å�1 for Ni�ABH2 and k = 14 Å�1 above the edge energy
for all other samples.
XAS data analysis was performed using EXAFS12329 for

XANES analysis and SixPack30 for EXAFS analysis. Scattering
parameters for SixPack fitting were generated using the FEFF 8
software package.31 For the data shown, 18 scans were averaged
for Fe�ABH2 and 12 scans were averaged for Fe�ABH2�RKG
and Fe�ABH2�RKG þ substrate; five scans were averaged for
Ni�ABH2 and Ni�ABH2�RKG, and nine scans were averaged
for Ni�ABH2�RKG þ substrate. The averaged spectra were
background corrected and normalized in SixPack, which uses
the AUTOBK routine of IFEFFIT.30,32,33 For XANES analysis,
the edge energy reported was taken to be the maximum of the
first derivative of the XANES spectrum. For pre-edge XANES
analysis, a 75%Gaussian and 25% Lorenzian function was used to
fit the rise in the fluorescence at the edge. Gaussian peaks were
added to the pre-edge fit to account for any peaks in the pre-edge
region, and the areas of these peaks were taken as a measure of
their intensities (see the Supporting Information). The intensity
of the peak associated with a 1s f 3d electronic transition was
then used to indicate the coordination number and/or geometry
of metal sites.34�36 For Ni XANES analysis, the presence or
absence of a feature associated with a 1sf 4pz transition is also
useful in identifying complexes with five-coordinate pyramidal or
four-coordinate planar geometries.34

For EXAFS analysis, the averaged spectra were first converted
to k space. For the purpose of comparison, all of the data for each
metal K edge were refined over the same limits, which were
determined by the sample with the poorest signal:noise ratio.
For Ni K-edge data, EXAFS data were fit over a k range of
2�12.5 Å�1. For data collected at the Fe K edge, a limit of
2�12 Å�1 was used. The primary effect of truncating the data is
to lower the resolution of similar shells in the fits. For data that
would support a higher-resolution analysis, fits employing all the
usable data (maximum resolution) were also performed (see the
Supporting Information). Structural models of the metal sites
involving coordination numbers from 2 to 7 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 the Supporting Information). The number of histidine
imidazole ligands involved in the coordination sphere was esti-
mated bymultiple-scattering analysis as previously described.37�39

Amplitudes and phase shifts for multiple scattering paths for

Figure 1. Demethylation of 3-methylcytosine showing the step catalyzed
by ABH2.
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Table 1. XAS Analysis of ABH2 Samples

XANES analysis EXAFS analysis

sample edge E (eV)

1sf 3d peak area

(�10�2 eV)

coordination

number shell r (Å)a
σ2b

(�10�3 Å2)

ΔE0
(eV) %Rc

reduced

χ2 ref

Fe�ABH2

(k = 2�13 Å�1)

7125.9(2) 9(1) 5 3 N/O 1.95(2) 0(2) �8(3) 10.45 97.44 23

2 N/O (2 Im) 2.08(2) 2(2)

3 N/O (2 Im) 2.09(3) 5(2) �4(3) 10.14 56.8 this work

1 O [1.88(2)]d 2(1)

1 O [1.99(2)]d

1 C [2.66(2)]d

1 C [2.75(2)]d

Fe�ABH2�RKG
(k = 2�14 Å�1)

7122.5(2) 14.5(7) 5 2 N/O 1.96(3) 3(2) �15(2) 2.96 53.86 this work

3 N/O (2 Im) 2.08(2) 4(3)

3 N/O (2 Im) 2.06(2) 1(1) �5(2) 2.07 36.33 this work

1 O [1.94(2)]d 4(1)

1 O [2.15(2)]d

1 C [2.66(2)]d

1 C [2.76(2)]d

Fe�ABH2� RKG þ
substrate (k = 2�12 Å�1)

