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Abstract

Posttranslational modifications of histone tails are critical epigenetic marks that regulate diverse
cellular processes. Histone lysine methylation activates or represses transcription, depending on
the site and degree of these modifications. Two classes of histone lysine demethylases remove
histone methylation. Lysine demethylase 1 (KDM1, also known as LSD1) is a flavin adenine
dinucleotide (FAD)-containing enzyme that removes mono-/di-methylation. The Jumonji C-
terminal domain (JmjC) family of histone demethylases uses Fe?* and a-ketoglutarate as cofactors
to remove all methylation states. Structural studies have provided insights into the overall
architecture, the catalytic mechanism, and the substrate specificity of histone demethylases. Here,
we review these exciting advances in the structure biology of histone demethylases and discuss the
general principles applicable to other histone-modifying enzymes.

Introduction

Numerous epigenetic marks, including acetylation, methylation, phosphorylation, and
ubiquitylation, are introduced at particular sites on histone tails [1]. These posttranslational
modifications of histones modulate chromatin structure and dynamics, and recruit effectors
to specific genomic loci in a combinatorial fashion. In doing so, they regulate diverse,
chromatin-based processes, ranging from transcription to DNA replication and repair to
chromosome condensation and cohesion [2,3]. For example, differential methylation of
lysines in histones H3 and H4 lysine can either activate or repress gene transcription,
depending on the location and degree (mono-, di-, or tri-methylation) of these modifications
[2,3]. H3-K4 di-/tri-methylation (H3K4me2/3) is often associated with actively transcribed
gene promoters, whereas H3-K9 di/-tri-methylation (H3K9me2/3) is associated with
heterochromatin and generally represses transcription.

Histone lysine methylation had long been thought to be as an irreversible chromatin mark
[2,3]. The recent discovery of histone demethylases changed this view [2,3]. Two classes of
histone lysine demethylases were discovered, the amine oxidase-related enzymes and the
Jumonji C-terminal domain (JmjC)-containing enzymes. Lysine-specific demethylase 1
(KDMZ1,; also known as LSD1) was the first histone demethylase discovered and belonged to
the superfamily of the flavin adenine dinucleotide (FAD)-dependent amine oxidases [4e¢].
Subsequently, the first JmjC-containing histone demethylase (KDM2A,; also known as
JHDM1a/FBXL11) was biochemically identified [5e¢]. Following these initially discoveries,
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other members of these two classes of histone demethylases were identified through
sequence homology [3]. Therefore, like all other histone modifications, histone lysine
methylation is dynamic and reversible. Its addition and removal are catalyzed by histone
methyltransferases and demethylases, respectively. Histone demethylases contribute to the
regulation of the steady-state levels of histone methylation and are thus critical for many
chromatin-based cellular processes.

The discovery and biochemical characterization of histone demethylases then spurred rapid
structural analyses of these enzymes. During the past five years, high-resolution structures
have been determined for both classes of histone demethylases. These structural studies have
provided significant insights into the architecture, the mechanism of action, and the substrate
specificity of these enzymes. This review will highlight these advances and discuss the
general principles learned from these studies that may apply to other histone-modifying
enzymes.

Histone lysine demethylase 1 (KDM1)

Discovery and function

Human lysine demethylase 1 (KDM1) was originally identified a component of a
transcriptional corepressor complex that also contained the REST corepressor (COREST)
and HDAC1/2 [6-8]. This transcriptional corepressor complex could be recruited to RE1
element-containing gene promoters by REST and repressed the transcription of neuron-
specific genes in non-neuronal cells. KDM1 contained a domain that was related to FAD-
dependent amine oxidases. Yang Shi and coworkers realized that the chemistry used by
amine oxidases could conceivably be used to catalyze lysine demethylation [4ee]. In this
reaction, FAD oxidized the methyl-lysine to form an imine intermediate, which is then
hydrolyzed to yield unmodified lysine and formaldehyde. The reduced FAD was then re-
oxidized by oxygen (Figure 1a). They then tested whether KDM1 indeed demethylated
lysines in histones. Recombinant KDM1 indeed catalyzed the demethylation of H3K4mel/2
in bulk histones, leading to the discovery of the first histone lysine demethylase [4e¢].
Because the formation of the obligatory imine intermediate in the demethylation reaction
required a lone pair of electrons in the nitrogen atom of the methyllysine, KDM1 only
demethylates mono-/di-methylated lysines, not tri-methylated ones. Intriguingly, KDM1
alone demethylates H3K4me1/2 in peptides or bulk histones, but not in nucleosomes [9e,
10¢]. Only the KDM1-CoREST complex efficiently demethylates H3K4mel/2 in
nucleosomal substrates.

