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ABSTRACT: Arabidopsis thaliana has four genes with close homology to human histone H3 lysine 4
demethylase (HsLSD1), a component of various transcriptional corepressor complexes that often also
contain histone deacetylases and the corepressor protein CoREST. All four Arabidopsis proteins contain
a flavin amine oxidase domain and a SWIRM domain, the latter being present in a number of proteins
involved in chromatin regulation. Here, we describe the heterologous expression and biochemical
characterization of one of these Arabidopsis proteins (AtLSD1) and show that, similarly to HsLSDI, it
has demethylase activity toward mono- and dimethylated Lys4 but not dimethylated Lys9 and Lys27 of
histone 3. Modeling of the AtLSD1 three-dimensional structure using the HsLSD1 crystal structure as a
template revealed a high degree of conservation of the residues building up the active site and some
important differences. Among these differences, the most prominent is the lack of the HsLSD1 Tower
domain, which has been shown to interact with CoOREST and to be indispensable for HSLSD1 demethylase
activity. This observation, together with AtLSD1 peculiar surface electrostatic potential distribution, suggests
that the molecular partners of AtLSD1 are probably different from those of the human orthologue.

In eukaryotes, the histone N-terminal tails are subjected
to multiple covalent modifications, such as acetylation,
methylation, phosphorylation, ubiquitination, sumoylation,
and ADP-ribosylation (/—3). These histone modifications
act in a combinatorial manner, thus defining a “histone code”,
to control chromatin state and gene expression (4—6). Among
these modifications, histone lysine acetylation is the best
characterized. This modification is generally associated with
transcriptional activation and is dynamically regulated by
histone acetyltransferases and deacetylases (4). Histone
methylation mediated by multiple classes of methyl trans-
ferases has emerged as another important mechanism which
regulates chromatin structure and function (4, 7, 8). Five
lysine residues on the tails of histones H3 and H4 (H3K4,1
H3K9, H3K27, H3K36, and H4K20) as well as K79 located
within the core of histone H3 have been shown to be target
sites for methylation (6, 9). Methylation at these sites has
been linked to both transcriptional activation and repression,
as well as DNA-damage response (6, /0), demonstrating a
widespread role for histone methylation in various aspects
of chromatin biology. Histone lysine residues can be me-
thylated in three different modes, i.e., mono-, di-, or tri-
methylation. These differentially methylated lysine residues
could serve as docking sites for different effector proteins
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and/or platforms for chromatin modifiers including histone
methylases, deacetylases, or remodeling activities, which then
could result in potentially diverse functional outcomes (/7).
Arginine residues within the tails of histones H3 (R2, R17,
R26) and H4 (R3) can also be methylated, and this generally
leads to transcriptional activation (72).

Although some histone modifications, such as acetylation,
phosphorylation, and ubiquitination, are highly dynamic,
histone methylation had been regarded as irreversible.
However, the recent discovery of several histone demethy-
lases which can reverse methylation of arginine and lysine
residues has altered this view of histone methylation (71,
13—17). PAD4/PADI4 was the first reported histone arginine
demethylase that demethyliminates monomethylarginine to
produce citrulline (/3, /4). Human lysine-specific demethy-
lase 1 (HsLSDI), also known as KIAAO0601, has been
recently identified as the first histone demethylase that
specifically acts on mono- and dimethylated Lys4 of histone
H3 (H3K4mel and H3K4me2, respectively) in a flavin
adenine dinucleotide (FAD) dependent oxidative reaction
(15). More recently, a new family of histone demethylases
has been discovered which contains a jumonji C domain
capable of removing methyl groups on lysine residues by
hydroxylation-based demethylation (17, 16, 17).

! Abbreviations: H3K4, Lys4 of histone 3; HsLSD1, human lysine-
specific demethylase 1; H3K4mel, monomethylated H3K4; H3K4me2,
dimethylated H3K4; FLC, flowering locus C; FLD, flowering locus
D; H3K4me1-S10pho, monomethylated Lys4 and phosphorylated Ser10
of H3; AtLSDI1, Arabidopsis thaliana lysine-specific demethylase 1;
FAD, flavin adenine dinucleotide; ZmPAO, Zea mays polyamine
oxidase; IPTG, isopropyl f-D-thiogalactoside.
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HsLSDI comprises an N-terminal SWIRM domain and a
C-terminal flavin domain which displays homology with
members of the amine oxidase family (/5). The HsLSD1-
catalyzed reaction regenerates the methyl-free lysine with
concomitant release of formaldehyde and H,O,. HSLSD1 has
been found in association with the corepressor protein
CoREST, the histone deacetylases 1 and 2, the PHD-domain-
containing protein BHC80, and the HMG-domain-containing
protein BRAF35, among others (/8-20), and recent studies
suggest that its specificity and activity can be modulated by
its interacting factors (/9-217). However, the molecular
mechanism by which this regulation is achieved still remains
unclear. The crystal structure of HSLSD1, determined in free
form or in complex with an HsLSD1-stimulatory domain of
human CoREST and substrate-like peptide inhibitors, pro-
vided the structural framework to explain its catalytic
properties and the active role of CoREST in substrate
recognition (22—27). Furthermore, mutagenesis studies showed
that DNA binding by the CoREST domain is crucial for the
demethylation of H3K4 within nucleosomes by the HSLSD1—
CoREST complex (24). Biochemical assays have also shown
that HsLSD1 is able to “read and interpret” the histone code
discriminating between peptides bearing different covalent
modifications (5, 28).

