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The Jumonji C domain is a catalytic motif that mediates histone
lysine demethylation. The Jumonji C-containing oxygenase
JMID2A specifically demethylates tri- and dimethylated lysine-9
and lysine-36 of histone 3 (H3K9/36me3/2). Here we present
structures of the JMJD2A catalytic core complexed with methylated
H3K36 peptide substrates in the presence of Fe(ll) and N-oxalylg-
lycine. We found that the interaction between JMJD2A and pep-
tides largely involves the main chains of the enzyme and the
peptide. The peptide-binding specificity is primarily determined by
the primary structure of the peptide, which explains the specificity
of JMJD2A for methylated H3K9 and H3K36 instead of other
methylated residues such as H3K27. The specificity for a particular
methyl group, however, is affected by multiple factors, such as
space and the electrostatic environment in the catalytic center of
the enzyme. These results provide insights into the mechanisms
and specificity of histone demethylation.
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Covalent modification of histone proteins, which is an essen-
tial component of the regulation of gene expression in
eukaryotic cells, occurs by means of a variety of enzymatic
reactions (1, 2). Histone methylation has been implicated in a
number of biological processes, such as heterochromatin forma-
tion, X-inactivation, genomic imprinting, and silencing of ho-
meotic genes (3-6). Additionally, aberrant histone methylation
has been linked to a number of human diseases, including cancer
(7-13). Unlike other histone modifications, such as acetylation,
methylation has long been considered to be a “permanent”
modification. This view was based on the observation that the
half-lives of histones and the histone methyl groups are similar,
which suggests that histone methylation is stable and irreversible
(14, 15). Recent studies, however, have shown that methylation
and demethylation are widely used to posttranslationally modify
histones for the regulation of gene activity. Histone demethyl-
ation is performed by two families of enzymes: the oxidases and
the oxygenases (16-25). The FAD-dependent oxidase LSDI,
which removes dimethyl and monomethyl groups from H3K4
and H3K9 in the presence of the androgen receptor, was the first
histone demethylase to be characterized (18, 19, 23, 24). On the
other hand, the Jumonji C domain-containing oxygenase family
not only contains proteins that act on dimethyl and monomethyl
groups, but also includes members that remove trimethyl groups
from histone tails (16, 17, 20-22, 25). To understand the
relationship between the structures and functions of the mem-
bers of this protein family, we determined the structure of the
catalytic core of the JMJD2A protein (c-JMJD2A) (16). This
structure revealed several unique structural elements, including
the Jumonji N domain, the Jumonji C domain, a C-terminal
domain, and a zinc finger motif, which together create a potential
catalytic center in the core of the protein (16). More recently, the
structures of LSD1 alone and in the presence of the corepressor
CoREST were determined by several groups (27-29). However,
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there is no published structure of any histone demethylase in
complex with a methylated peptide substrate. Therefore, a
number of major points have yet to be addressed, such as the
structural basis of the recognition of substrate peptides by
the catalytic core and the structural features that determine the
enzymatic specificity for different peptides and methyl groups.
Here we describe high-resolution structures of c-JMJD2A in
complex with Fe(II) and N-oxalylglycine (NOG) as well as a
trimethylated H3K36 peptide (H3K36me3) or a monomethyl-
ated H3K36 peptide (H3K36me).