KDM1 homologs exist in organisms from fission yeast (S. pombe) to mammals, with each
organism containing at least two KDM1-related genes [3]. In most organisms examined
except S. pombe, KDM1 homologs catalyze H3K4mel/2 demethylation [3]. The two S.
pombe KDM1 homologs form a heterodimer and demethylate H3K9me1/2, as opposed to
H3K4mel/2 [11].

Depletion of KDM1 by RNA interference (RNAI) increased H3K4me2 at the promoters of
certain REST-responsive genes and activated their transcription, confirming that KDM1
repressed transcription through histone demethylation [4e]. In addition to repressing REST-
responsive genes, KDM1-containing complexes can be recruited by alternative mechanisms
to other gene promoters to demethylate H3K4me2 and to repress transcription [12-14].

Mammalian KDM1 has also been reported to be required for estrogen receptor (ER)-
dependent or androgen receptor (AR)-dependent gene transcription [15,16]. In both cases, it
has been suggested that KDM1 demethylates H3K9me2, an epigenetic mark that represses
transcription. Direct demethylation of H3K9me2 by KDM1 alone or in complex with other
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cellular factors has not yet been demonstrated, however. It remains formally possible that
KDM1 plays an indirect role in demethylation of H3K9me?2 at these ER- or AR-dependent
promoters.

The biochemical and functional studies on KDM1 pose two major questions for structural
biology. How does CoREST stimulate the activity of KDM1 toward nucleosomes? How
does KDM1 achieve its specificity toward H3K4mel1/2? These two questions have been
addressed by structural studies on KDM1.

CoREST-dependent nucleosome demethylation by KDM1

Structures of KDM1 alone and in complex with the C-terminal domain of CoREST but
without bound histone substrates were determined first [17-19]. KDM1 forms an elongated
structure with three major parts: the N-terminal SWARM domain, the amine oxidase domain
(AOD) consisting of two lobes, and a long stalk formed by the insert between the two halves
of AOD (Figure 1b). The SWIRM and AOD domains pack against each other to form a
globular structural core. As expected, the AOD of KDML1 has a fold highly similar to
conventional FAD-dependent amine oxidases and contains the substrate-binding lobe and
FAD-binding lobe. The active site lies at the interface of the two lobes and forms a large
cavity. The isoalloxazine ring of FAD is located at the base of this cavity.

CoREST contains an ELM2 domain and two SANT domains [6]. The KDM1-binding
domain of COREST mainly consists of the linker between the two SANT domains [10]. As
revealed by the structure of the KDM1-CoREST complex, the long stalk of KDM1 formed
by the two antiparallel helices belonging to the insert between the two AOD lobes provides
the binding platform for COREST [18e¢]. The CoREST linker folds into a long helix and
forms extensive contacts with this stalk. The SANT2 domain of CoREST which is critical
for nucleosome demethylation is located at the tip of the stalk and far away from the active
site of KDM1. The COREST SANT2 domain is structurally homologous to the Myb DNA-
binding domain and indeed has DNA-binding activity [18e]. Mutations within this domain
that disrupt its DNA-binding activity also diminish demethylation of nucleosomes by the
KDM1-CoREST complex [18e¢]. These results indicate that COREST stimulates the binding
and activity of KDM1 toward nucleosomes by binding to nucleosomal DNA.