In plants, little is known about histone tail modifications
in general and about histone methylation/demethylation
processes in particular. Available data provide evidence that
Arabidopsis euchromatin, in general, is enriched in H3K4me2,
while heterochromatin is depleted in H3K4me?2 but enriched
in H3K9me?2 (29, 30). Furthermore, it has been demonstrated
that the acceleration of flowering by prolonged cold, a
process called vernalization, causes changes in histone
methylation in discrete domains within a negative regulator
of flowering, the flowering locus C (FLC), increasing H3K9
and H3K27 dimethylation and decreasing H3K4 dimethy-
lation (37). On the other hand, it has been shown that an
Arabidopsis homologue of HSLSD1, termed flowering locus
D (FLD) and shown to interact with a plant-specific C2H2
zinc finger-SET domain protein (32), represses the FLC by
histone deacetylation (33).

In plants, despite the growing information available on
histone methylation, the existence of an enzyme which is
able to revert histone methylation has not been demonstrated
yet. Here, we report the first biochemical characterization
of a plant lysine-specific histone demethylase. More specif-
ically, a lysine-specific histone demethylase from Arabidopsis
thaliana homologous to HSLSD1 was expressed in a bacterial
heterologous system, and the catalytic properties of the
recombinant enzyme were determined. The three-dimensional
structure of this Arabidopsis histone demethylase was also
modeled using the HSLSDI crystal structure as a template
and analyzed in comparison with the human orthologue.

MATERIALS AND METHODS

Materials. 4-Aminoantipyrine, 3,5-dichloro-2-hydroxyben-
zenesulfonic acid, and horseradish peroxidase were pur-
chased from Sigma-Aldrich-Fluka. Restriction and DNA-
modifying enzymes were purchased from New England
Biolabs, Invitrogen, Stratagene, and Promega. The synthetic
human histone H3 peptides with specific modifications
H3K4mel (1-21 aa), monomethylated Lys4 and phospho-
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rylated Serl0 (H3K4mel-S10pho) (1-21 aa), H3K4me2
(1-21 aa), H3K9me?2 (1-21 aa), and H3K27me2 (21-44 aa)
were purchased from Upstate Group Inc. or synthesized by
Thermo Scientific. Recombinant HsLSD1 was kindly pro-
vided by Prof. Andrea Mattevi and Dr. Claudia Binda
(University of Pavia, Italy).

Sequence Analysis and cDNA Acquisition. EST database
searches were performed using the basic local alignment
search tool (BLAST) (34). Multiple sequence alignment of
the amino acid sequences was done using the program
CLUSTAL W (35). The cDNA encoding for the putative A.
thaliana histone demethylase (A7LSD1; At1g62830; GenBank
accession number NM_104961) was obtained from the DNA
Stock Center of the Arabidopsis Biological Resource Centre
(U21563 clone) and completely sequenced to exclude
sequence changes compared to the corresponding A. thaliana
genomic sequence.

Expression of Recombinant AtLSD1 in Escherichia coli.
The pET17b vector (Novagen) was used to construct an
AtLSD] prokaryotic expression system. To clone AtLSD]
cDNA between restriction sites Xbal and Xhol of this
vector, the whole coding region of the AtfLSDI cDNA was
amplified using the U21563 clone (Arabidopsis Biological
Resource Center) as a template and the sequence-specific
oligonucleotides AtLSDIforl (5-GTCTAGAAATAATTT-
TGTTTAACTTTAAGAAGGAGATATACATATGTCA-
ACAGAGACTAAAGAAACCCGACCC-3")/AtLSDIrevl
(5’-GCTCGAGCTAGTGGTGGTGGTGGTGGTGTCCTCC-
ATCAAAGATCTGTCGATTCAGTC TTGCAGC-3"). The
underlined regions in AtLSDIforl and AtLSDIrev] oligonucle-
otides indicate Xbal and Xhol restriction sites, respectively. The
AtLSDIrevl primer was designed to insert the coding sequence
for two Gly residues and a 6-His tag prior to the stop codon of
the A7LSDI cDNA. The amplified A7LSDI cDNA was sub-
cloned into the pDrive vector (Qiagen), completely sequenced,
and then cloned in the pET17b plasmid yielding the construct
AtLSDI1-pET17b. This plasmid was then used to transform E.
coli BL21 (DE3) cells. Expression of recombinant AtLSD1 was
induced by 0.4 mM isopropyl f-D-thiogalactoside (IPTG) at
25 °C for 5 h. Cells were resuspended in extraction buffer [50
mM Tris-HCI, pH 8.0, 0.1 M NaCl, 10% (v/v) glycerol, | mM
phenylmethanesulfonyl fluoride] and disrupted by sonication.
After centrifugation at 13000g for 30 min at 4 °C, the clear
supernatant (bacterial extract) containing the soluble proteins
was either analyzed for recombinant protein accumulation by
immunoblotting or further processed for recombinant protein
purification.