7121.5(2) 10.5(6) 5 2 N/O 1.85(3) 3(2) �30(5) 17.15 82.04 this work

3 N/O (2 Im) 2.04(3) 4(2)

3 N/O (2 Im) 1.93(3) 4(2) �14(5) 5.8 42.36 this work

1 O [1.85(2)]d 11(3)

1 O [2.06(2)]d

1 C [2.57(2)]d

1 C [2.67(2)]d

Ni�ABH2

(k = 2�12.5 Å�1)

8344.7(2) 5(1) 5 5 N/O (2 Im) 2.08(2) 5(1) �4(1) 2.3 8.03 23

3 N/O (2 Im) 2.05(2) 2(1) 1(3) 4.1 16.45 this work

1 O [1.86(4)]d 5(4)

1 O [1.91(4)]d

1 C [2.53(4)]d

1 C [2.55(4)]d

Ni�ABH2� RKG
(k = 2�14 Å�1)

8345.3(2) 5.4(8) 5 5 N/O (2 Im) 2.10(2) 6(1) �6(1) 3.15 48.82 23

3 N/O (2 Im) 2.08(2) 2(1) 1(2) 1.35 22.47 this work

1 O [1.89(2)]d 9(2)

1 O [1.94(2)]d

1 C [2.56(2)]d

1 C [2.58(2)]d

Ni�ABH2� RKG þ
substrate (k = 2�14 Å�1)

8343.5(2) 3.6(7) 6 2 N/O 2.08(2) 3(1) �4(2) 3.82 468.9 this work

4 N/O (2 Im) 2.02(8) 10(7)

4 N/O (2 Im) 2.04(2) 2(1) 6(1) 2.34 60.22 this work

1 O [2.07(2)]d 3(2)

1 O [2.12(2)]d

1 C [2.74(2)]d

1 C [2.76(2)]d

a r is the radial distance between the metal and ligand. b σ2 is the root-mean-square disorder in the metal�ligand distance. c R is the goodness of fit.
Numbers in parentheses represent the standard deviation for least-squares fits. dDistances in brackets correspond to atoms in a O-C-C-O chelate ring
and were constrained to vary with a single value of Δr for the chelate ring.
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Fe�Im ligands were generated using FEFF (version 8.0) with
the coordinates of an Fe�Im ligand obtained from the crystal
structure of human PHF8 with Fe(II) and RKG [Protein Data
Bank (PDB) entry 3K3O]. For Ni�Im ligands, the crystal
structure of JMJD2A with Ni(II) and substrate bound (PDB
entry 2Q8C) was used. Scattering paths of similar length were
combined in one shell, as described by Tierney et al.38,39

Therefore, no single label can be meaningfully applied to these
combined paths. During the fitting process, coordination num-
bers were constrained to be integer values and a scale factor of
0.9 was used. Bond lengths, σ2, and a single value of ΔE0 were
allowed to vary in each fit. For RKG and ascorbate ligands, fits
including imidazole ligands were initially screened for the
presence of additional second-coordination sphere C atoms
not identified by His ligands using individual single scattering
C atoms at ∼2.5 and ∼3.1 Å, respectively (see the Supporting
Information). The distances for the RKG C atoms were
obtained from the crystal structures of human PHF8 with Fe(II)
and RKG (PDB entry 3K3O) and from JMJD2A with Ni(II),
substrate, and RKG bound (PDB entry 2Q8C). The crystal
structure of the iron complex of trimethylreductic acid (an
ascorbic acid analogue)40 was used for the ascorbate model.
The best models using single-scattering C atoms were further
examined using multiple-scattering analysis derived from rigid
O-C-C-O five-member chelate rings with parameters obtained
using FEFF (version 8.0) and the structures mentioned above
(Table 1). In this analysis, distances in the chelate ring were
constrained to vary with a single value of Δr and σ2. In all cases
where single scattering indicated the presence of second-co-
ordination sphere C atoms, the fits were improved by the
substitution of two N/O donors in the first coordination sphere
by the chelate ring, which adds two C atoms to the second
coordination sphere.
To compare different fits to the same data set, ifeffit uses three