Results and Discussion

Overall Structure. Although the crystals of the complex of
c-JMJID2A with a trimethylated H3K36 peptide were obtained
under conditions that were different from those used to obtain
the crystals of c-JMJD2A alone (16), these crystals were iso-
morphous and belonged to the same P21212 space group with
two copies of the complex per asymmetric unit. The structure of
the complex was determined by using the difference Fourier
method. The F, — F. omit map showed a region of electron
density corresponding to H3K36me3 within both copies of the
asymmetric unit [see supporting information (SI) Fig. 54]. Some
of the side chains of the peptide were resolved at a resolution of
2.06 A, and conformational changes were observed in the
complex structure upon binding of the peptide (SI Fig. 6).
Seventeen of the peptide residues fit onto one of the c-IMJD2A
molecules in an asymmetric unit, whereas 14 residues were
observed on the second molecule. With the exception of the
C-terminal peptide positions within the asymmetric units at
which the two peptides interact with each other (SI Fig. 7), the
two complexes are almost identical (Fig. 1). Overall, the curved
peptide coil (yellow) lies across the surface of c-JMJD2A (Fig.
1) and contacts the long B hairpin formed by 83 and B4 (purple,
Fig. 1), the mixed region composed of B5-a5-B6 (gray, Fig. 1),
and the C-terminal domain between a9 and «10 (pink, Fig. 1).
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Fig. 1. The overall complex structure of c-JMJD2A with the H3K36me3 peptide in the presence of NOG (orange), Fe(ll) (pink), and Zn (purple). (A) c-JMJD2A
is shown as a ribbon model with the Jumonji N domain (green), the long B hairpin (purple), the mixed structural motif (gray), the Jumonji C domain (light blue),
the C-terminal domain (pink), and the methylated H3K36 peptide (yellow). Seventeen of the 22 residues (residues 27-43 from histone 3) of the methylated
peptide are ordered in the structure (molecule A). (B) A stick and ball model of the peptide on the surface of c-JMJD2A colored according to the electrostatic
potential of the residues (red and blue represent negatively and positively charged areas, respectively). All structural figures were made by using the PyMOL

program (http://pymol.sourceforge.net).

A comparison with all other available structures of proteins in
complex with methylated peptides, including methylated pep-
tides bound to tudor domains (30), PHD domains (31, 32), and
chromodomains (33-35), did not reveal any common binding
mode. This was also true when the structure was compared with
complexes of DIMS and SET7/9 bound to their cognate meth-
ylated peptides (36, 37). Based on initial mutagenesis analysis we
hypothesized that the binding mode between the peptide sub-
strate and c-JMJD2A might be similar to that of factor-inhibiting
hypoxia-inducible factor (FIH) and its peptide substrate (16, 38);
i.e., a sharply curved peptide coil interacts with the mixed region
of c-JMJD2A (SI Fig. 8). The complex structure of c-JMJD2A
and the H3K36me3 peptide, however, showed a different bind-
ing mode; although the binding of the N terminus of the peptide
occurs as we previously proposed (16), the C terminus extends
toward the long B hairpin (Fig. 1). The previously reported
decreases in the activity of c-JMJD2A that resulted from the
introduction of double mutations (16), however, can be ex-
plained by this complex structure. Mutation of Gly-133 and
Gly-138 to alanine residues abolished the activity of c-JMJD2A
(16); these mutations may disturb the structure of the long
hairpin or could displace Asp-135, which is involved in the
interaction with the peptide (see below) (SI Fig. 9). c-JMJD2A
activity was also eliminated when Gly-165 and Gly-170 were
mutated to alanine residues (16). Gly-170 is involved in the
formation of the methyl group-binding pocket, whereas Glu-169
interacts with the substrate peptide. BIAcore binding assays
showed that these two double mutations abolished the binding
of the peptide to c-JMID2A (SI Fig. 10).

NOG is an analogue of a-ketoglutarate that mimics the initial
coordination of the cofactors, substrate, and enzyme but does not
initiate the hydroxylation process (38). In the current structure
NOG occupies the same position and forms the same set of
hydrogen bonds as a-ketoglutarate in the native structure (data not
shown). Interestingly, compared with a-ketoglutarate in the native
structure, NOG has a higher occupancy and lower mobility (lower
thermal factor) in the crystal. One explanation for this is that the
trimethylated peptide stabilizes the coordination of NOG with the
other components of the complex. These findings agree with a
previous study that showed that NOG inhibits the activity of
c-JMJD2C and competes with a-ketoglutarate for binding (25).

Chen et al.

Detailed Interactions. The overall surface area of c-JMID2A
covered by the bound peptide is 580 A’ Interestingly, only
limited contacts were observed between c-JMJD2A and the
peptide; the entire interaction between c-JMJD2A and the
peptide comprises 10 hydrogen bonds and one salt bridge and
involves nine residues from c-JMJD2A and eight residues from
the methylated peptide (Fig. 24). Two general characteristics of
the contacts are worth noting. First, there are no apparent
hydrophobic interactions involved in the binding. Second, eight
of the 11 bonds are main chain—main chain interactions (Fig.
2A). In addition, the only salt bridge appears to play a crucial
role in the activity of the enzyme for the substrate. Mutation of
Asp-135 to Ala or Leu greatly reduced the activity of c-JMJD2A
(Fig. 2B and SI Fig. 9). A similar effect was observed when
Tyr-175 was mutated to Phe (Fig. 2B). Thus, minor changes in
the association between the two components can lead to major
effects on the efficiency or activity of the enzyme.

