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Human histone demethylase LSD1 is a flavin-dependent amine
oxidase that catalyzes the specific removal of methyl groups from
mono- and dimethylated Lys* of histone H3. The N-terminal tail of
H3 is subject to various covalent modifications, and a fundamental
question in LSD1 biology is how these epigenetic marks affect the
demethylase activity. We show that LSD1 does not have a strong
preference for mono- or dimethylated Lys* of H3. Substrate recog-
nition is not confined to the residues neighboring Lys*, but it
requires a sufficiently long peptide segment consisting of the N-ter-
minal 20 amino acids of H3. Electrostatic interactions are an impor-
tant factor in protein-substrate recognition, as indicated by the high
sensitivity of K, to ionic strength. We have probed LSD1 for its
ability to demethylate Lys* in presence of a second modification on
the same peptide substrate. Methylation of Lys® does not affect
enzyme catalysis. Conversely, Lys® acetylation causes an almost
6-fold increase in the K, value, whereas phosphorylation of Ser'®
totally abolishes activity. LSD1 is inhibited by a demethylated pep-
tide with an inhibition constant of 1.8 uM, suggesting that LSD1 can
bind to H3 independently of Lys* methylation. LSD1 is a chromatin-
modifying enzyme, which is able to read different epigenetic marks
on the histone N-terminal tail and can serve as a docking module for
the stabilization of the associated corepressor complex(es) on
chromatin.

Histones play a fundamental role in the control of a variety of cellular
processes, including gene expression, DNA replication, and repair. His-
tone function is modulated through covalent modifications by acetyla-
tion, methylation, ubiquitination, and sumoylation (1, 2). These modi-
fications have specific effects and act in a combinatorial manner
defining the so-called histone code (1, 3). Very recently, Shi et al. (4) and
our group (5) have reported on the discovery of the first enzyme able to
specifically demethylate Lys* of histone H3. The protein was therefore
named LSD1 (for lysine-specific demethylase; it is also known as
KIAA0601 and BHC110). The existence of histone-demethylating
enzymes has always been questioned (6, 7), and with the discovery of
LSD1, it was firmly established that histone methylation is a dynamic
process under enzymatic control similar to the other known post-trans-
lational histone modifications. LSD1 has been typically found in associ-
ation with CoREST and HDAC1/2 proteins, forming a module found in
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several multiprotein co-repressor complexes (8-11). Knock-out of
LSD1 by RNA interference was shown to cause increased levels of his-
tone methylation, resulting in the reactivation of a specific target gene
(4). It has also been shown that LSD1 is a bona fide co-repressor able to
repress a reporter gene and that this function is dependent on the dem-
ethylase activity (4). Based on sequence homology analysis, it was pre-
dicted that several histone demethylases are likely to exist in mamma-
lian and other eukaryotic organisms (4).

From a biochemical and structural standpoint, LSD1 belongs to the
class of flavin-dependent amine oxidases, which typically catalyze the
oxidation of an amine-containing substrate using molecular oxygen as
the electron acceptor (5, 12). Indeed, LSD1 catalyzes the demethylase
reaction through an oxidative process (5) (Fig. 1a). The amino group of
the methylated Lys is oxidized presumably to generate the correspond-
ing imine compound, which is subsequently hydrolyzed to produce
formaldehyde. Substrate oxidation leads to the two-electron reduction
of the protein-bound FAD cofactor, which is regenerated to its oxidized
form by molecular oxygen to produce hydrogen peroxide.