Purification of Recombinant AtLSDI from Bacterial
Extracts. Recombinant AtLSD1 was purified from bacterial
extracts by affinity chromatography. In detail, bacterial
extracts were applied to a Ni?>*-charged resin (Amersham
Biosciences) equilibrated in extraction buffer. The resin was
washed first with extraction buffer and then with 50 mM
Tris-HCI, pH 8.0, 50 mM NaCl, and 10% (v/v) glycerol.
The protein was eluted with 50 mM Tris-HCI, pH 8.0, 50
mM NaCl, 10% (v/v) glycerol, and 100 mM imidazole. The
fractions enriched in recombinant AtLSD1 were pooled,
diluted 5-fold with 50 mM Tris-HCI, pH 8.0, and 10% (v/v)
glycerol, and chromatographed on a HiTrap heparin HP
column (Amersham Biosciences) equilibrated in 50 mM Tris-
HCI, pH 8.0, 10 mM NaCl, and 10% (v/v) glycerol. Elution
was performed with a nonlinear gradient of NaCl (50 mM—2
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M) in Tris-HCI, pH 8.0, and 10% (v/v) glycerol. AtLSD1-
containing fractions (fractions of 200 or 400 mM NaCl) were
dialyzed against 50 mM Tris-HCI, pH 8.0, and 10% (v/v)
glycerol and concentrated using centrifugal filter devices
(Millipore). Recombinant protein was quantified by absorp-
tion spectroscopy using an extinction coefficient of 10790
M~ cm™! at 458 nm (36) and stored at 4 °C. The purity of
the recombinant enzyme was determined by SDS—PAGE
analysis and by the ratio Asgp/Aass, which was about 10. Using
this two-step purification protocol, a yield of 1 mg/L of
culture has been obtained.

CD Spectroscopy. CD spectra were recorded at 25 °C
using a Jasco J-600 spectropolarimeter and quartz cells
having 0.05 cm path length. Recombinant AtLSD1 was at a
concentration of 0.3 mg/mL in 15 mM Tris-HCI] and 3%
(v/v) glycerol, pH 8.0. Instrumental ellipticity was converted
into mean residue molar ellipticity [6] (deg cm? dmol ™) after
spectrophotometric determination of the protein concentra-
tion. For each sample, nine CD spectra in the far-UV region
(198-250 nm) were recorded and averaged. Secondary
structures were estimated by using CONTIN, K2D, and
SELCON3 algorithms provided by the free software Dicro-
prot2000 (37).

Determination of AtLSD1 and HsLSD1 Catalytic Param-
eters. The catalytic parameters (K, and k) of recombinant
AtLSD1 and HsLSD1 were determined using about 2.0 uM
purified protein in a 300 uL reaction volume by following
spectrophotometrically the formation of a pink adduct (es;5s
=26 x 10* M™" cm™), as a result of oxidation of
4-aminoantipyrine and 3,5-dichloro-2-hydroxybenzenesulfon-
ic acid catalyzed by horseradish peroxidase in 50 mM Tris-
HCI and 30% glycerol, pH 8.0 (except as otherwise
indicated) at 25 °C (5, 36, 38). k.y values were calculated
using saturating concentrations of methylated H3K4 peptides
(147 uM) and keeping the O, concentration constant at the
air-saturated level (apparent k.. K, values were determined
from Michaelis—Menten plots using variable concentrations
of peptides (2-147 uM) and a constant O, concentration at
the air-saturated level (apparent Ki,).

Demethylation Assay by Western Blot Analysis. H3K4met2
peptide (0.29 mM) was incubated with purified recombinant
AtLSD1 (0.02 mM) in 50 mM Tris-HCI, pH 8.0, and 30%
(v/v) glycerol for 2 h at room temperature. The demethylase
activity of AtLSD1 was evaluated by Western blot analysis
using an anti-H3K4met2 (Upstate Group Inc.) methylation-
specific antibody.

Demethylation Assay by Matrix-Assisted Laser Desorp-
tion/lonization (MALDI) Mass Spectrometry. H3K4mel,
H3K4me2, H3K9me?2, and H3K27me2 peptides at a con-
centration of 0.2 mM were incubated with purified recom-
binant AtLSD1 (0.02 mM) in 50 mM Tris-HC, pH 8.0, and
10% (v/v) glycerol for 4 h at room temperature. An aliquot
of each sample (1 uL) was mixed with the a-cyano-4-
hydroxy-trans-cinnamic acid matrix solution (10 mg/mL in
70% acetonitrile containing 0.2% trifluoroacetic acid) in
different ratios (1:3, 1:5, 1:10); 1 uL of each mixture was
deposited onto a MALDI target plate and allowed to dry on
air. MALDI-TOF MS analyses were performed in a Voyager-
DE STR instrument (Applied Biosystems, Framingham, MA)
equipped with a 337 nm nitrogen laser and operating in
reflector mode. Mass data were obtained by accumulating
spectra from 200 laser shots with an accelerating voltage of
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20 kV. All mass spectra were externally calibrated using a
standard peptide mixture (Sequizyme; Applied Biosystems).

SDS—PAGE and Western Blot Analysis. SDS—PAGE was
carried out according to the method of Laemmli (39).
Recombinant AtLSD1 from bacterial extracts was subjected
to SDS—PAGE (10% polyacrylamide) and analyzed either
by staining with Coomassie Brilliant Blue or by Western
blot using a mouse anti-6-His monoclonal antibody (Sigma-
Aldrich-Fluka) and a rabbit anti-mouse antibody coupled to
horseradish peroxidase (Amersham Biosciences). In the latter
case, proteins were transferred to a nitrocellulose membrane
(Schleicher & Schuell) using a Mini Trans-Blot apparatus
(Bio-Rad), following the manufacturers’ instructions. For
Western blot analysis of the H3K4me?2 peptide, proteins were
separated by SDS—PAGE (15% polyacrylamide), electro-
phoretically transferred to a polyvinylidene difluoride (PVDF)
membrane (Immobilon PSQ; Millipore) at 150 mA for 45
min, and incubated first with a rabbit anti-H3K4me2 me-
thylation-specific antibody (Upstate Group Inc.) and then
with a goat anti-rabbit antibody coupled to horseradish
peroxidase (Vector Laboratories, Inc.). The detection of the
labeled proteins was done with a chemiluminescence kit
(Boehringer-Mannheim).