goodness of fit parameters, χ2 (eq 1), reduced χ2, and R

χ2 ¼ Nidp

Nε2
∑
N

i¼ 1
f½ReðfiÞ�2 þ ½ImðfiÞ�2g ð1Þ

where Nidp is the number of independent data points, Nε2 is the
number of uncertainties to minimize, Re(fi) is the real part of
the EXAFS fitting function, and Im(fi) is the imaginary part of
the EXAFS fitting function. Reduced χ2 = χ2/(NindNvarys)
(where Nvarys is the number of refining parameters) and repre-
sents the degrees of freedom in the fit. ifeffit also calculates R for
the fit, which is given by eq 2 and is scaled to themagnitude of the
data, making it proportional to χ2.

R ¼
∑
N

i¼ 1
f½ReðfiÞ�2 þ ½ImðfiÞ�2g

∑
N

i¼ 1
f½Reð~χdataiÞ�2 þ ½Imð~χdataiÞ�2g

ð2Þ

To compare different models (fits), the R factor and reduced χ2

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 χ2

will go through a minimum and then increase, indicating that the
model is overfitting the data. Best fits were judged by using two
goodness of fit parameters, reduced χ2 andR, and the deviation of
σ2 from typical values.

’RESULTS

XANES Analysis. XAS experiments were performed to in-
vestigate the structures of Fe(II) and Ni(II) bound to ABH2 and
upon addition of cofactor or cofactor and substrate. The analysis
of XANES data provides information about the coordination
number and geometry of a metal site.34�36 Both Fe(II) and
Ni(II) have vacancies in the 3d manifold that give rise to peaks
associated with 1sf 3d electronic transitions that are observed
in the pre-edge XANES region of the K-edge spectra in all the
ABH2 samples (Figure 2 and the Supporting Information). The
peak areas (intensities) of the 1sf 3d transitions depend on the
coordination number and geometry of the metal sites.34�36 By
comparing the 1s f 3d transition peak areas of the ABH2
samples with typical values for known coordination numbers
and/or geometries, we were able to determine the coordination
numbers of all six ABH2 samples from the XANES data. EXAFS
analysis also provides a measure of the number of ligands present
in the primary coordination sphere (N), and in all of the cases
presented, the determined N values are in agreement with the
XANES analysis.
Comparisons of XANES data (Table 1 and Figure 2) for the

three iron-containing samples show that each spectrum is
distinct. Thus, the structure of the iron site is sensitive to the
presence of both RKG and the substrate. There is a systematic
shift to a lower K-edge energy from Fe�ABH2 to
Fe�ABH2�RKG to Fe�ABH2�RKG þ substrate that indi-
cates an increase in electron density at the iron site in each of

Figure 2. Fe K-edge XANES spectra (top): Fe�ABH2 (brown),
Fe�ABH2�RKG (red), and Fe�ABH2�RKG þ substrate (orange).
Ni K-edge XANES spectra (bottom): Ni�ABH2 (blue),
Ni�ABH2�RKG (purple), and Ni�ABH2�RKG þ substrate
(green). Inserts show expansions of the pre-edge XANES region
showing peaks associated with 1s f 3d electronic transitions.
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these samples. The edge energy observed for Fe�ABH2
[7125.9(2) eV] is very high for Fe(II), more typical of Fe(III)
complexes [e.g., 7124 eV for Fe(III) protocatechuate 3,4-dioxy-
genase (PCD),41 7126.6 eV for a hexaquo Fe(III) model
complex,42 and 7125.7 eV for a non-heme (alkylperoxo)Fe(III)
intermediate43] and higher than those for other non-heme Fe(II)
enzymes [e.g., 7120.5 eV for Fe(II)PCD44]. In addition, the
magnitude of the edge energy shift from Fe�ABH2 to
Fe�ABH2�RKG is quite large [3.4(4) eV] and could be
interpreted as a reduction of Fe(III) to Fe(II). However, the
samples were prepared anaerobically and under reducing condi-
tions (2 mM ascorbate) where no Fe(III) should be present.
Thus, formation of Fe(III) in the enzyme would require some
redox center intrinsic to the protein. Further, X-band EPR spectra
obtained on one of the samples of Fe�ABH2 used for XAS did
not exhibit g = 4.3 or g ∼ 2 features (see the Supporting
Information), suggesting that little, if any, Fe(III) is present.
Another possible explanation might be that the ligand envion-
ment, which is composed of threeO donors (including ascorbate)
and two N donors (vide infra), leads to an unusually ionic
environment that has a high positive charge on the Fe center.
In either event, the observed shifts to lower energies would be
expected for a site that will eventually bind and reductively
activate O2. No changes in the coordination number of the Fe(II)