LSD1 catalyzes the specific removal of methyl groups from mono-
and dimethylated Lys® of histone H3 (H3-K4) (4, 5), although an andro-
gen receptor-controlled activity on H3-K9 has also been reported (13).
The histone H3 N-terminal tail is a region characterized by extreme
density of covalent modifications with diverse biological meanings
(reviewed in Refs. 1, 2, and 6). Among them, of special significance are
positions Lys*, Lys’, and Ser'®, which are the most extensively and
widely studied epigenetic marks of H3. Methylation of Lys* is generally
known to activate transcription, and, therefore, the demethylase activity
of LSD1 removes an activation mark. Lys’ can be either acetylated or
methylated, resulting in opposite effects; acetylation promotes forma-
tion of euchromatin, whereas methylation leads to repression of tran-
scription. Phosphorylation of Ser'® is a pivotal activating signal and
prevents the recruitment of the transcriptional repressors by methyl-
ated Lys’. A key problem is now to define the biological properties of
LSD1, especially in relation to its ability to “read and interpret” these
epigenetic marks on H3. We addressed this problem through an in vitro
study that probed human LSD1 (Fig. 2a) for its ability to act on histone
peptides bearing different covalent modifications.

EXPERIMENTAL PROCEDURES

Protein Purification—Escherichia coli cells overproducing a trun-
cated form of LSD1 lacking the N-terminal 184 amino acids (A184) were
grown as described (5). The recombinant protein was purified following
the protocol of Forneris et al. (5), modified by omitting the cation
exchange chromatography step. The purity of the protein was moni-
tored by SDS-PAGE (Fig. 2a) and UV-visible absorption spectroscopy.

> The abbreviations used are: H3-K4, Lys* of histone 3; H3, histone 3; A184, human LSD1
mutant harboring a deletion of the N-terminal 184 amino acids; Mes, 2-(N-morpho-
linoethanesulfonic acid; Taps, 3-{[2-hydroxy-1,1-bis(hydroxymethyl)ethyllamino}-1-
propanesulfonic acid.
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FIGURE 1. A, Scheme of the demethylation reac-

tion catalyzed by LSD1. B, sequence of the N-ter-
minal 30 amino acids of human H3. Lys? Lys®, and
Ser'® are highlighted. The arrows indicate the
length of the various peptides used in this work.
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The recombinant protein carries an N-terminal His, tag to facilitate
purification. Control experiments have shown that removal of the Hisg
tag by proteolysis (using TEV protease) did not alter the enzyme activity
by more than 5%. Protein aliquots were stored in 50 mm sodium phos-
phate buffer, pH 7.5, and 50% (w/v) glycerol at —80 °C. Protein concen-
trations were routinely measured by absorption spectroscopy using an
extinction coefficient of 10,790 M~ ' cm ™' at 458 nm, which was deter-
mined based on absorbance changes observed after protein denatur-
ation in 50 mm sodium phosphate buffer, pH 7.5, plus 0.3% (w/v) SDS
(14).

Activity Assays—Peptides were purchased from Thermo Electron
Corp. Their purity was greater than 90% as checked by analytical high
pressure liquid chromatography and mass spectrometry. All other
chemicals were from Sigma. Initial velocity measurements were per-
formed using a peroxidase-coupled assay, which monitors hydrogen
peroxide production (5). The time courses of the reaction were meas-
ured under aerobic conditions by using a Cary 100 UV-visible spectro-
photometer equipped with thermostated cell holder (7' = 25 °C). Reac-
tions were started by adding 2 ul of protein solution (40 uMm protein in 50
mM sodium phosphate buffer, pH 7.5, and 5% (w/v) glycerol) to reaction
mixtures (150 ul) consisting of 50 mM Hepes/NaOH buffer, pH 7.5, 0.1
mM 4-aminoantipyrine, 1 mm 3,5-dichloro-2-hydroxybenzenesulfonic
acid, 0.35 uM horseradish peroxidase, and variable concentrations
(2-100 um) of methylated H3-K4 peptide. Absorbance changes were
monitored at 515 nm, and an extinction coefficient of 26,000 M ' cm ™!
was used to calculate the initial velocity values. After visual inspection of
double reciprocal plots, which were linear, the initial velocity values,
expressed as apparent turnover values, were directly fitted to the
Michaelis-Menten equation (Fig. 2b) using Grafit (Erithacus Software),
which provides the values of apparent k_, and K, along with their
associated errors.