KDM1, but not CoREST, has recently been identified as a component of the Mi-2/
nucleosomes remodeling and deacetylase (NURD) complex [14¢]. In this complex, KDM1
directly binds to metastasis tumor antigen 1-3 (MTAZ1-3) through its stalk. Similar to
CoREST, MTAZ stimulates KDM1-mediated demethylation of nucleosomal substrates
[14e]. Interestingly, MTAs also contain SANT domains. It is possible that MTAs stimulate
KDM1 activity through nucleosomal DNA binding with their SANT domains. In addition to
CoREST and MTAs, there may be other unidentified SANT domain-containing proteins that
bind to the stalk of KDM1 and help anchor KDML1 to nucleosomes.

Substrate specificity of KDM1

There are striking similarities between the active sites of KDM1 and maize polyamine
oxidase (MPAQ) [17-20]. In particular, a critical lysine residue (K661 in KDM1) forms
water-bridged hydrogen bonds with the N5 atom of FAD in both enzymes and is essential
for their activities. There are, however, important structural differences between the two that
can explain their substrate preferences. For example, compare to the active site of mPAO,
the opening of the active site of KDML1 is considerably larger, enabling KDML1 to
accommodate histone peptides that are relatively bulkier than polyamines.

Although KDM1 cannot demethylate trimethylated lysines, a histone H3 peptide containing
tri-methylated K4 blocks the demethylation of H3K4me1/2 and acts as a competitive
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inhibitor of KDM1 [17]. This finding suggests that KDM1 binds to H3K4me3 with an
affinity comparable to or higher than that toward H3K4me1/2. This further supports the
notion that the inability of KDM1 to demethylate tri-methylated lysines is due to the
limitations of its inherent catalytic mechanism, as opposed to a failure to recognize tri-
methylated substrates.

How does KDM1 achieve its site specificity toward H3-K4? The weak binding affinity (K,
in the uM range) between KDM1 and histone H3 peptides hindered the structure
determination of KDM1 in complex with H3 peptides [21]. Mechanism-based peptide
inhibitors provided a solution to this problem [22,23]. Addition of one such inhibitor, N-
methylpropargyl-K4 H3, to KDM1 followed by sodium borohydride treatment produced a
stable KDM1-H3 peptide complex, in which the substrate analog was covalently linked to
the cofactor FAD [24¢]. The crystal structure of this KDM1-H3 analog complex was
successfully determined [24¢]. The structure reveals that residues 1-7 of H3 fit snugly into
the active-site cavity of KDM1, making extensive contacts with a large set of conserved,
negative-charged residues in KDML1 (Figure 1c). The extreme N terminus of H3 is anchored
into an anionic pocket in KDM1. H3 adopts an unusually compacted backbone conformation
with three consecutive y-turns, placing the methyl-lysine above the isoalloxazine ring of
FAD for catalysis (Figure 1D). This binding mode places strict steric constrains on the H3
substrate and does not permit more than three residues on the N-terminal side of the methyl-
lysine. This structure provides a simple explanation for the observed specificity of KDM1
toward H3K4me.

An H3 peptide with K4 mutated to methionine (referred to as pK4M) bound to KDM1 much
more tightly than H3K4me peptides did, allowing the structure determination of the KDM1-
pK4M complex [25]. The KDM1-binding modes of N-methylpropargyl-K4 H3 and pK4M
are strikingly different. The N-terminal five residues of pK4M form an a-helix, as opposed
to the y-turns in N-methylpropargyl-K4 H3. Replacing M4 in pK4M with a methyl-lysine in
the extended configuration produces steric clashes with the isoalloxazine ring, suggesting
that the binding mode observed with pK4M is incompatible with catalysis. Nevertheless, the
striking differences between the structures of KDM1 bound to two slightly different peptides
indicate a high plasticity in substrate recognition by KDM1. As discussed above, KDM1 has
been implicated in the demethylation of H3K9me1/2 [15,16]. KDML1 has also been reported
to demethylate non-histone substrates, including p53 [26]. It is conceivable that KDM1 can
recognize and demethylate different substrates with vastly different binding modes.