DNA Sequencing. DNA sequencing was performed on
double-stranded plasmid DNA using the automated fluores-
cent dye terminator technique (Perkin-Elmer ABI model
373A).

Semiquantitative RT-PCR Analysis of Lysine-Specific Hi-
stone Demethylase Genes in Various Arabidopsis Organs.
Total RNA was isolated from various plant organs (rosette
leaves, cauline leaves, stems, inflorescences, silique, and
roots) of A. thaliana (ecotype Columbia) plants using
TRIZOL reagent (Invitrogen) and/or the RNeasy Mini kit
(Qiagen) according to the manufacturers’ instructions. To
extract total RNA from the silique, a method modified from
the RNeasy Mini kit was used (40). RNA samples were
treated with RNase-free DNase I (Invitrogen) to avoid
amplification from genomic DNA. The first cDNA strand
was synthesized from total RNA using the SuperScript III
first-strand synthesis system for RT-PCR (Invitrogen) and
random primers. Aliquots of reverse-transcribed RNA were
amplified by 25, 28, 30, 35, or 40 PCR cycles (denaturation
at 94 °C for 1 min, annealing at 58 °C for 30 s, and extension
at 72 °C for 1 min) using gene-specific primers. The AtLSDI-
specific primers were AtLSDIfor2 (5S-CAACAGAGACT-
AAAGAAACCCGACC-3") and AtLSDIrev2 (5-CGGCG-
GTTTCTTGAGAAAGCTGGG-3"); the AtLSD2-specific
primers were AtLSD2for (5-CCGAGGAGGAACAGGAG-
AAAAGTAAG-3") and AtLSD2rev (5'-AGTACCCTCTT-
CAGGAATATAAGGAGCAA); the AtLSD3-specific prim-
ers were AtLSD3for (5-GCACCAAAGAAACGAAGGAGA-
GGACG-3’) and AtLSD3rev (5'-GCCGAATCTAAGAGAC-
TACTACAATGTTTAGGAATC-3"); the AtLSD4-specific
primers were AtLSD4for (5'-CAGCGCCAGGGTTTTTCT-
GTAACC-3’) and AtLSD4rev (5-TCTCAGCCGTTGAAG-
GCCATATTCT-3"). PCR amplification was carried out with
the BIOTAQ DNA polymerase (Bioline) in an iCycler
thermal cycler (Bio-Rad). To confirm equal amounts of RNA
among the various samples, UBQS5 expression was used using
the gene-specific primers UBQS5for (5-GGAAGAAGAA-
GACTTACACC-3") and UBQ5rev (5'-AGTCCACACTTA-
CCACAGTA-3’). Results at the exponential phase (usually
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at 28 cycles for AtLSD1, AtLSD2, and AtLSD3, at 30 cycles
for AtLSD4, and at 25 cycles for UBQ5) were analyzed.

Molecular Modeling and Structure Analysis. The three-
dimensional structure of AtLSD1 was homology modeled
using the structure of HsLSD1 as a template [PDB code
2IWS5 (24)]. In detail, a PSI-BLAST (34) search on the
nonredundant sequence database was carried out to retrieve
amino acid sequences displaying significant similarity to
AtLSDI1. The best 18 sequences, which included the tem-
plate HSLSD1 sequence, were then subjected to a multiple
alignment procedure using CLUSTAL W (35). From the
multiple alignment obtained with this procedure a pairwise
alignment between AtLSD1 and HsLSD1 was extracted and
used for the homology modeling procedure. The AtLSDI1
model was then built using the program NEST, a software
to build protein models based on a given alignment between
query sequence and template which uses an artificial evolu-
tion method (47). The NEST option —tune 2 was used to
refine the alignment, avoiding the unlikely occurrence of
insertions and deletions within template secondary structure
elements. The quality of the final AtLSD1 model was then
probed using the program PROCHECK (42). The overall
G-value of the model resulted in being —0.22, well above
the PROCHECK threshold of —0.5 for good quality models.
The complex between AtLSD1 and a substrate-like peptide
inhibitor was modeled by superimposition of the three-
dimensional model of AtLSD1 with the three-dimensional
structure of the complex formed by HSLSD1 with the peptide
inhibitor [PDB code 2V1D (26)]. Surface electrostatic
potential of AtLSD1 and HSLSD1 was calculated using the
DelPhi program (43) and visualized using Chimera (44). In
detail, hydrogen atoms were added to the structures using
the routine HBUILD of the CHARMM package (45) and
the CHARMMZ27 parameters and force field (46). Structures
were then stereochemically regularized by energy minimiza-
tion, applying a harmonic force of 10 kcal/mol to non-
hydrogen atoms. In the DelPhi calculations, values of 2 and
80 were used for the dielectric constant of the protein interior
and solvent, respectively. The ionic strength value was set
to 0.05 M.