Effect of Ionic Strength and pH on LSD1 Activity—To evaluate the
effects of ionic strength on LSD1 activity, assays were performed by
using increasing amounts of NaCl and KCI in the reaction mixture,
starting from 1 mM up to 500 mm. In the determination of the pH
dependence of steady-state parameters, the pH range was covered using
Mes/NaOH (pH 6.5-7.0), Hepes/NaOH (7.0 - 8.0), Taps/NaOH (8.0 —
9.0) buffers at a final concentration of 50 mm. The ionic strength was
kept constant at 48 mM by the addition of an appropriate amount of
NaCl (up to 32 mm). We checked that the extinction coefficient of the
chromophore generated by the reaction did not change as a function of
pH. The k_,, and k_,,
which assumes that a given parameter (P) decreases at low and high pH
to a 0 value as groups with pK,; and pK,, dissociate (15): log P = log
P,.. —log(l+ 10®Kazr = PH) 4 1PKaz + pKaz — 2pH)).

/K, data were best fit to the following equation,
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Inhibition Studies—LSD1 inhibitors were tested by using the perox-
idase-coupled assay in the presence of varied concentrations (2—-100
uM) of methylated H3-K4 peptides and of the inhibitor under analysis
(global range 1-300 uM, depending on the inhibitor strength). Initial
velocity values were fit to equations describing competitive, uncompeti-
tive, and noncompetitive inhibition patterns using Grafit. In all cases,
the best fit was obtained with the equation describing a competitive
inhibition, which allowed us to apply in some instances the Dixon plot
for a graphical estimate of the K values. We have attempted to measure
peptide binding affinities also by isothermal titration microcalorimetry;
however, we found that upon the addition of the peptides, the protein
solution became transiently turbid, and this feature made the usage of
microcalorimetry unfeasible.

RESULTS

Activities with Monomethylated and Dimethylated 21-Amino Acid
Peptides—Biochemical analyses were performed using a recombinant
N-terminally truncated form of human LSD1 (5) lacking the first 184
amino acids (we refer to the sequence deposited in the NCBI data base
with accession code BAA25527; 886 amino acids). This protein form
comprises the SWIRM and polyamine oxidase domains of LSD1 (9);
analysis of the amino acid sequence by bioinformatic tools predicts that
the 184 truncated amino acids do not fold into an ordered well defined
conformation (5). Furthermore, control experiments (not shown) dem-
onstrated that the catalytic properties of A184 are indistinguishable
from those of longer variants lacking the first 157 and 34 residues,
respectively, the latter being the protein variant used by Shi et al. (4).
The A184 mutant was chosen, because it can be overproduced in E. coli
cells and readily purified to a stable and homogeneous form in the
amounts required to perform the described experiments (Fig. 2a). LSD1
activity was monitored using histone peptides, which allowed us to
quantitatively evaluate the binding and catalytic parameters and the
differential effects of various covalent modifications.