H3 peptides shorter than 21 residues are not efficient substrates for KDM1 [21]. Structures
of the KDM1-H3 peptide complexes do not include the C-terminal portion of the peptide
(residues 10-21), as no interpretable electron density is present for these residues. On the
other hand, a conspicuous cleft formed by conserved residues from the SWIRM and AOD
domains of KDM1 lies in the vicinity of the active site (Figure 1d). Mutations of residues in
this cleft decrease the demethylase activity of KDM1 [17]. This cleft could serve as the
binding site for the C-terminal portion of the H3 peptide. The detailed interactions between
KDM1 and these residues await further structural investigations, however.

Chemical inhibitors of KDM1

In addition to genetic mutations, cancer cells have an altered epigenetic landscape. Chemical
compounds targeting epigenetic modifications can selectively kill cancer cells. For example,
HDAC inhibitors have recently been clinically approved to treat human cancers [27,28].
KDM1 and HDAC1/2 are common components of several transcriptional corepresssor
complexes. HDACL1/2 cooperate with KDML1 to repress transcription [29]. Chemical
inhibitors of KDM1 may also have therapeutic value either as single agents or in
combination with HDAC inhibitors.
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Because of the high structural and mechanistic similarities between KDM1 and conventional
amine oxidases, monoamine oxidase (MAO) inhibitors, such as pargyline and
tranylcypromine, can also inhibit KDM1, albeit with low selectivity and potency [16,30].
Modifications of these two MAO inhibitors have led to the development of potent KDM1
inhibitors. First, propargylamine-derived H3 peptides are potent, selective KDM1 inhibitors
and have been instrumental in the structural analysis of the KDM1-H3 complex [23].
Second, as predicted from the KDM1-tranylcypromine structures [31,32], chemical
substitutions on the phenyl ring of tranylcypromine have greatly improved the potency and
selectivity of this class of KDM1 inhibitors [33-36]. High throughput screening of
combinatorial chemical libraries constructed with propargylamine or cyclopropylamine
moieties may lead to even more potent KDM1 inhibitors.

JmjC domain-containing histone demethylases (JHDMs)

Discovery, catalytic mechanism, and structures

Using conventional biochemical methods, Yi Zhang and coworkers purified a nuclear
protein, JmjC domain-containing histone demethylase (KDM2A,; also known as JHDM1a/
FBXL11), from HeLa cells as the H3K36me1/2 demethylase [5¢¢]. KDM2A is the founding
member of a large family of JmjC domain-containing histone demethylases (JHDMs) [37].
The JmjC domain is conserved from yeast to man and belongs to the superfamily of Fe2*-
dependent dioxygenases. Using Fe2* and a-ketoglutarate (aKG) as cofactors and in the
presence of oxygen, JHDMs convert the methyl group in the methyllysine to a
hydroxymethyl group, which is then released as formaldehyde (Figure 2a). In contrast to
KDM1, which can only remove mono- and di-methylated lysines due to inherent chemistry
limitations, JHDMs do not such limitations in their catalytic mechanism and can remove all
three degrees of methylation, including tri-methylation. JHDMs have been shown to regulate
a diverse array of cellular processes [3,37].

The structures of the core catalytic domains of four JHDMs have been determined so far,
including KDM2A, KDM4A, PHF8, and both human and C. elegans KDM7A (also known
as JHDM1D/KIAA1718) [38--44]. As expected from sequence similarity, the JmjC domain
adopts a jellyroll-like all B fold, similar to other members of the cupin superfamily of
metalloenzymes (Figure 2b). The active site is buried in the interior of this jellyroll
structural motif, with Fe2* being coordinated by aKG and three invariable residues (H188,
E190, and H276 in human KDM4A). The jellyroll motif is surrounded by other structural
elements, which help to maintain the structural integrity of the catalytic core and contribute
to substrate recognition. In particular, the JmjN domain is present in all four structurally
characterized JHDMs and forms extensive contacts with JmjC. In the case of KDM4A,
removal of JmjN impairs the stability and activity of JmjC [38].