We used surface plasmon resonance to further analyze the
binding of c-JMJD2A to H3K9me3 and H3K36me3. Biotin-
ylated versions of the peptides were immobilized via streptavidin
in the flow cells of a BIAcore biosensor chip. Various concen-
trations of JMJD2A were injected, and the binding data were
recorded (Fig. 2 C and D). Dose-dependent binding was ob-
served for each of the peptides, whereas no binding was observed
with a control peptide. For both peptides, analysis of the binding
data indicated that the binding kinetics were heterogeneous and
did not fit any simple kinetic model. The strongest component
of the interaction had an apparent affinity of ~1 uM. The most
obvious explanation for this heterogeneity is that the immobi-
lized peptide could assume a number of constantly changing
conformations, only some of which could bind to c-JMJD2A.
Moreover, some of the amino acid side chains of the free form
of c-JIMJD2A may assume different conformations after peptide
binding. The kinetics of the conformational changes that result
from peptide binding may contribute to the heterogeneity in the
observed overall kinetics of peptide binding. The fact that the
enzyme readily demethylates these peptides indicates that these
regions of free histones are also somewhat disordered in vivo but
are nevertheless readily recognized by the enzyme.

Determinants of Peptide Specificity. If the interactions between
c-JMJD2A and the peptide are primarily main chain—-main chain
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Fig.2. The detailed interaction between c-JMJD2A and the methylated peptides. (A4) A schematic view of all of the potential interactions between c-JMJD2A

and the H3K36 peptide, including 10 hydrogen bonds and one salt bridge. (B) Mutagenesis data and activity assays. Residues Q86, N88, D135, and Y175 are
involved in the interaction with the peptide, whereas residues Y177, N290, 5288, and T289 are involved in methyl group binding. K241 is proposed to recruit the
0O, molecule into the catalytic center. (C) Characterization of the binding between the H3K36 peptide and c-JMJD2A. (D) Characterization of the binding between

of the H3K9 peptide and c-JMJD2A. Neither of the binding curves is linear, suggesting that the peptides assume multiple conformations.

interactions, what elements in the sequence of the peptide
contribute to the peptide-binding specificity of the enzyme? The
structure of the catalytic core complexed with the peptide
demonstrates that the catalytic center is located in a deep pocket,
and the substrate peptide must be bent to fit into this pocket and
position the trimethyl group close to the reaction center. Nota-
bly, the bending of the peptide is actually caused by Pro-38 within
the peptide itself (Fig. 34), which is just two residues away from
Lys-36. Bending the peptide at this point limits potential steric
interference between the more C-terminal residues of the pep-
tide and the long B hairpin of c-JMJD2A formed by 83 and p4
(Figs. 1 and 34). Instead, two hydrogen bonds are formed
through main chain-main chain interactions, including bonds
between the amide group of Tyr-41 and the carbonyl group of
Asn-86, and between the carbonyl group of Tyr-41 and the amide
group of GIn-88 from the peptide and the long B hairpin,
respectively (Fig. 24 and SI Fig. 9). Interestingly, although
mutation of GIn-88 to Ala drastically affected the activity of
c-JMJID2A, mutation of Asn-86 to Ala produced less severe
effects on the activity of the enzyme (Fig. 2B). These effects may
be caused by the conformational change of main chain, which
further supports the idea that the interactions in this region
involve main chain-main chain bonding between the two com-
ponents. Additionally, the two glycine residues at positions 33
and 34 in the peptide should contribute to the overall flexibility
of the peptide (Fig. 3B). Thus, the flexibility provided by the two
glycine residues and the rigid conformation formed as a result of
the proline residue are two major determinants of the binding
specificity of c-IMID2A for H3K36.

