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Abstract

Posttranslational histone modifications play an important role in regulating chromatin dynamics and
function. One of the modifications, methylation, occurs on both lysine and arginine residues and
participates in diverse range of biological processes including heterochromatin formation, X-
chromosome inactivation, and transcriptional regulation. While acetylation, phosphorylation, and
ubiquitylation are dynamically regulated by enzymes that catalyze the addition and removal of a
particular modification, enzymes that are capable of removing methyl groups were not known until
recently. Thus far, two families of histone demethylases with distinct cofactor requirements and
reaction mechanisms have been identified. One is the FAD (flavin adenine dinucleotide)-dependent
amine oxidase family LSD1 (lysine specific demethylase), the other is the Fe(ll) and a-KG (a-
ketoglutarate)-dependent dioxygenase family JHDM (JmjC domain-containing histone
demethylase). Identification and characterization of these histone demethylases is an important step
towards understanding both the function and regulation of histone methylation. Here, we describe
assays currently used for measuring histone demethylase activity and chromatography strategies used
in purifying histone demethylases from HeLa cells.
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1. Introduction

DNA in a eukaryotic cell is compacted with histones and non-histone proteins in the form of
chromatin. Covalent modifications of core histones play an important role in regulating
chromatin dynamics and have profound effects on a variety of cellular processes(1). One such
modification, methylation, occurs on both lysine and arginine residues. While lysine
methylation can take three states (mono-, di-, and tri-), arginine methylation only occurs in the
mono- and di(symmetric or asymmetric) state (2). Thus far, 17 lysine residues and 7 arginine
residues on histone molecules have been reported to be modified by methylation (3). Enzymes
that catalyze histone methylation belong to three distinct protein families including the protein
arginine methyltransferase family, the SET domain-containing family, and the Dot1 protein
family (2,4,5). Studies in the past several years have revealed the involvement of histone
methylation in a diverse range of biological processes including heterochromatin formation,
X-chromosome inactivation, and transcriptional regulation (4-6). Unlike acetylation and
arginine methylation, which generally correlate with transcriptional activation, histone lysine
methylation can signal both activation and repression depending on the particular lysine residue
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that is methylated (2,5,7). Even within the same lysine residue, the biological consequence can
differ depending on whether it is mono-, di-, or tri-methylated (8,9).

While histone acetylation, phosphorylation, and ubiquitylation are reversible enzymatic
processes, histone methylation was considered to be an irreversible process until recently. This
notion was largely based on studies demonstrating that histones and methyl lysine residues
within them have similar half-life (10-12), although there was some evidence that active turn
over of methyl group does take place at low levels (13,14). A few models have been proposed
to explain the turn over of histone methyl groups. They include clipping of methylated histone
tails (15) and replacement of methylated histones with unmethylated variant histones such as
H3.3 (16-18). On the other hand, a “binary switch” model, in which the effect of methylation
is counteracted by another histone modification, phosphorylation, has been demonstrated for
histone H3 lysine 9 (H3K9) (19,20). However, the most straightforward way to reverse
methylation is enzymatic removal of a methyl group. About forty years ago, Paik and
colleagues reported an enzymatic activity capable of demethylating free mono- and di-N-
methyllysine (21). Subsequently, the same group reported the detection of a histones
demethylase activity (22) although this enzymatic activity was not characterized at the
molecular level (23). The molecular identities of these putative histone demethylases has
remained elusive for the past three decades and consequently histone methylation had been
considered as a permanent epigenetic mark.