Substrate degree specificity

By using N-oxalylglycine (NOG; an analog and competitive inhibitor of aKG) to replace
aKG and Ni2* to replace Fe2*, several groups have managed to create catalytically inert
KDM4A, PHF8, and KDM7A and to determine the structures of these inactive enzymes in
complex with their substrates and, in some cases, products [39ee-41,43¢¢,44e¢]. These
structures have revealed that JHDMs use distinct strategies to achieve degree and site
specificity in the demethylation reactions. These structures have also guided the design of
additional aKG analogs that are selective inhibitors of JHDMs [45,46]. All three enzymes,
KDMA4A, PHF8, and KDM7A, exhibit dual substrate site specificity. KDM4A demethylates
H3K9me2/3 and H3K36me2/3 [47,48]. Both PHF8 and KDM7A demethylate H3K9me2
and H3K27me2 [43++]. We discuss the degree and site specificities of these enzymes in this
and next sections, respectively.
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The structures of these enzymes bound to substrates reveal a highly conserved methyl-
lysine-binding pocket in the active site that is distinct from classical methyl-lysine-binding
domains such as the PHD finger [39¢s-41,43¢ 449¢]. The classical methyl-lysine-binding
motifs, such as chromo domains, bind methyl-lysine through cation-= interactions between
the methylammonium ion and a cage formed by multiple aromatic residues [49]. By
contrast, JHDMs bind to methyl-lysine through the formation of a network of unusual C-
H--O hydrogen bonds between the methyl groups and the oxygen atoms from the backbone
and side chain of active-site residues [39¢¢,43¢]. In KDMA4A, this hydrogen-bonding
network places one of the three methyl groups of the tri-methylated lysine close to the Fe2*
and in an ideal position for catalysis (Figure 2c). When di- or mono-methylated lysines bind
at the active site, the methyl groups are sequestered away from the metal ion by the C-H-O
hydrogen bonds. Therefore, the catalysis-competent methyl position is energetically
disfavored. In the case of a di-methylated lysine, a rotational movement might allow one of
the methyl groups to gain access to Fe2* for catalysis, albeit with less efficiency than a tri-
methylated lysine [39¢¢,40¢]. A mono-methylated lysine is completely sequestered and
cannot reach the proper positioning for catalysis. This model nicely explains the degree
specificity of KDM4A, which prefers tri-methylated lysines to di-methylated lysines and
does not demethylate mono-methylated lysines. Consistent with this model, mutations of
S288 (whose hydroxyl group forms C-H--O hydrogen bonds with methyl groups) in
KDMA4A increase its activity towards di- or even mono-methylated lysines [19,39].

PHF8 and KDM7A prefer di-methylated lysines to tri- or mono-methylated ones [43ee,44se¢].
Their inability to demethylate tri-methylated lysines is due to steric hindrance. There simply
is not enough space in their active sites to accommaodate a third methyl group [43e,44e¢].
The inability of these two enzymes to demethylate mono-methylated lysines could also be
due to the sequestration of this methyl group by the C-H--O hydrogen bonds, as in the case
of KDM4A.

Substrate site specificity

PHF8 and KDM7A demethylate H3K9me2 and H3K27me2 [43e¢,44¢¢]. The residues
neighboring K9 and K27 are similar, including an “ARKS” motif in both cases. Structures
of the C. elegans KDM7A bound to H3K9me2 or H3K27me2 peptides indicate that
identical sets of interactions mediate the binding of these two peptides to the active site of
the enzyme [44e¢]. Although only the structure of PHF8 bound to H3K9me?2 is available,
PHF8 likely recognizes H3K27me2 with the same binding mode. The local sequence
similarity at the H3-K9 and H3-K27 sites is thus an important determinant of the dual
specificity of PHF8 and KDM7A towards these two sites.