center are apparent upon binding of the RKG cofactor or upon
binding of the substrate to Fe�ABH2�RKG. In all three
samples, a peak associated with the 1sf 3d transition is observed
near 7113 eV. In the resting sample, Fe�ABH2, the 1sf 3d peak
area (∼9 � 10�2 eV) is indicative of a five-coordinate complex
(typical values are∼8�13� 10�2 eV).35,36 The complex remains
five-coordinate with a 1sf 3d peak area of∼14� 10�2 eV upon
addition ofRKG. Addition of the substrate decreases the 1sf 3d
peak area to∼10� 10�2 eV, a value that is still consistent with a
five-coordinate site.
Unlike Fe, which remains five-coordinate in all of the ABH2

samples, Ni�ABH2 shows a change in coordination number
upon binding of the substrate. Again, the spectrum of each nickel-
containing sample is distinct. However, the Ni K edge shows no
systematic shift to lower energies upon binding of RKG or the
substrate (Table 1), indicating that little change in electron
density of the Ni(II) site occurs in response to binding RKG
or substrate. Like the analogous iron complexes, XANES analysis
shows that Ni�ABH2 has a five-coordinate Ni(II) site [1sf 3d
peak area (near 8332 eV) of ∼5 � 10�2 eV, typical range of
4�10 � 10�2 eV34] that remains five-coordinate upon binding
of RKG (1sf 3d peak area∼5� 10�2 eV). However, when the
substrate binds, the Ni(II) site becomes six-coordinate, with a
decrease observed in the 1sf 3d peak area to 3�4 � 10�2 eV;
the typical range for six-coordinate Ni complexes is 0.6�4 �
10�2 eV 34. In cases of samples with five-coordinate Ni(II) sites,
additional small shoulders near 8338 eV that are associated with
1sf 4pz transitions may be observed. Shoulders corresponding
to these transitions are observed for Ni�ABH2 and
Ni�ABH2�RKG, but not for Ni�ABH2�RKG þ substrate,
consistent with the change in coordination number from five for
Ni�ABH2 andNi�ABH2�RKG to six for Ni�ABH2�RKGþ
substrate (Figure 2 and the Supporting Information).34 In
addition, observation of these features indicates a geometry that
is closer to a square pyramidal than to trigonal bipyramidal34 for
the five-coordinate complexes.
EXAFS Analysis.The analysis of EXAFS provides information

about the number and types of ligands bound to a metal and
metric details of the metal site structure. This information is
obtained from the best fits of the data and is summarized in
Figure 3 and Table 1. The best fit for Fe�ABH2 EXAFS data
consists of five N/O donor ligands, of which two are imidazoles
from multiple-scattering analysis (Table 1). This result is con-
sistent with the crystal structure of Mn�ABH222 and with the
active site structures of other resting non-heme Fe-dioxygenase
enzymes,45 which show ligation by the two-His, one-carboxylate
(Asp or Glu) facial triad and water molecules. Fits obtained using
single-scattering C atoms in the second coordination sphere
indicated the presence of two to three second-sphere carbon
atoms for Fe�ABH2 in addition to those associated with
two imidazole ligands. Given the prior crystal structure of
Mn�ABH2 showing the position of the carboxylate carbon of
Asp173 (Mn�C distance of ∼2.97 Å22), only one of these C
atoms could be assigned to the carboxylate C atom. The other
carbon atoms can be attributed to the carbon atoms from a
coordinated ascorbate ligand.46,47 Multiple-scattering analysis
derived from the rigid O-C-C-O five-member chelate ring was
performed to further test the fit indicating the presence of
ascorbate, which is based on the presence of second-coordination
sphere C atoms in the models with single-scattering C atoms
(see the Supporting Information). These fits use a single distance
parameter to position all the atoms in the chelate, and a single