The first enzyme that has been shown to be capable of turning over a methylated residue is the
human peptidyl arginine deiminase 4 (PADI4/PADA4). PADI4/PADA4 antagonizes methylation
on arginine residues by converting monomethyl-arginine in histone H3 and H4 to citrulline
(24,25). PADI4/PAD4 is not a bona fide histone demethylase because the enzyme can act on
both methylated and non-methylated arginine. In addition, the reaction does not regenerate
arginine. These studies nevertheless demonstrats that methyl-arginine is antagonized by an
enzymatic process. Shortly after these discoveries, a true histone demethylase LSD1/BHC110
was reported. Using a candidate approach, the Shi group demonstrated that LSD1/BHC110, a
protein previously found in several histone deacetylase complexes, can specifically
demethylate monoand di-methyl H3K4 (H3K4mel and H3K4me2) via a FAD-dependent
oxidative reaction (26). However, LSD1 cannot demethylate trimethyl-lysine because the
reaction requires a protonated nitrogen on the e-amino group of lysine (26). The lack of apparent
LSD1 homolog in budding yeast coupled with the fact that the LSD1 protein family
encompasses only about ten related proteins (27) made it unlikely that his family would satisfy
the enzymatic requirements to counteract all histone methylation states (28). These
observations raised the possibility that additional demethylases that use a different reaction
mechanism exist.

Based on the mechanism used by the DNA repair demethylase AIkB (29,30), we have
developed a histone demethylase assay (31). By following the enzymatic activity, we identified
a JmjC domain-containing protein JHDM1A which is capable of specifically demethylating
H3K36mel and H3K36me2 via an Fe(ll)- and a-KG-dependent oxygenation (hydroxylation)
reaction (31). We further demonstrate that the evolutionarily conserved JmjC domain is a
signature motif for this family of histone demethylase (31). Consistent with this notion, we
and others have recently identified and characterized two additional JmjC domain-containing
histone demethylases JHDM2 (32) and JHDM3/IMJD2 (33-35). While JHDM2 specifically
demethylates H3K9mel and H3K9me2, JHDM3 can demethylate both H3K9me3 and
H3K36me3. Given that the JmjC domain-containing proteins form a large protein family
(36), we anticipate additional members of this protein family will be proved to possess histone
demethylase activity.

Methods. Author manuscript; available in PMC 2007 December 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tsukada and Zhang

Page 3

Identification and characterization of these histone demethylases is an important step towards
understanding the regulation and function of histone methylation. In response to the increased
interest of the scientific community in these novel enzymes, here we describe several assays
for measuring histone demethylase activity and detailed chromatography procedures that
allowed us to identify JHDM1A and JHDM2A histone demethylase from HeLa cells.

2.Assays for measuring histone demethylase activity

Based on the proposed mechanism for histone demethylation (Fig. 1), we have devised two
different enzymatic reaction conditions. The first reaction condition (type 1) is used for
analyzing the Fe(ll) and a-KG dependent dioxygenase family of histone demethylases, while
the second reaction condition (type I1) is used for analyzing the FAD-dependent amine oxidase
family of histone demethylases. For each assay, we established three different methods for
measuring histone demethylase activity. The first method measures release of radioactive
formaldehyde, one of the reaction products (Fig. 1), based on a modified NASH method (37)
and 3H-labeled methylated histone substrates. The second method measures the change in
methylation levels of histone substrates by Western blotting using site-specific methyl-histone
antibodies. The third method uses mass spectrometry to detect reduction of histone peptide
masses which corresponds to methyl group. The histone demethylation reaction conditions and
methods of measuring histone demethylase activity are described below.

2.1. In vitro histone demethylation reaction

Histone octamers, oligonucleosome (either [3H]-labeled or not), or methylated histone peptides
are prepared as described below, and incubated with protein fractions or recombinant enzymes
dialyzed against buffer G (40 mM Hepes-KOH pH 7.9, 0.2 mM EDTA, 0.2 mM PMSF, 1 mM
DTT, 1 mg/ml each of leupeptin, aprotinin, and pepstatin A, 10% glycerol) with 50 mM KClI
(BC50) (without EDTA for the type | reaction) or recombinant enzyme in the type | reaction
buffer [50 mM HEPES-KOH (pH 8.0), 7-700 pM Fe(NH4)2(SO4)2. 1 mM a-KG, 2 mM

ascorbate] or in the type Il reaction buffer [100 mM Glycine (pH 8.0), 50 mM KCI] for 1-3 hr
at 37°C before the enzymatic activity is measured by one of the three methods described below.