KDMA4A demethylates both H3K9me2/3 and H3K36me2/3. Residues neighboring these two
sites share no obvious sequence similarity. How does KDMA4A achieve dual specificity
towards these two sites? Structures of KDM4A bound to H3K9me3 or H3K36me3 indicate
that, excluding the methyl-lysine, there are few interactions between KDM4A and the side
chains of either peptide (Figure 2D and 2E) [39++-41]. Most interactions involve the peptide
backbone, explaining the ability of KDMA4A to demethylate two sites that are unrelated in
sequence. Why does KDMA4A not demethylate other sites? A likely explanation is that
certain residues surrounding other sites produce destabilizing binding energies and are
selected against by KDM4A. For example, mutation of G12 in H3 to proline, a residue
found near K27, drastically reduces H3K9me3 demethylation by KDM4A [39e¢]. Therefore,
KDMA4A achieves its dual specificity through recognizing specific backbone conformations
of the ligand peptides (positive selection) and minimizing the destabilizing interactions with
the ligand sidechains (negative selection).
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Functions of auxiliary domains

In addition to the JmjN and JmjC domains, most JHDMs contain auxiliary functional
domains, including PHD, Tudor, F-box, Bright/Arid, Zn2* finger, and TPR [37]. Among
them, PHD and Tudor domains recognize unmodified or methylated histone tails [3]. These
additional domains may promote the recruitment of JHDMs to specific genomic loci,
contribute to their substrate specificity, and enable mutual regulation between two or more
epigenetic marks. Two recent structural studies on PHF8 and KDM7A have beautifully
illustrated these principles [43¢e,44¢¢].

PHF8 and KDM7A belong to the same subfamily of JHDMs. Both contain an N-terminal
PHD domain that binds to H3K4me3. Despite high sequence similarity, the orientations the
PHD domains of PHF8 and KDM7A relative to their catalytic core domains (containing
JmjN, JmjC, and the C-terminal domain) are strikingly different (Figure 3a). When to a
single peptide containing both H3K4me3 and H3K9me2, PHF8 adopts a closed, bent
conformation, with the PHD and JmjC domains forming a bivalent interaction with
H3K4me3 and H3K9me2 (cis binding mode) [43e¢]. Consistently, PHF8 demethylates
peptides containing both modifications much more efficiently than peptides containing only
H3K9me2.

By contrast, both human and C. elegans KDM7A adopt an open, extended conformation,
because of a rigid linker connecting PHD and JmjC (Figure 3b) [43ee,44¢¢]. The methyl-
lysine-binding sites of PHD and JmjC are separated by about 40A, a distance far greater
than the maximum span of the peptide segment linking K4 and K9 in H3. As a result,
KDMT7A does not engage both H3K4me3 and H3K9me2 in a single peptide. Instead, its
PHD domain binds to H3K4me3 in one peptide while its JmjC domain independently binds
to H3K9me3 in another (trans binding mode). It remains to be determined whether KDM7A
and PHF8 can recognize both H3K4me3 and H3K27mez2 in a single peptide.

Regardless, the PHD domain of C. elegans KDMT7A is required for its demethylase activity
toward both H3K9me2 and H3K27me2 in vivo [50]. Thus, both cis and trans modes of
substrate binding may be used by KDM7A and possibly PHF8 in the context of chromatin
(Figure 4a). Interestingly, the Tudor domain in KDM4A binds both H3K4me3 and
H4K20me3 [51,52]. It is possible that this domain also contributes to the chromatin
recruitment of KDMA4A and regulates its demethylase activity in similar ways. Thus, the
auxiliary domains in JHDMs fine tune their substrate specificity and enable crosstalk
between multiple epigenetic marks.