These results raise the question of how c-JMJD2A is also able
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to specifically bind to H3K9. To address this issue, sequence
alignment of several histone methylation sites was performed
(Fig. 3B). This analysis revealed the presence of two glycine
residues located three and four residues away from Lys-9 (po-
sitions +3 and +4 from Lys-9) (Fig. 3B). Similar to Pro-38 in the
H3K36 peptide, these glycine residues could prevent steric
interference with the long B hairpin by providing the peptide
with the flexibility required to fit into the catalytic pocket on the
surface of c-JMJD2A. In contrast, the sequences at other histone
methylation sites (H3K4, H3K27, and H4K20) did not contain a
proline residue at position +2 from the lysine residue or glycine
residues at +3 or +4 as in H3K09, suggesting that these sites lack
the required primary structure to allow the methylated residue
access to the catalytic center of JIMID2A (Fig. 3B). To confirm
this prediction, the two residues +3 and +4 from H3K27 were
replaced with two glycine residues (Fig. 3B). To our satisfaction,
the mutated H3K27 peptide was demethylated by IMID2A, as
well as by JMJD2D, which has been shown to be specific for
trimethylated and dimethylated H3K9 (Fig. 3 C-E) (16, 24).

The Methyl Group-Binding Environment. In the complex structure of
c-JMJID2A, the trimethyl group is buried deeply in the catalytic
pocket, which is created by residues from several regions,
including the Jumonji C domain, the mixed region, and the
C-terminal domain. Because the complex structure was deter-
mined in the presence of Fe(II) and NOG, it should represent the
state of the enzyme at the beginning of the hydroxylation
reaction. At this stage, one methyl group is orientated toward the
Fe(Il) ion (Fig. 4A4). Interestingly, the only potential direct
interactions between the trimethyl group and the surrounding

Chen et al.
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Fig. 3. Characterization of the peptide binding. (A) Pro-38 within the peptide is important for the formation of the curve in the peptide that prevents steric
interference between the peptide and the long B-hairpin region of c-JMJD2A (B3 and B4). (B) Residues within the H3K9 and H3K36 peptides that potentially
determine the specificity of peptide binding by c-JIMJD2A. A proline residue at position +2 or a glycine residue at position +3 is likely to be critical for the binding.
Amino acid positions are given in relation to the position of the methylated lysine residue. (C) A negative control for the demethylation assay using a mimic
H3K27me2 peptide in which residues +3 and +4 from the lysine residue were mutated to Gly residues. The reaction was stopped right after the components
were mixed. (D) The demethylation activity of c-JMJD2A for the mimic H3K27me2 peptide. (E) The demethylation activity of c-JMJD2D for the mimic H3K27me2

peptide.

polar environment, which includes at least two hydroxyl groups
(Tyr-177 and Ser-288) and three carbonyl groups (Gly-170,
Glu-190, and Asn-290), are Coulombic (the e-N atom of the
trimethylated Lys-36 is positively charged) (Fig. 44). The dis-
tance between the e-N atom of Lys-36 and these oxygen groups
ranges from 3.52 A to 4.67 A, which is too far to form hydrogen
bonds (Fig. 44). Furthermore, this polar environment differs
from the methyl group-binding sites described for other meth-
ylated peptide-binding proteins, which primarily employ aro-
matic residues to create a hydrophobic pocket that accommo-
dates the methyl groups (31-35). This unique environment may
serve two purposes. First, it may allow the methyl group involved
in the reaction the freedom to assume the proper orientation
(Fig. 4 4 and B). Second, the environment in the pocket is polar,
which could be favorable for the reaction (Fig. 4B). This polar
environment does appear to be required for the enzyme to
function properly; mutation of Asn-290 to Ala, Leu, Ile, or Asp
or mutation of Tyr-177 to Phe or Leu abolishes or reduces the
activity of the enzyme (Fig. 2B).