2.2. Detection of histone demethylase activity by radioactive counting

Substrate preparation—For the preparation of [2H]-labeled methyl-histone octamers or -
oligonucleosome substrates, histone methyltransferase reactions are performed. Histone
octamers or oligonucleosomes, which are purified from HeLa cells as described previously
(38), are incubated with different recombinant histone methyltransferases in the HMT reaction
buffer [20 mM Tris-HCI (pH 8.0), 4 mM EDTA, 1 mM PMSF, 0.5 mM DTT, 0.03 mCi/ml S-
Adenosyl-L-[methyl-3H] methionine (Perkin Elmer)] for 1-2 hr at 30°C. The reaction mixtures
are dialyzed against histone storage buffer [10 mM HEPES-KOH (pH 7.5), 10 mM KClI, 0.2
mM PMSF, and 10% glycerol] in the presence (for type 11 reaction) or absence (for type |
reaction) of 1 mM EDTA overnight to remove unincorporated S-Adenosyl-L-[methyl-3H]
methionine. The labeled substrates are then ready for use in the demethylation reaction.

Detection of released radioactive formaldehyde—For detection of [3H]-formaldehyde
released from histone demethylation reactions, a modified NASH method (37) is performed.
After the demethylation reaction described above, the reaction is stopped by addition of TCA
(trichloro acetic acid) to a final concentration of 12.5% to precipitate histone substrate and
other proteins present in the reaction mixture. After centrifugation for 10 min, an equal volume
of NASH reagent (3.89 M ammonium acetate, 0.1 M acetic acid, 0.2% 2,4-pentandione) is
added to the supernatant and the mixture was incubated at 37 for 50 min to convert the
formaldehyde to 3, 5-diacethyl-1, 4-dihydrolutidine (DDL). After addition of equal volume of
1-pentanol and vortaxing, the reaction mixture is centrifuged to separate the DDL into 1-
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pentanol phase. The 1-pentanol-phase is recovered and mixed with liquid scintillation cocktail
before being analyzed by scintillation counting. Fig. 2A shows the resulting histone
demethylase activity of recombinant JHDM1A towards various methylated histone substrates
as measured by this method.

2.3. Detection of histone demethylase activity by Western blotting

Substrate preparation—Histone octamers or oligonucleosomes are purified from HelLa
cells as described previously (38), and dialyzed against histone storage buffer in the presence
(for type 11 reaction) or absence (for type | reaction) of 1 mM EDTA.

Detection of methylated histones—After the histone demethylase reaction described
above, the reaction is stopped by addition of 1/5 volume of 5 x SDS loading buffer [0.25 M
Tris-HCI (pH 6.8), 0.5 M DTT, 10% SDS, 0.25% bromophenol blue, 50% glycerol] and
incubated at 95°C for 5 min. Histones are separated by 18% SDS-PAGE and transferred onto
nitrocellulose membrane. Western blotting with site-specific methylated histone antibodies is
performed following standard procedures. Fig. 2B shows histone demethylase activity of
recombinant JHDM1A towards various histone substrates as measured by this method.

2.4. Detection of histone demethylase activity by mass spectrometry

Substrate preparation—Methylated histone peptides are synthesized or purchased from
commercial companies. The length of peptide may affect recognition of the substrate by
different histone demethylases.

Detection of methyl group release—After the histone demethylase reaction, the reaction
is stopped by addition of 2 mM EDTA. An aliquot (1/50 volume) of the reaction mixture (50
ul) is diluted 100-fold with 0.1 % formic acid, and loaded onto a 2 pl bed volume of Poros 50
R2 (PerSeptive Biosystems) reversed-phase beads packed in an Eppendorf gel-loading tip. The
peptides are eluted with 5 pl of 30% acetonitrile/0.1% formic acid. A fraction (0.5 ul) of this
peptide pool is analyzed by MALDI (matrix-assisted laser-desorption/ionization) TOF (time-
of-flight) MS (mass spectrometry), using a BRUKER UltraFlex TOF/TOF instrument (Bruker
Daltonics; Bremen, Germany), as described (39). Fig. 2C shows the histone demethylase
activity of recombinant JHDM1A towards a H3K36me2 peptide substrate as measured by this
method.