The first question we addressed in our study was the difference (if
any) in the catalytic efficiency toward mono- and dimethylated H3-K4
substrates. We performed steady-state kinetic analysis using peptides
consisting of the H3 N-terminal 21 amino acids modified by mono- or
di-methylation of Lys*. These were the peptides employed in the early
studies that led to the discovery of LSD1 function (4, 5). The catalytic
efficiency using these two substrates turned out to be very similar
(TABLE ONE and Fig. 2b), demonstrating that LSD1 does not exhibit a
strong preference for mono- versus dimethylated H3-K4 substrate. An
additional value of the steady-state enzymatic parameters measured
with the 21-amino acid peptides was that they provided a benchmark to
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FIGURE 2. Biochemical characterization of A 200 [ B 10
LSD1-A184 protein. A, representative protein 9
samples from each stage of the purification ana- 16 i
lyzed by SDS-PAGE (8% acrylamide). M, molecular o7 .
weight markers; E, cell extract; Ni, pooled elutions y O
from Ni?*-nitrilotriacetic acid resin; GF, pooled - =
elutions from gelfiltration. B, dependence of initial 66 [ o E
velocities of reactions of LSD1 on the concentra- st
tion of 21aa-[monomethyllK4 (solid circles) and o
21aa-[dimethyl]K4 (open circles) peptides in 50 mm 2
Hepes/NaOH buffer, pH 7.5, at 25 °C (see “Experi- 45 =l
mental Procedures” and TABLE ONE). The curves v h L
are the best fit of the data to the Michaelis-Menten
equation, v = V., [SV/(K,, + [S]). For each sub- ”
strate concentration, at least two measurements M E Ni GF i
have been done; at low substrate concentrations, o P | | | | | |
the calculated errors were less than 11% for both 0 10 20 a0 40 50 60 70 80 80 100
plots. [Substrate] (uM)
TABLE ONE
Substrate specificity of human LSD1
keat® K,* ke K, 0 Percentage®
min~! M wst™ L min! %
Peptides of 21 amino acids?
21aa-[monomethyl] K4 32+0.1 3.0+ 0.3 1.1 +0.12 100
21aa-[dimethyl]K4 8.1*0.2 4.2 0.5 1.9 = 0.23 173
21aa-[dimethyl]K4 in 80 mM NaCl* 7.1*0.6 12.8 = 2.8 0.55 = 0.13 50
Peptides of different lengths
30aa-[monomethyl] K4 29 +0.1 34 +0.5 0.8 +=0.12 73
16aa-[monomethyl] K4 ND/ ND ND ND
12aa-[monomethyl] K4 ND ND ND ND
8aa-[monomethyl]K4 ND ND ND ND
Epigenetic marks
21aa-[monomethyl]K4-[monomethyl]K9 56+ 0.2 3.9+ 0.5 1.4 +0.19 130
21aa-[monomethyl]K4-[phospho]S10 ND ND ND ND
21aa-[monomethyl]K4-[acetyl]K9 4.1+0.3 175+ 4.0 0.23 = 0.06 21

“ Apparent steady-state kinetic parameters were determined in air-saturated buffer (50 mm Hepes/NaOH, pH 7.5, at 25 °C) by a horseradish peroxidase-coupled assay (5).

4 Propagation of statistical error was carried out as described (22).

¢ The percentage of activity with reference to that measured with 21aa-[monomethyl]K4.

4 Asa control, the k., and K;,, values for 21aa-[dimethyl]K4 and 21aa-[monomethyl]K4 peptides were measured also by means of a ferricenium assay (5), with ferricenium being
anonphysiological monoelectronic acceptor that reacts directly with the reduced LSD1-bound FAD cofactor. The resulting values were essentially identical to those measured
with the peroxidase-coupled assay (not shown).

¢ The assay was performed in 80 mm NaCl, 50 mm Hepes/NaOH, pH 7.5, at 25 °C.

/ND, not determined. The activity is absent or barely detectable.

evaluate the activity of LSD1 toward peptides of different lengths or
bearing additional covalent modifications (TABLE ONE).

The peptide substrate is rich in charged and titratable groups (the
N-terminal amino group; three Arg and four Lys side chains) that in
many cases are sites of epigenetic marks (Fig. 15). We have therefore
evaluated the effect of pH and ionic strength on the enzymatic activity.
/K, exhibit a bell-shaped pH dependence
approaching 0 at low and high pH values (Fig. 3). The &, /K,, value
increases as a group with pK, of about 7.2 dissociates and decreases as a
group with pK, of about 8.9 becomes deprotonated. k,, shows a similar
profile, with pK, values of 7.4 and 9.2, respectively. The similar pK,
values observed in the k_,, and k_,/K,, profiles suggest that they reflect
the dissociation state of the same groups and that such groups belong to