We have previously shown that mutating Ser-288 and Thr-289
to Ala-288 and Ile-289 confers c-JMJD2A with a high level of
activity for dimethyl groups (16). Comparing the model structure
of this mutant variant complexed with a peptide (generated from
the native structure; data not shown) and the structure of native
c-JMJID2A complexed with a peptide revealed two significant
features. First, these mutations generated a slightly larger pocket
in the enzyme (data not shown). Second, the mutations caused
the loss of the Coulombic interaction between Ser-287 and the
e-N atom of Lys-36. The activity for dimethyl groups was
probably not a result of the additional space, because more space
would actually increase the freedom of the methylated lysine side
chain, thereby decreasing the chance that the methyl group will

Chen et al.

assume the proper orientation toward the Fe(II) ion. Therefore,
we believe that the loss of the Coulombic interaction is more
likely to be the determining factor that results in the activity of
the mutant c-JMJD2A for dimethyl groups; the altered network
of Coulombic interactions fixes a methyl group in an ideal
position relative to the catalytic center. Overall, we believe that
amicroenvironment in the methyl group-binding pocket (i.e., the
network of Coulombic interactions) that pushes a methyl group
toward the Fe(II) ion is the key factor that confers the enzymatic
activity for specific methyl groups.

Another intriguing question is why JMJD2A and its family
members do not have activity for monomethyl groups. To
address this question, crystals of a complex of ¢-JMJD2A and
H3K36me were obtained by using conditions that were similar
to those used to obtain the complex of c-JMJD2A and
H3K36me3. Only six residues around the K36 region were
structured in the complex. The monomethyl group, however, was
very well defined (SI Fig. 5B). In agreement with our hypothesis,
the methyl group was turned away from the Fe(II) ion (Fig. 4 C
and D) The distance between the Fe(II) ion and the methyl
group in the complex contalmng the trimethylated peptide is
4.61 A, whereas it is 5.53 A in the complex containing a
monomethylated peptide; the larger distance may prevent the
required interaction between the Fe(II) ion and the methyl group.

The Recruitment of 0,. In the catalytic center an oxygen molecule
should be positioned between the Fe(II) ion and the closest
methyl group. In the present complex there is an additional
L-shaped area of positive electron density near this potential O,
binding site (F, — F. map with a 2.5-0 cutoff) (Fig. 4FE).
Additional water molecules, which should resemble the three
nearby water molecules that are clearly defined (Fig. 4F), do not
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The detailed methyl group-binding pocket. (A) The trimethylated Lys-36 is surrounded by a polar environment that includes hydroxyl groups from

Tyr-170 and Ser-288 and carboxyl groups from Gly-170, Glu-190, and Asn-290. These moieties could form Coulombic interactions with the &-N atom of Lys-36.
The distance between the methyl group and the Fe(ll) ion is 4.54 A, which should allow the demethylation reaction to proceed. (B) The surface properties and
space around the trimethyl group colored according to the electrostatic potential of the residues (red and blue indicate negatively and positively charged areas,

respectively). (C) The monomethyl group of the peptide is positioned 5.04

A away from the Fe(ll) ion, which may explain why c-JMJD2A does not act on

monomethyl groups. (D) The surface properties and space around the monomethyl group colored according to the electrostatic potential of the residues (red
and blue indicate negatively and positively charged areas, respectively). (E) The potential positions of the O, molecule and a possible recruitment mechanism

mediated by Lys-241.

fit into this site. The shape of this area indicates that the O,
molecule can occupy two positions. In one position, the O,
molecule interacts with the Fe(II) ion, which is participating in
the reaction cycle, and the nearest methyl group (Fig. 4E). In the
other position, which is not located directly between the Fe(II)
ion and the methyl group, the O, molecule forms a hydrogen
bond with the side chain of Lys-241 (Fig. 4E and SI Fig. 9), which
is very well ordered in the complex structure. There is a network
of hydrogen bonds between the three water molecules, the e-N
atom of Lys-241, and the O, molecule when it is not positioned
between the Fe(II) ion and the methyl group. This structure
suggests that the O, molecule is recruited by Lys-241 and is then
delivered to the position between the Fe(II) ion and the methyl
group to participate in the reaction. To test whether the side
chain of Lys-241 is involved in the enzymatic reaction, Lys-241
was mutated to Ala or Leu. In support of our model, each of
these mutations completely abolished the activity of c-IMJD2A
(Fig. 2B).