3. Purification of histone demethylases from HeLa cells

Histone demethylases JHDM1A and JHDM2A were purified from HeLa nuclei by monitoring
enzymatic activity using chromatography. The nuclear proteins of cultured HelLa cells can be
separated into nuclear extract (NE) and nuclear pellet (NP) fractions based on their differential
association with the bulk of chromatin. NE fraction can be further fractionated on ion-exchange
phosphocellulose P11 (Sigma) column and NP fraction can be sequentially fractionated on ion-
exchange DEAE (diethylaminoethyl) cellulose DE52 (Whatman) and phosphatecellulose P11
columns. Chromatography on these two columns is performed by conventional methods.
Chromatography resins are prepared following the manufactures instructions and the
appropriate size columns (BioRad). The P11 fractions derived from NE and NP were used as
starting materials for purification of histone demethylases.

3.1. Preparation of NE and NP

HeLa nuclear proteins are extracted and separated into NE and NP fractions essentially as

previously described (38). All of the procedures described below are performed at 4°C or on
ice. Briefly, after collection and washing with PBS, cultured HeLa cells are swelled in 5 pellet-
volumes of buffer A (10 mM Tris-HCI pH 7.9, 1.5 mM MgCl,, 10 mM KCI, 0.2 mM PMSF,
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0.5 mM DTT) for 10 min. Cells are then collected by centrifugation and homogenized using
atype B (loose) pestle in 2 pellet-volume of buffer A. After collection by centrifuging at 2,500
rpm (Sorvall RTH-750) for 10 min, nuclei are resuspended in 3 ml buffer C (20 mM Tris-HCI
pH 7.9, 0.42 M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM PMSF, 0.5 mM DTT, 25%
glycerol) per 10 cells and homogenized again using a type B pestle. The suspension is then
stirred gently using a magnetic stirring bar for 30 min and cleared by centrifugation at 15,000
rpm in a Sorvall SS-34 rotor for 30 min. The resulting supernatant is NE and the pellet is NP.
The supernatant is dialyzed against buffrer D (20 mM Tris-HCI pH 7.9, 0.1 M KCI, 0.2 mM
EDTA, 0.2 mM PMSF, 10 mM B-mercaptoethanol, 20% glycerol) for further fractionation or
stored as the NE fraction. To extract the proteins from the pellet, the pellet is resuspended and
homogenized in equal volume of buffer E (50 mM Tris-HCI pH 7.9, 5 mM MgCl,, 0.5 mM
EDTA, 0.2 mM PMSF, 5 mM DTT, 25% glycerol). After adding 1/10 volume of 3M
(NH4)2S0g4, the suspension is mixed immediately and DNA is sheared by sonication until the
solution is no longer viscous anymore. After centrifugation at 25,000 rpm in a KAL-40.100
rotor (KOMPSPIN) for 1 hr to remove debris, the supernatant is diluted by addition of 2-
volumes of buffer E and cleared of debris again by centrifuging at 25,000 rpm for 1 hr. Proteins
are precipitated by addition of 0.42 g (NH,4)»,SO4 per ml supernatant and centrifuge at 30,000
rpm for 1 hr. The pellet is then resupended in appropriate volume of buffer F (50 mM Tris-
HCIpH 7.9,0.1 mM EDTA, 0.2 mM PMSF, 2 mM DTT, 25% glycerol) and centrifuge again
at 12,000 rpm for 20 min. The ammonium sulfate concentration of the supernatant is adjusted
to 20 mM for further fractionation.