Conclusions

Histone demethylases control the dynamics and the steady-state levels of histone
methylation, thereby regulating diverse chromatin-based biological processes. Structural
biology of these enzymes has provided key insights into their catalytic mechanisms, their
specificities toward certain sites and degrees of methylation, and their recruitment to
chromatin. A general principle that emerges from these studies is the use of multiple, weak
interactions by these enzymes to demethylate histones in the context of chromatin (Figure
4). For example, KDML is recruited to nucleosomes through an interaction between its
active site and H3K4me1/2-containing H3 tail and DNA binding by the SANT domains of
CoREST and possibly MTAs. In the cases of PHF8 and KDM7A, both PHD and JmjC
domains engage in interactions with H3K4me3 and H3K9me2, either in cis or in trans. The
cooperativity between these multiple binding events not only increases chromatin-binding
affinity of these enzymes, but also enables the crosstalk between different epigenetic marks.
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Most, if not all, histone-modifying enzymes or enzyme complexes contain multiple
chromatin-binding functionalities. This multivalency mechanism of chromatin binding is
generally applicable to other chromatin-modifying enzymes. Recent advances in chemical
biology have allowed the production of nucleosomes with uniform, defined patterns of
modifications [53]. Structures of complexes between chromatin-modifying enzymes
containing multiple chromatin-binding modules and nucleosomes with defined epigenetic
marks will reveal the basis of multivalency binding in atomic details.
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Figure 1.

Mechanism, structure, and substrate specificity of KDML1. (a) Chemical mechanism of
KDM1-catalyzed lysine demethylation. (b) Structure of human KDM1-CoREST-H3 ternary
complex (PDB code 2UXN). (c) Binding of H3 at the active site of KDM1. AOD is colored
gray. The H3 peptide and residues in AOD involved in H3 binding are shown as sticks. (d)
The potential involvement of the AOD-SWIRM interface in substrate binding. Residues 1-7
of H3 interact with the negatively charged active-site cavity of KDM1. The surface of AOD
and SWIRM domain is colored by the electrostatic potential (red, negative; blue, positive).
Residues 8-21 of H3 (shown as a dashed green line) and might bind at the groove between
AOD and SWIRM.
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Figure 2.

Mechanism, structure, methylation degree specificity, and site specificity of KDM4A. (a)
Chemical mechanism of JmjC-catalyzed lysine demethylation. (b) Structure of human
KDMA4A in complex with an H3K36me3 peptide (PDB code 20S2). Instead of aKG and
FeZ*, NOG and Ni2* were used as cofactors to create an inactive enzyme-substrate complex.
(c) Stereoview of the methylammonium-binding site in KDM4A (PDB code 20Q6). The
methyl group undergoing catalysis is colored orange. Dashed green lines indicate C-HO
hydrogen bonds. (d) Binding of the H3K9me3 peptide at the active site of KDM4A (PDB
code 20Q6). (e) Binding of the H3K36me3 peptide at the active site of KDM4A (PDB code
208S2).
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(a) (b)

PHF8-H3 KDM7A-H3

Figure 3.

Different relative orientations of the PHD and JmjC domains in PHF8 and KDM7A. (a)
Structure of the PHD and core catalytic domains of human PHF8 bound to an H3 peptide
containing both H3K4me3 and H3K9me2 (PDB code 3KV4). The PHD and the catalytic
core domains of PHF8 are colored pink and gray, respectively. The H3 peptide is green. (b)
Structure of C. elegans KDM7A bound to two different H3 molecules each containing both
H3K4me3 and H3K9me2 (PDB code 3N9N). The PHD and the catalytic core domains of
PHF8 are colored pink and gray, respectively. The H3 peptide is green. The position of the
catalytic core of KDM7A is shown in the same orientation as that of PHF8 in (a).
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Jmj|C trans mode

(d)

KDM1-MTA

Proposed multivalent interactions between histone demethylases and nucleosomes. (a) Cis
binding mode between histone demethylases and nucleosomes, as exemplified by PHF8. In
this binding mode, two chromatin-binding modules engage the same histone tail. (b) Trans
binding mode between histone demethylases and nucleosomes, as exemplified by KDM7A.
In this binding mode, two chromatin-binding modules bind to two different histone tails, in
the same nucleosome or two different nucleosomes. (¢) The proposed multivalent interaction
between KDM1-CoREST and the nucleosome. Histone H3 tail binds to the active site of
KDM1 while COREST SANT domains bind to DNA. (d) The proposed multivalent
interaction between KDM1-MTA and the nucleosome. Histone H3 tail binds to the active
site of KDM1 while MTA SANT domains bind to DNA.
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