Structural determination and functional characterization of
the complexes of c-JMJD2A and the H3K36me3 or H3K36me
peptide revealed a number of novel features regarding substrate

10822 | www.pnas.org/cgi/doi/10.1073/pnas.0704525104

recognition, specificity determination, and the reaction mecha-
nism. This structure, however, also raises a number of new
questions. For example, because substituting all of the residues
on the surface of JMJD2D involved in peptide recognition with
the corresponding residues from JMJD2A does not confer
JMJD2D with activities for dimethylated and trimethylated
H3K36 peptides, the atomic basis of the differential activities of
these enzymes for dimethylated or trimethylated H3K 36 remains
unclear. Furthermore, although JHDM1 shows activity for the
same H3K36me?2 substrate, structure-based sequence alignment
combined with secondary structure prediction suggests that this
protein is dramatically different from the JMJD2 family in all
four major areas that create the peptide-binding site in
c-JMJD2A with the exception of the cupin fold (data not shown).
Structural analyses of a variety of homologues and different
family members with and without substrate peptides combined
with functional characterization of these proteins in vivo should
provide answers to these questions.

Materials and Methods

Protein Expression, Purification, and Crystallization. c-JMJD2A and
the mutant variants were expressed and purified as described

Chen et al.
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(16, 21). The complexes of c-JMID2A, the cofactors, and the
trimethylated or monomethylated peptides (RKSAPATG-
GVKKPHRYRPGTVK) were crystallized by vapor diffusion at
4°C against a solution containing 200 mM MgCl,, 100 mM Tris
(pH 8.5), and 13-15% PEGS5K. For data collection, crystals were
gradually transferred to a cryo buffer (reservoir buffer supple-
mented with 20% glycerol) and flash-cooled in liquid N». All
data used for the structure solution and refinements were
collected on beamline 8.2.2 at the Advanced Light Source
(Berkeley, CA). Data were integrated and scaled with the
HKIL2000 suite of programs (39).

Structure Determination and Refinement. Structures of the com-
plexes were solved by using the difference Fourier method and the
model of c-JMJD2A (16). After one round of energy minimization
with the c-JMJD2A model in the Crystallography and NMR System
(40),2F, — F.and F, — F. maps were calculated. The initial peptide
models were manually built by using the program O (26). The
models were refined against the data collected from several crystals
to a resolution of 2.06 A for the trimethyl complex and 2.0 A for the
monomethyl complex using the Crystallography and NMR System
(40). The two-fold noncrystallographic symmetry restraints were
applied during refinement. The final models contain amino acid
residues 2-348 of molecule A and residues 2-346 of molecule B. For
the trimethyl complex 17 peptide residues were ordered on mole-
cule A whereas 14 peptide residues were ordered on molecule B.
Only six residues are structured on both molecules of the mono-
methyl complex. There are two NOG molecules, two Fe(II) ions,
and two Zn ions in the final refined models. Structure refinement
statistics are shown in SI Table 1. The coordinates of the complex
structures have been deposited in the Protein Data Bank with ID
codes 2P5B and 2PXJ.

Demethylation Activity Assays. Details of the demethylation reac-
tions and detection by MALDI-TOF mass spectrometry have
been described previously (16, 21).
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Surface Plasmon Resonance Binding Assays. Surface plasmon reso-
nance experiments were performed by using a BIAcore 2000
instrument with a streptavidin-containing BIAsensor SA chip.
C-terminally biotinylated versions of the H3K9 (ART-
KQTARKSTGGKAPRKQLAK) and H3K36 (the same se-
quence used for cocrystallization except for the biotinylation)
peptides were obtained from AnaSpec (San Jose, CA). A
biotinylated peptide from mouse heat shock protein 70 (biotin-
GGGGDRMVNHFIAEFKRK) was used as a negative control.
The peptides were immobilized by streptavidin capture in three
flow cells of the BIAsensor chip. Using a running buffer of 150
mM NaCl and 10 mM Hepes (pH 7.2), various concentrations of
JMID2A were injected through the three peptide-containing
flow cells and through a fourth flow cell that did not contain the
peptide at a rate of 10 wl/min for 1 min. The sensorgram obtained
for the flow cell containing no peptide was subtracted from those
obtained with each peptide to correct for any nonspecific binding
and the bulk signal from the protein in solution. The data were
analyzed with BIAevaluation 4.1 software.
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