3.2. Distribution of histone demethylase activities in NE and NP fractions from HelLa cells

Proteins in the NE fractions (6 g) were dialyzed against buffer G (40 mM Hepes-KOH pH 7.9,
0.2mMEDTA, 0.2mM PMSF, 1 mM DTT, 1 mg/ml each of leupeptin, aprotinin, and pepstatin
A, 10% glycerol) containing 0.1 mM KCI (BC100) and further fractionated on a 700 ml P11
column equilibrated with BC100. Proteins that bound to the column were step eluted with
buffer G containing 0.3 (BC300), 0.5 (BC500), and 1.0 M KCI (BC1000), respectively. Proteins
in the NP fraction (7 g), were fractionated on a 800 ml DE52 column equilibrated with buffer
G containing 20 mM (NH,4)»S04 (BD20). Proteins bound to the column were step eluted with
buffer G containing 0.35 (BD350) and 0.5 M (NH,4),SO,4 (BD500). The 0.35 M fraction was
then dialyzes against BC100 and loaded onto a 600 ml P11 column equilibrated with BC100.
Proteins bound to the column were step eluted with BC300, BC500, and BC1000, respectively.
Small aliquots from every P11 fractions were dialyzed against BC50 without EDTA and then
assayed for histone demethylase activity using the released radioactive formadehyde detection
method described above. The distribution of histone demethylase activity towards various
histone substrates in the different P11 fractions derived from HeLa nuclear proteins is shown
in Fig. 3.

Using the P11 fractions as starting material, we have purified two histone demethylases
JHDM1A and JHDM2A. We describe below how these two histone demethylases were
purified using the AKTA FPLC (Fast Protein Liquid Chromatography) system (Amersham
Biosciences). In each chromatographic step, every second to forth fraction (or portion of a
fraction) was dialyzed against BC50 without EDTA before histone demethylase activity was
assayed by the radioactive formaldehyde detection method. In parallel, the same fractions were
also analyzed by silver staining on a 6.5-15% linear gradient SDS-PAGE to evaluate purity of
enzymes.

3.3. Purification of the H3K36-specific histone demethylase JHDM1A

To identify the protein or protein complex responsible for H3K36 demethylation, we used the
0.3 M P11 fraction derived from NP as a starting material (Fig. 3). The 0.3 M P11 fraction was
dialyzed against BD50 and loaded onto a 45 ml DESPW column (TosoHaas) equilibrated with
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BD50. The bound proteins were eluted with 12 column-volume (cv) liner gradient from BD50
to BD500. Every forth fraction was dialyzed against BC50 without EDTA and analyzed for
histone demethylase activity by measuring release of radioactive formadehyde using SET2-
methylated [3H]-methyl oligonucleosome substrates. The protein purity assay by silver staining
was also performed. The fractions containing the demethylase activity, which eluted between
140-185 mM ammonium sulfate, were combined and adjusted to 700 mM ammonium sulfate
by addition of 3 M (NH,4)2SO4 drop by drop before loading onto a 22 ml Phenyl Sepharose
column (Amersham Biosciences) equilibrated with BD700. The bound proteins were eluted
with 8 cv linear gradient from BD700 to BD50. Every third fraction was dialyzed against BC50
without EDTA and analyzed for histone demethylase activity and protein purity. The active
fractions, which eluted between 450-360 mM ammonium sulfate, were pooled before being
concentrated to 0.5 ml by centrigugation using Amicon (Millipore). The concentrated sample
was loaded onto a 24 ml Superose 6 gel filtration column (Amersham Biosciences). The
Superose 6 column was eluted with BC400. Every third fraction was dialyzed against BC50
without EDTA and the histone demethylase activity and protein purity were analyzed. The
active fractions, which eluted between 240-320 kDa, were then combined and adjusted to 200
mM KCI by addition of BC50 dropwise before being loaded to a 0.1 ml MonoQ column
(Amersham Biosciences). This chromatographic step was performed on an AKTA Purifier
system using a 0.1 ml MonoQ column (Amersham Biosciences). The bound proteins were
eluted with 20 cv linear gradient from BC200 to BC500. Every second fraction was analyzed
for histone demethylase activity and protein purity. Two polypeptides (130 kDa and 18 kDa)
correlated with the histone demethylase activity (Fig. 4B). The proteins in the active fractions
that eluted from the column between 315-345 mM KCI were combined and resolved in a
6.5-15% gradient SDS-PAGE. After Coomassie staining, candidate polypeptides were excised
for protein identification. Mass spectrometric analysis of the 130 kDa protein identified the
protein as the human protein FBXL11 (Fig. 4C). Because histone demethylase activity is the
first function attributed to FBXL11 and FBXL11 is the first JnjC domain-containing protein
shown to possess histone demethylase activity, we have named the protein JHDM1A (JmjC
domain-containing histone demethylase 1A).