RESULTS

Description of a Lysine-Specific Histone Demethylase
Gene Family in A. thaliana. A search of the A. thaliana
genome database using the amino acid sequence of Zea mays
polyamine oxidase (ZmPAO) revealed the presence of five
cDNAs encoding for putative PAOs (47), plus four additional
ones (At1g62830, At3g13682, At3g10390, At4g16310) coding
for proteins bearing a flavin amine oxidase domain signature
together with a SWIRM domain (Figure 1) (15, 32). The
latter proteins display 26—30% sequence homology with
HsLSD1, which is also known to possess both a flavin amine
oxidase domain and a SWIRM domain and which specifically
demethylates histone H3K4mel and H3K4me?2 (5, 15). Thus,
it was hypothesized that these four A. thaliana cDNAs also
encode for lysine-specific histone demethylases, and they
were termed AtLSD1 (A. thaliana lysine-specific demethylase
1), AtLSD2, AtLSD3, and AtLSD4, respectively. Interestingly,
despite the high sequence homology with HsLSD1, the amino
acid sequence homology of the four AtLSDs with the two
yeast demethylases [SWIRM1 and SWIRM2 (48)], for
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which, however, histone demethylase activity has not yet
been demonstrated, is very low (11-18%). AtLSD1, AtLSD2,
and AtLSD3 display a fairly high overall sequence homology
with each other (48-52%) and with AtLSD4 (25%-30%),
which extends to both the amine oxidase and the SWIRM
domains (Figure 1B).

To determine the possible subcellular localization of
the four putative Arabidopsis histone demethylases, the
amino acid sequences were analyzed using PSORT
(www.psort.ims.u-tokio.ac.jp). This analysis predicted the
presence of a nuclear localization signal at positions
517-534 of the AtLSD1 amino acid sequence, suggesting
sorting to the nucleus similarly to HSLSD1 (49). This has
been recently confirmed by transient expression studies
of AtLSDI tagged with green fluorescent protein (32).
Nuclear localization was predicted also for AtLSD2 and
AtLSD4, while mitochondrial/chloroplastic localization
was predicted for AtLSD3. Furthermore, analysis of the
amino acid sequence of the four AtLSDs for the presence
of specific sequence motifs did not evidence the presence
of HMG DNA-binding domains, as has been shown for
the two yeast demethylases (48).

The expression pattern of the AtLSD gene family in
different Arabidopsis organs (rosette and cauline leaves,
stem, flowers, roots, and siliques) was also analyzed by
semiquantitative RT-PCR using gene-specific primers
(Figure 2). This analysis showed that the AtLSDI1
transcript is present at similar levels in all tested organs,
even though expression levels were expected to be higher
in the flowers than in the other tissues considering the
proposed role of chromatin remodeling enzymes in
flowering control (50). Similar results were obtained also
for AtLSD2, AtLSD3, and AtLSD4 transcripts (Figure 2).
These data are in agreement with microarray data obtained
from the A. thaliana database (Genevestigator expression
analysis), which, however, demonstrate the differential
expression pattern in specific parts or at specific devel-
opmental stages of the various organs, as, for example,
in the shoot apex during transition from the vegetative to
the inflorescence state.

Heterologous Expression and Biochemical Characteriza-
tion of AtLSD1 in E. coli. To verify whether the A7zLSD gene
family encodes for proteins with a lysine-specific histone
demethylase activity, heterologous expression of AtLSDI,
chosen as representative member of the family, in E. coli
was attempted using the pET17b vector which guides
cytoplasmic expression of recombinant proteins. To facilitate
purification of the recombinant protein, a sequence encoding
for a 6-His tag was added at the 3" terminus of the ArLSD1
cDNA in the At1LSDI-pET17b plasmid. Western blot analysis
using an anti-6-His tag antibody of bacteria transformed with
AtLSDI1-pET17b plasmid and treated with IPTG confirmed
recombinant AtLSD1 accumulation in the soluble bacterial
extracts (data not shown).

To purify the recombinant AtLSD1, affinity chromatog-
raphy on a resin charged with Ni** was performed, which,
however, was not sufficient to purify the recombinant protein
to electrophoretic homogeneity (Figure 3). Thus, the pooled
elution fractions from the Ni?* resin were further chromato-
graphed on a HiTrap heparin HP column from which the
protein was recovered at a homogeneity greater than 95%
(Figure 3). The purified protein displayed the characteristic
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FIGURE 1: AtLSDs, HsLSD1, and ZmPAO sequence comparison. (A) Amino acid sequence alignment of AtLSD1 and HsLSD1. Strictly
conserved residues are indicated by blue boxes. Red lines above the alignment indicate the SWIRM domain, green lines indicate the amine
oxidase domain, and yellow lines indicate the Tower domain. (B) Schematic representation of the various domains of AtLSD1 (At1g62830;
GenBank accession number NM_104961), AtLSD2 (At3g13682; GenBank accession number NM_112218), AtLSD3 (At3g10390; FLD;
GenBank accession number NM_111874), AtLSD4 (At4g16310; GenBank accession number NM_117726), HsLSD1 (GenBank accession
number NM_015013), and ZmPAO (GenBank accession number AJ002204). Red boxes indicate the SWIRM domains, green boxes indicate
the amine oxidase domains, and yellow boxes the Tower domain. Numbers indicate the percentage of amino acid sequence homology, as
a whole or by domain, of the various proteins with respect to AtLSDI.