Figure 3. EXAFS analysis. On the left are unfiltered, k3-weighted
EXAFS spectra (colored lines) and fits (black lines, from Table 1).
On the right are Fourier-transformed EXAFS data and fits.
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value of σ2 for the ligand, and thus do not contain more adjustable
parameters than the corresponding fit without the C atoms.
The results show that the qualities of the fits (both R and χ2) are
improved by the replacement of two first-coordination shell
N/O donors by one O-C-C-O unit (Table 1). The crystal
structure of iron bound to tetramethylreductic acid shows that
carbon atoms in the chelate ring are ∼3.0 Å from the iron
centers.40 Using the chelate model, C atoms are found at∼2.7 Å
(Table 1). Note that the model obtained from the crystal
structure features twoM�C distances, and this was used without
modification. The difference in the M�C distance is below the
resolution of the EXAFS data and coupled with the errors
indicates that the difference in the distances to the C atoms is
not resolved. Thus, in the resting iron enzyme prepared in the
presence of ascorbate, the aqua ligands are replaced with a
bidentate ascorbate ligand (Figure 4). The addition of a third
C atom to model the C atom from the aspartate ligand does lead
to a significant improvement in the fit (see the Supporting
Information).
When ABH2 was reconstituted with Ni(II), the same buffer

containing ascorbate was used, but the Ni K-edge EXAFS lacks
the features associated with the extra C atoms in the FT-EXAFS
spectrum (Figure 3). The fit obtained using an O-C-C-O chelate
ring is worse that that obtained using only the ligand donor atoms
(Table 1). Thus, there is no indication that ascorbate binds to
Ni�ABH2, and the Ni(II) site is best modeled by two His
imidazoles, one carboxylate, and two aqua ligands.
Addition of RKG to metallated ABH2 (Fe or Ni) results in

changes in the EXAFS spectra arising from scattering atoms in
both the first and second coordination spheres in the Fourier-
transformed spectra (Figure 3). These changes are consistent
with the binding ofRKG in a bidentate fashion, where changes in
the primary coordination sphere reflect the ligand exchange, and
the observation of C atoms in the second coordination sphere
arises from the ordering of all the atoms in the five-member
chelate ring. Although the improvement in the fit is not as
dramatic as that for the addition of ascorbate to Fe�ABH2, both
R and χ2 are improved in every case (Table 1). The distance
observed for the two C atoms in the model incorporating a five-
member chelate ring is∼2.66� 2.76 Å (Figure 4) and is similar
to that observed in the crystal structure of human PHF8
complexed with RKG (2.47�2.57 Å)48 and TauD complexed
with Fe(II) and substrate (2.57�2.85 Å).49 Again, the addition of
a third C atom to model the aspartate β-C atom does not lead
to significant improvements in the fit (see the Supporting
Information).
Addition of substrate to the Fe� or Ni�ABH2�RKG complex

results in additional structural perturbations, particularly for the Fe
sample (Figure 3). The best fits of the EXAFS data suggest the
presence of five N/O donor ligands for Fe(II)�ABH2�RKG þ
substrate, but six N/O donors for Ni(II)�ABH2�RKG þ
substrate, in agreement with the XANES analysis (Table 1).