3.4. Purification of H3K9-specific histone demethylase JHDM2A

To purify the protein or protein complex responsible for H3K9 demethylation, we started the
purification using the 0.3 M P11 fraction derived from NE (Fig. 3). The 0.3 M P11 fraction
was dialyzed against BD50 and loaded to a 45ml DESPW column (TosoHaas) equilibrated
with BD50. The bound proteins were eluted with 12 cv linear gradient from BD50 to BD450.
Every forth fraction was dialyzed against BC50 without EDTA and analyzed for histone
demethylase activity by measuring release of radioactive formadehyde using G9a-methylated
[3H]-methyl core histone substrates. The protein purity assay by silver staining was also
performed. The flow-through, which contained histone demethylase activity, was adjusted to
700mM ammonium sulfate by addition of 3 M (NH,4)»SO,4 dropwise before loading onto a 22
ml Phenyl Sepharose column (Amersham Biosciences). The bound proteins were eluted with
10 cv linear gradient from BD700 to BDO. Every forth fraction was dialyzed against BC50
without EDTA and analyzed for histone demethylase activity and protein purity. The fractions
eluted from the column between 150-50 mM ammonium sulfate were pooled based on histone
demethylase activity and protein purity, and concentrated to 5ml before being loaded onto a
120ml Sephacryl S-300 gel filtration column (Amersham Biosciences). The Sephacryl S-300
gel filtration column was eluted with BC400. Every third fraction was dialyzed against BC50
without EDTA and analyzed for histone demethylase activity and protein purity. The active
fractions, which eluted between 150-443 kDa, were then combined and dialyzed against BC50
without EDTA before being loaded onto a 1ml Mono S column (Amersham Biosciences)
equilibrated with BC50. Bound proteins were eluted with 20 cv linear gradient from BC50 to
BC400. Every third fraction was analyzed for histone demethylase activity and protein purity.
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The active fractions were eluted from BC100 to BC150. Silver staining analysis allowed us to
correlate the enzymatic activity with a 150 kDa polypeptide (Fig. 5B). To identify the proteins
responsible for enzymatic activity, we concentrated two fractions (17 and 20) and compared
their protein composition by 6.5-15% gradient SDS-PAGE with silver staining. Because there
is a dramatic difference in the enzymatic activities between these two fractions (Fig. 5B), we
were able to correlate the activity to some protein bands. After Coomassie staining performed
in parallel with silver staining, candidate polypeptides that were unique to fraction 20, which
also include the 150 kDa polypeptide, were excised for protein identification. Mass
spectrometric analysis of the 150 kDa protein identified the human protein JMID1A (jumonji
domain-containing 1A) or TSGA (testis-specific gene A) (Fig. 5C). Because this is the second
JmjC domain-containing histone demethylase, we have named the protein JHDM2A.

4. Concluding remarks

One of the reasons that histone demethylases have been elusive until recently was the lack of
a sensitive assay to detect their activity. We have developed a very sensitive assay which
measures release of radioactive formadehyde. Using this assay, we have successfully purified
two histone demethylases and have defined the JmjC domain as a histone demethylase
signature motif. The methods described here can be applied to the study of any demethylase
that uses the same reaction mechanism for demethylation of any protein or nucleic acids. Thus,
we believe that these methods will be helpful in our understanding of biological events relevant
to protein methylation.
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Fig. 1.