UV-visible spectrum of the oxidized flavoproteins with three molecular mass expected for the recombinant protein from
absorbance peaks at 280, 380, and 460 nm (data not shown) amino acid sequence analysis. Precipitation of purified
and an apparent molecular mass of 94 kDa (Figure 3), the AtLSD1 with trichloroacetic acid resulted in the release of
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AtLSD1

AtLSD2

AtLSD3

AtLSD4

uBQSs

FIGURE 2: Expression pattern of AtLSDI, AtLSD2, AtLSD3, and
AtLSD4 in various Arabidopsis organs. The expression of the four
AtLSD genes in various Arabidopsis organs (rosette and cauline
leaves, stems, flowers, roots, and siliques) was analyzed by semi-
quantitative RT-PCR using gene-specific primers. UBQS5 expres-
sion was used to confirm an equal amount of RNA among the
various samples. Results at the exponential phase (at 28 cycles for
AtLSDI1, AtLSD2, and AtLSD3, at 30 cycles for AtLSD4, and at 25
cycles for UBQS5) are shown.

the cofactor into the supernatant, indicating noncovalent
binding to the protein.

Purified recombinant AtLSD1 was tested for its ability to
oxidize various methylated H3 peptides and various polyamines
using a peroxidase-coupled assay to quantify H,O, levels (5,
36, 38). The results evidenced that, similarly to HsLSDI,
the recombinant enzyme is able to demethylate H3K4me?2
and H3K4mel peptides, the specific activity with the
H3K4me?2 peptide being higher than that with the H3K4mel
peptide (Table 1). Furthermore, the results also showed that
AtLSD1 is not able to oxidize either the H3K9me2 and
H3K27me?2 peptides or the common polyamines spermine,
spermidine, and putrescine. The ability of recombinant
AtLSDI to demethylate the H3K4me2 peptide was also
analyzed by a Western blot based assay using an anti-
H3K4me2 methylation-specific antibody to detect the di-
methylation status of the peptide (/5). This analysis con-
firmed that the recombinant protein efficiently reduces the
dimethylation level of the H3K4me?2 peptide (Figure 4).
Demethylase activity of AtLSD1 was further confirmed by
mass spectrometry analysis. Demethylation of the H3K4mel
and H3K4me?2 peptides by AtLSDI1 is expected to regenerate
the unmodified peptide with the net loss of 14 and 28 Da,
respectively, corresponding to the molecular mass of one or
two CH; group(s). The H3K4mel, H3K4me2, H3K9me2,
and H3K27me?2 peptides were incubated with purified recom-
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kDa S

66.2

45.0

35.0

FIGURE 3: Purification of recombinant AtLSD1 expressed in
bacteria. Analysis of representative protein samples from each stage
of the purification protocol by SDS—PAGE (10% polyacrylamide).
Key: B, crude bacterial extract; N, pooled elution fractions from
the Ni?*-charged resin; H, pooled elution fractions from the HiTrap
heparin HP column; M, molecular mass marker.

Table 1: Kinetic Constants for the Demethylation of H3 Peptides by
Recombinant AtLSD1 and HsLSD1

peptide kear (min™1H)¢ Km (uM)*

AtLSDI1

H3K4mel 0.50 & 0.06 89 +£0.8

H3K4me2 0.68 + 0.08 10.7 +£ 0.6

H3K4me2 in 10% glycerol” 0.34 4+ 0.08 128 + 1.0

H3K4mel-S10pho no activity no activity
HsLSD1—CoREST

H3K4mel 6.50 £ 0.60 6.1 0.6

“ Enzymatic activity of recombinant AtLSD1 and of recombinant
HsLSD1 in complex with COREST (HsSLSD1—CoREST) was determined in
50 mM Tris-HCl and 30% glycerol, pH 8.0, using a constant O, concen-
tration at the air-saturated level and a peptide concentration either saturating
(147 uM for apparent ke, determination) or varying between 2 and 147
uM (for apparent K, determination). Data are the mean + SEM of at
least three independent experiments. ” The assay was performed in 50
mM Tris-HCI and 10% glycerol, pH 8.0. Similar results were obtained
in the absence of glycerol.

AtLSD1 - +
H3K4me?2 + +

FIGURE 4: Demethylation of H3K4me2 peptide by recombinant
AtLSD1. H3K4me? peptide was incubated for 2 h with recombinant
AtLSDI and analyzed by Western blot using an anti-H3K4me?2
methylation-specific antibody.

binant AtLSDI1 or buffer, and the reaction mixtures were
analyzed by mass spectrometry. In the absence of AtLSDI,
the H3K4mel and H3K4me?2 peptides display molecular
masses of 2268 and 2282, respectively, as expected for these
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FIGURE 5: Mass spectrometry analysis of methylated H3 peptides after incubation with recombinant AtLSD1. H3K4mel and H3K4me?2
(panel A), H3K9me2 (panel B), and H3K27me?2 (panel C) peptides were incubated for 4 h with buffer or purified recombinant AtLSDI1,
and reaction mixtures were analysed by mass spectrometry.

peptides (Figure 5, panel A). In the presence of AtLSD1 for 2254, which well corresponds to the molecular mass of the
both peptides a new peak appeared at a molecular mass of demethylated peptide (Figure 5, panel A). On the contrary,
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the peaks corresponding to the H3K9me2 and H3K27me?2
peptides were found to be unaffected by incubation with
recombinant AtLSD1 (Figure 5, panels B and C).