The O-C-C-O five-member chelate rings seen for the RKG
complexes are retained when the substrate is added. The best fit
for Fe�ABH2�RKG þsubstrate shows the presence of two
second-sphere carbon atoms at ∼2.6�2.7 Å. Similarly, the best
fit for Ni�ABH2�RKG þ substrate also shows the presence
of two second-coordination sphere carbon atoms at a distance
of ∼2.75 Å. Again, the addition of a C scatterer to model
the aspartate β-C does not significantly improve the fits (see
the Supporting Information). Curiously, the best fit for Fe�
ABH2�RKG þ substrate also shows one very short N/O�Fe
distance of∼1.85 Å, a distance∼0.09 Å shorter than the distance in
Fe�ABH2�RKG. While shorter than that found in the
Fe�ABH2�RKG fit, similar distances have been observed in crystal
structures of non-heme iron halogenase (1.87 and 1.73 Å),50 in
clavaminate synthase (1.80 Å),51 and in TauD (1.73 Å).49 The
shortening of these bondsmay indicate increased covalency between
Fe(II) and RKG and may account in part for the observed decrease
in K-edge energy observed upon substrate binding.

’DISCUSSION

ABH2 is a member of a group of Fe(II)- and RKG-dependent
dioxygenases that use the 2-His-1-carboxylate motif to bind the
metal cofactor. Previously, we reported that ABH2 and JMJD2A
are sensitive to Ni(II) ion inhibition.23 This inhibition may lead
to defective DNA demethylation and mutations in the case of
ABH2 inhibition, or gene silencing by JMJD2A inhibition; the
latter is consistent with the known epigenetic mechanism of
nickel carcinogenesis.24,25 XAS was used to examine the struc-
tures of Fe(II)� and Ni(II)�ABH2 complexes for further
mechanistic insights. Characterization of a number non-heme
Fe(II) oxygenases have revealed that they operate by a sequential
reaction mechanism that is designed to prevent reductive oxygen

Scheme 1. Consensus Mechanism of Non-Heme Fe(II)
Oxygenases

Figure 4. Comparison of the complexes of ascorbate and R-ketogluta-
rate with the Fe(II) site in ABH2.
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activation until the ternary complex (composed of enzyme,RKG
cofactor, and substrate) has formed (Scheme 1).16,52�54 In the
first step of the consensus mechanism, RKG binds in a bidentate
fashion to the six-coordinate metal site composed of the 2-His-1-
carboxylate facial triad and three aqua ligands (Scheme 1, A),
displacing two aqua ligands (Scheme 1, B). This step is followed
by binding of the substrate to a site close to the active site metal.
The presence of both substrate and cofactor induces the loss of
the remaining aqua ligand, which opens a coordination site that
serves to bind O2 (Scheme 1, C). Thus, the saturation of the
coordination sphere of the Fe(II) center is used to prevent O2

binding. Subsequently, oxidative decarboxylation of RKG takes
place, leading to the formation of an Fe(IV)dO species.15 This
high-valent iron species is the oxidant involved in catalysis. In the
case of ABH2, the Fe(IV)dO species will hydroxylate themethyl
group on the N atom of the DNA base. The resulting alcohol
then undergoes a further spontaneous reaction to yield formal-
dehyde and the dealkylated base (Figure 1).

Fe�ABH2 appears to operate by a variation of the consensus
mechanism (Scheme 2). XANES and EXAFS analysis are con-
sistent with a five-coordinate site composed of N/O donor
ligands for both Fe(II) and Ni(II) in ABH2 in the absence of
cofactor or substrate (Scheme 2, A). Analysis of features from
scatterers in the second and third coordination shells indicates
that two of these ligands are His imidazoles, consistent with the
available crystallographic data, and the remaining ligands are
presumably derived from Asp and water. The data from the
complexes formed with RKG are consistent with the cofactor
binding to both metals in a bidentate fashion, while retaining the
five-coordinate geometries of the complexes (Scheme 2, B).
Thus, RKG displaces two ligands, presumably aqua ligands, from