Two different mechanisms for histone demethylation. (A) Histone demethylation by
oxygenation (hydroxylation) catalyzed by JHDM family proteins. JHDM family proteins
catalyze addition of hydroxyl group into a methyl group on the methylated lysine using Fe(ll)
and a-KG as cofactors. As a result, unstable carbinolamine and succinate are generated and
formaldehyde is release from carbinolamine. For simplicity, only monomethyl-lysine is
illustrated. The same mechanism can be applied for demethylation of di-, or trimethylated
lysine residues. (B) Histone demethylation by oxidation catalyzed by LSD1 family proteins.
LSD1 catalyzes transfer of two hydrogen atoms from methylated lysine to FAD to form an
imine intermediate. The imine intermediate is hydrolyzed via non-enzymatic process to
produce an unstable carbinolamine intermediate followed by release of formaldehyde. For
simplicity, only monomethyl-lysine is illustrated. The same mechanism can be applied to di-
methylated lysine residues. This mechanism cannot be used for demethylation of tri-methylated
lysine residues because the reaction requires a protonated nitrogen on the e-amino group of
lysine.
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Fig. 2.

Three methods for measuring histone demethylase activity. (A) Histone demethylase activity
of recombinant Flag-JHDMZ1A towards various methylated histone substrates as measured by
release of radioactive formadehyde. The histone methyltransferases (HMTSs) and their sites of
methylation are indicated on top of the panel. (B) Analysis of histone demethylase activity of
recombinant Flag-JHDMZ1A towards various histone substrates analyzed by Western blotting.
Antibodies used are indicated to the left of the panel. (C) Mass spectrometry analysis of
demethylation of a H3K36me2 peptide (STGGV2mKKPHRY-C) by recombinant Flag-
JHDML1. The enzyme/substrate molar ratio of the reaction is 1:40. Numbers represent the mass-
to-charge ratio of the substrate and product peptides.
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Fig. 3.

Distribution of histone demethylase activity towards various histone substrates in different P11
fractions derived from HelLa nuclear proteins. The numbers above the top panel represent the
molar concentration of KCI in the elution buffers. Histone demethylase activity towards
methylated H3K36 in type | reaction buffer (top panel), H3K9 with type | reaction buffer
(middle panel), and H3K4 with type Il reaction buffer (bottom panel) were measured by release
of radioactive formadehyde using SET2-methylated oligonucleosomes (top panel), G9a-
methylated histone octamers (middle panel), and SET7-methylated histone octamers (bottom
panel) as substrates.
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Fig. 4.

Purification of a H3K36-specific histone demethylase JHDM1A. (A) Schematic representation
of the steps used in purifying the demethylase activity. Numbers represent the salt
concentrations (mM) at which the histone demethylase activity elutes from the column. (B) A
silver stained protein gel (top panel) and histone demethylase activities (bottom panel) of the
protein fractions derived from a 0.1 ml MonoQ column. The candidate proteins that co-
fractionated with the demethylase activity are indicated by *. The positions of the protein size
markers on SDS-PAGE are indicated to the left of the panel. (C) A silver stained protein gel
containing the samples for protein identification. The candidate protein band was identified by
mass spectrometry. A total of 34 peptides covering 30% of JHDM1A/FBXL11 (NP_036440)
from the top protein band were identified. Selected peptides identified from mass spectrometry
are listed. The numbers correspond to the amino acid numbers in the JHDM1A protein. The
“?” represents an unidentified JHDM1A associated protein.
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Fig. 5.

Purification of an H3K9-specific histone demethylase JHDM2A.. (A) Schematic representation
of the steps used in purifying the demethylase activity. Numbers represent the salt
concentrations (mM) at which the histone demethylase activity elutes from the column. (B) A
silver stained protein gel (top panel) and histone demethylase activities (bottom panel) of the
protein fractions derived from a MonoS column. The candidate proteins that co-fractionated
with the demethylase activity are indicated by *. The positions of the protein size markers on
SDS-PAGE are indicated to the left of the panel. (C) A silver stained protein gel comparing
the composition of the histone demethylase positive fraction 20 and the adjacent histone
demethylase negative fraction 17. The candidate protein band was identified by mass
spectrometry. A total of 63 peptides covering 53% of the JHDM2A/IMJD1A (NP_060903)
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were identified. Selected peptides identified from mass spectrometry are listed. The numbers
correspond to the amino acid numbers in the JHDM2A protein.
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