The activity of the recombinant enzyme with the H3K4me?2
and H3K4mel peptides was shown to be higher at pH 8.0
than at pH 6.0 or at pH 9.0 (data not shown) and to increase
at higher glycerol concentrations (50% increase in the
presence of 30% glycerol as compared to that in the presence
of 0-10% glycerol) (Table 1). Interestingly, k., values of
AtLSD1 were shown to be about 10-fold lower than that of
HsLSD1 in free form (5) or in complex with CoREST
(present study and ref 26) (Table 1). Misfolding of the
recombinant protein can be excluded on the basis of CD
spectroscopy analysis, which indicated a high secondary
structure content, the a-helix/ sheet percentage being
38—44% as calculated using CONTIN (57), K2D (52), or
SELCON3 (53) methods. AtLSD1 catalytic activity resulted
strongly inhibited in the presence of 50 mM KCI (50%
inhibition) or MgCl, (75% inhibition), which suggests that
electrostatic interactions are an important factor in AtLSD1
catalytic activity, as has been also demonstrated for HsSLSD1
(5). Furthermore, phosphorylation of the H3Ser10 residue
totally abolished the AtLSD1 demethylase activity toward
the H3K4mel peptide, as shown by the lack of any detectable
activity of recombinant AtLSD1 toward the H3K4mel-
Ser10pho peptide (Table 1).

Comparative Analysis of the Three-Dimensional Structure
of AtLSD]. Figure 6 shows the three-dimensional structure
of AtLSDI1 modeled using the HSLSD1 crystal structure as
a template [PDB code 2IW5 (24)]. As already predicted on
the basis of the amino acid sequence alignment (Figure 1),
the most striking difference between the two proteins is the
almost complete absence of the Tower domain in AtLSD].
On the other hand, comparative analysis of the active site
structures of AtLSD1 and HsLSDI reveals a high degree of
conservation of the residues building up the site, major
substitutions in AtLSD1 being only Ser for Met332, Tyr for
Trp695, and Tyr for Phe538 (Figure 7). However, none of
these residues are involved in direct contacts with the
substrate-like pLys4Met peptide inhibitor in HSLSD1 (26).
In addition, modeling of the complex formed between
AtLSD1 and this substrate-like peptide inhibitor, modeled
by superimposition of the three-dimensional model of
AtLSDI1 with the three-dimensional structure of the complex
formed by HSLSD1 with the peptide inhibitor [PDB code
2V1D (26)], highlights the strict conservation of the complex
network of interactions observed between the peptide inhibi-
tor and HsLSD1 (Figure 7). In particular, the acidic patch
formed by Asp375, Glu379, and the carbonyl group of
Cys360, which in HsLSD1 interacts with the peptide pArg8
residue, is strictly conserved in AtLSDI (residues Asp367,
Glu371, and Cys352). Strict conservation is also observed
for residues Asp553 and Asp556 of HsLSD1 which bind the
peptide pArg2 residue (Asp446 and Asp449 of AtLSDI).
In addition, several hydrogen bonds which stabilize the
HsLSD1 complex with the substrate-like peptide inhibitor
are also conserved in the modeled AtLSD1 complex: (1) the
hydrogen bond between Asn383 (Asn375 in AtLSD1) and
the backbone nitrogen atoms of pThrl1 and pGly12; (2) the
hydrogen bond between His564 (His457 in AtLSDI1) and
the Oy atom of pThr6; (3) the hydrogen bonds between
the backbone nitrogen of pAlal and Asn540 side-
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chain carbonyl group and Ala539 backbone carbonyl group
(Asn433 and Ala432 in AtLSD1). Finally, it is also conserved
in the HSLSD1 Tyr761 residue (Tyr650 in AtLSD1) which
interacts with the pMet4 residue of the substrate-like inhibi-
tor, the latter residue mimicking the dimethylated Lys4 of
the histone H3 tail (Figure 7) (26).

Analysis of the surface electrostatic potential of AtLSDI1
as compared to that of HSLSD1 evidenced a higher negative
character of both the active site region and the SWIRM
domain (Figure 6). This feature, together with the absence
of the HsLSD1 Tower domain, is probably related to the
interaction of AtLSD1 with different molecular partners. As
a matter of fact, a BLAST search using human CoREST as
a bait did not retrieve any protein in the A. thaliana genome
displaying significant similarity with CoREST.

DISCUSSION

In the present study it was demonstrated that AtLSD1 is
a lysine-specific histone demethylase with a substrate
specificity similar to that of HsLSDI1. In particular, recom-
binant AtLSDI is able to specifically demethylate H3K4me2
and H3K4mel peptides, whereas it shows no activity toward
H3K9me2 and H3K27me?2 peptides and polyamines. Data
presented in this paper represent the first demonstration that
also in plants histone methylation is a reversible process.
This is an important finding considering that in plants histone
modifications are involved in key developmental processes,
such as the transition from the vegetative to the reproductive
stage (50), and will probably contribute to get a better
understanding of the underlying mechanism(s). In a recently
published study (32), the authors failed to detect demethylase
activity of their recombinant AtLSDI1. In the light of the
results described in this paper, it must be concluded that this
may be due to instability and/or incorrect folding of the
recombinant protein under their experimental conditions.
Indeed, we have observed that AtLSDI catalytic activity
resulted greatly enhanced in the presence of increasing
amounts of glycerol.

A comparative analysis of the AtLSDI1 and the HSLSD1
amino acid sequence and three-dimensional structure showed
a high degree of conservation of the residues building up
the active site and interacting with the pLys4Met peptide
inhibitor. This is in line with the observation that the ionic
strength influences the catalytic activity of both the human
and the plant enzymes, which suggests that electrostatic
interactions are an important factor in the catalytic activity
of both enzymes. Similarly, phosphorylation of the H3Ser10
residue, another important epigenetic mark, totally abolishes
the demethylase activity toward the H3K4mel peptide of
both AtLSDI1 and HsLSDI, probably due to unfavorable
electrostatic interactions which make the peptide unable to
bind the enzymes in a productive way (5). These data suggest
that, similarly to the human demethylase, AtLSDI is able
to “read” different epigenetic marks on the histone N-terminal
tail, a finding which may have an important biological
significance.