the resting complex. Similar results have been reported by Scott
and co-workers with TfdA, where no change in coordination
number was observed for the Cu� or Fe�TfdA complex upon
addition of RKG.37 Therefore, binding of RKG does not change
the coordination number of the metal center but perturbs the
electronic environment of the metal center by substituting for
other ligands (e.g., aqua or ascorbate). Upon binding substrate,
the Fe(II) site remains five-coordinate (Scheme 2, C). However,
theK-edge energy in the presence of a substrate is lower than that
for the other two samples (Fe�ABH2 with and without RKG).
This indicates a change in the electronic environment of the
Fe(II) center in the presence of the substrate. Differences are also
observed in the maximal intensity of the rising edge (white line)
and also at energies above the edge (e.g., at ∼7160 eV). These
differences also reflect changes in the structure of the Fe(II) site
upon addition of substrate.55 The five-coordinate Fe(II) site is in
contrast to the known structure of Mn-substituted ABH2, which
reveals a six-coordinate Mn(II) site in the ternary complex
formed with RKG and substrate.22

The reaction sequence in Scheme 2 is distinct from the
consensus mechanism (Scheme 1) in that a five-coordinate
complex is present in the resting enzyme and is maintained in
the catalytic cycle through the formation of the enzyme�sub-
strate complex (vide supra). This implies that Fe�ABH2 uses a
mechanism different from that found in other non-heme Fe(II)
oxygenases to prevent reductive activation of O2 prior to forma-
tion of the ternary complex.

One possible alternative mechanism would be to use the
protein conformation to block access of O2 to the Fe site and
remove the impediment when substrate binds via a protein
conformational change. The presence of a five-coordinate Fe(II)
site in the resting enzyme (Scheme 2, A) and its maintenance
through formation of the ternary complex are not unprecedented
in DNA or histone demethylases. The crystal structure of
JMJD2A with RKG (no substrate) also reveals a five-coordinate
Fe(II) site.56 An allosteric mechanism also has a precedent in
bacterial DNA demethylases. E. coli AlkB is a bacterial enzyme
that catalyzes demethylation of methylated DNA bases. Like
human ABH2, AlkB is a mononuclear non-heme Fe(II) enzyme
that utilizes RKG and O2 to conduct the oxidative demethylation
of DNA. Both of these enzymes also utilize the facial 2-His-1-
carboxylate motif to bind Fe(II). There are several crystal

Scheme 2. Variation of the Consensus Mechanism for ABH2

Figure 5. Proposed structures of the Fe and Ni sites of ABH2.
M�ABH2 (left), M�ABH2 in the presence of RKG (middle), and
M�ABH2 in the presence of both RKG and substrate (right). Iron is
colored brown, nickel cyan, carbon gray, oxygen red, and nitrogen blue.
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structures of AlkB available in the literature where Fe(II) has
been replaced withMn(II), Co(II), or Ni(II) in presence ofRKG
and also in the presence of bothRKG and substrate.22,57�59 All of
the metal-substituted AlkB enzymes are catalytically inactive.
Comparison of crystal structures of AlkB containing Fe(II),
Co(II), or Mn(II) in the presence of both RKG and substrate
shows that the positioning of Trp178 and Leu184 is different in
the case of Mn(II) or Co(II) than in case of Fe(II).59,60 In the
case of Mn(II) and Co(II), Trp178 blocks the O2 binding site
and Leu184 blocks the O2 diffusion tunnel.

For Ni(II), the mechanism of ABH2 inhibition is different in
three important ways. First, Ni(II) in a ligand environment
consisting of the 2-His-1-caboxylate protein binding site and
an RKG ligand would not be expected to possess a redox
potential capable of reducing O2.

60�62 Second, the electron
density buildup that occurs on the Fe(II) center upon binding
of RKG and then substrate is not observed for Ni(II). Third, the
ternary complex of Ni(II), the protein, and RKG contains a six-
coordinate nickel site (Figure 5) that has no open coordination
site for binding O2. The six-coordinate complex formed with
Ni(II) is indistinguishable from the structure of the Mn(II)
center in the Mn-substituted enzyme. Thus, inhibition by metal
ions other than Fe(II) appears to involve blocking access to the
metal via coordination of a sixth ligand, and in the case of Ni(II),
both electronic and steric components may be involved.
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