A prominent difference between AtLSD1 and HsLSD1 is
the lack of the HSLSD1 Tower domain in the AtLSDI. This
domain has been shown to be crucial for the histone
demethylase activity of HSLSD1 (22, 23) and to be involved
in HSLSD1—CoREST complex formation (23, 24), which
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FIGURE 6: Schematic representation of the modeled three-dimensional structure of AtLSDI1 (A) and of the crystal structure of HsLSD1
[PDB code 2IWS5 (24)] (B). The FAD cofactor is shown in green to identify the active site region. Surface electrostatic potential contoured
at +10 kT/e (blue) and —10 kT/e (red) is shown on the right panel. White circles highlight differences in the surface electrostatic potential

between the two proteins.

in turn has been shown to stimulate the demethylase activity
of HSLSD1 toward nucleosomes (/9, 20). In the case of
AtLSD1, despite the lack of the Tower domain, a lysine-
specific histone demethylase activity has been demonstrated.
However, AtLSDI and HsLSD1 differ significantly from
each other in catalytic efficiency. In particular, AtLSDI1
displays a turnover rate 10-fold lower than that of HSLSDI.

From this viewpoint it must be noted that a Towerless mutant
of HSLSD1 has been shown to have a greatly reduced
catalytic activity (approximately 0—-10% as compared to the
wild-type enzyme) (22, 23), indicating that the Tower domain
may be involved in the structural organization of the active
site. These data suggest that small structural differences in
the active site of AtLSD1 due to the lack of the Tower
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Trp695 ﬁ
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FIGURE 7: Schematic view of the complex formed by HsLSD1 with the substrate-like pLys4Met peptide inhibitor [PDB code 2V1D (26)].
HsLSDI1 and peptide inhibitor residues contributing to the complex formation (see text) are labeled in black and green, respectively. For
reasons of clarity, carbon atoms of HSLSD1 are colored in orange and those of the peptide inhibitor in green. Active site HsSLSDI1 residues
nonconserved in AtLSDI (substitutions being Met332Ser, Phe538Tyr, and Trp695Tyr) are labeled in red. Note that none of the nonconserved

residues interacts with the peptide inhibitor in the HSLSD1 complex.

domain could explain the lower efficiency of this enzyme
in respect to the human orthologue. However, it is also
possible that AtLSD1 interacts in vivo with other proteins,
as some recent data indicate (32), which may affect its
catalytic properties and increase its efficiency. Functional
partners of AtLSD1 seem to be different from those of
HsLSDI1. This is supported not only by the absence in the
former protein of the Tower domain but also by a peculiar
electrostatic potential distribution of the SWIRM molecular
surface. In addition, the sequence similarity search using
CoREST as a bait does not retrieve any protein in the A.
thaliana genome which displays a significant sequence
similarity with CoREST, ruling out the possibility that
AtLSD1 interacts with CoREST-like macromolecules.

The issue regarding functional roles/partners of proteins
belonging to the LSDI1 family is further complicated by
recently published data (54) which demonstrate that HsSLSD1
interacts with p53 to repress p53-mediated transcriptional
activation and to inhibit the role of p53 in promoting
apoptosis through demethylation of residue Lys370, a residue
located in the C-terminal region of p53. However, p53
C-terminal tail does not display a significant sequence
homology with the histone H3 N-terminal tail (data not
shown), suggesting that proteins belonging to the LSDI1
family are able to recognize various substrates, most likely
through differential molecular interactions.

Very recently it has been reported that in Arabidopsis
AtLSD1/AtLSD?2 or AtLSD3 knockout increases H3K4 meth-
ylation levels within the FLC and the FWA, whereas it does
not change H3K9 and H3K27 methylation levels (55, 56).
These data are in agreement with the specific in vitro
demethylase activity of AtLSD1 toward H3K4 demonstrated
in the present work and suggest a similar substrate specificity
in vivo. However, in another recent report, AfLSD1 knockout

has been shown not to change the H3K4 methylation level
within the FLC but to reduce that at H3K9 and H3K27 (32).
The reason for such different results is not known, but it
may reside in the fact that knockout of the various AtLSDs
most probably interferes with the activity of other histone-
modifying enzymes, since these have been shown to par-
ticipate in multiprotein complexes in which they function in
a coordinated manner (57, 58). This hypothesis could also
explain the increase in the acetylation levels of H4 within
the FLC in the A7LSDI and AtLSD3 knockout Arabidopsis
mutants (32, 33).

In conclusion, data presented in this paper demonstrate
that AtLSD1 is a lysine-specific demethylase with a substrate
specificity similar to that of HSLSD1 and an almost identical
organization of the active site region. However, significant
structural differences are observed at the level of the
CoREST-interacting Tower domain of HsLSDI1, which,
together with the absence of CoREST-like proteins in the
Arabidopsis genome, indicate that the physiological function
of AtLSD1 must be dependent on the interaction with
different partners from those of HSLSD1. These observations,
together with the above cited report (54) pointing to a
multifunctional role of HSLSDI1 in lysine demethylation,
indicate that the in vivo functional role of this class of
proteins is a very complex one, depending on the interaction
with molecular partners which may differ significantly
between animal and plant lysine-specific demethylases.
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