Both apparent k_,, and

cat

the enzyme rather than to the peptide substrate (15). However, the
possibility cannot be ruled out that the pK, value of 8.9 observed in the
k.. /K, profile actually reflects the dissociation of one of the Arg or Lys
residues of the substrate. Despite the fact that the k_,,/K,,, and k_,, pro-
files exhibit maximal values at pH 8.0 and 8.4, respectively, the data
reported in this paper refer to assays performed at pH 7.5, which is of

physiological significance and close to the optimal pH for activity.
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keat (min-1)
keat/KM (uM-1 min-1)

FIGURE 3. pH dependence of the steady-state kinetic parameters of the 21aa-[dim-
ethyllK4 demethylation reaction catalyzed by LSD1. Filled circles, k../K,,, values; open
circles, k.. The curves show the best fit of the data to a double pK, model (for k../K,,.,
pK,; = 7.2+ 0.1,and pK,, = 8.9 = 0.1; for k., PK,; = 7.4 = 0.2, and pK,, = 9.2 = 0.3).
Propagation of statistical error value was carried out as described (22).
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TABLE TWO

Inhibition of human LSD1 by histone H3 peptides

Peptide K
M
21aa (product) 1.8 0.6
12aa 199 = 22
Nter-A5-21aa 87 =29
21aa-[monomethyl]K4-[phospho]S10 31+5

“ Enzymatic activities were evaluated in air-saturated buffer (50 mm Hepes, pH 7.5,
at 25 °C) by a horseradish peroxidase-coupled assay using a 21-amino acid peptide
monomethylated on Lys* (5). In all cases, the inhibition was of the competitive
type.

A crucial role of ionizable groups is suggested also by the analysis of
the effect of the ionic strength on LSD1 catalytic function. The enzyme
activity remains essentially constant at NaCl or KCl concentrations up
to 50 mwm, but it decreases sharply at higher concentrations so that only
10% of residual activity is measured at concentrations greater than 150
mM. The observed decrease of activity is due to a K, increase, as shown
by the fact that at 80 mm NaCl, the K, value is 3-fold higher than that
found in the absence of added salt, whereas the measured k_,, values at
0 and 80 mMm NaCl are essentially identical (see TABLE ONE). In this
respect, the 4-fold lower specific activity previously reported for LSD1
(5) can be ascribed to the ionic strengths of the initial assays, which were
carried out in 50 mm sodium phosphate buffer, pH 7.5 (ionic strength =
132 mm) as opposed to 50 mMm Hepes/NaOH, pH 7.5 (ionic strength =
22 mMm).

Substrate Recognition and Specificity—To define the actual peptide
length recognized by LSD1, we studied the ability of the enzyme to
demethylate peptides consisting of the N-terminal 8, 12, 16, and 30
amino acids (Fig. 1b) and modified by monomethylation of Lys*
(TABLE ONE). Both k., and k,,/K,,, values for the 30-amino acid sub-
strate were very similar to those measured with the 21-amino acid pep-
tide. Conversely, with the 16-amino acid substrate, the activity became
barely detectable, and with shorter peptides no activity could be
detected at all. The lack of activity with these “short” peptides was
observed also at a pH value of 8.4, which is optimal for catalysis (Fig. 3).
The outcome of these experiments indicated that substrate recognition
by LSD1 is not confined to the residues neighboring Lys*, but it requires
a rather long peptide emphasizing the exquisite substrate specificity of
the protein. LSD1 is normally associated to the CoREST protein, which
has been shown to enhance LSD1 activity promoting demethylation of
the intact nucleosomal particle (11, 16). CoREST might exert this effect
through stabilization of the interaction with the nucleosomal substrate
and/or increase of the accessibility of the N-terminal tail.

Enzyme Inhibition—The finding that LSD1 recognizes along H3 pep-
tide segment suggested the possibility that the reaction product (i.e. the
demethylated peptide) could bind to the protein. Experimental verifica-
tion of this hypothesis revealed that the unmodified 21-amino acid pep-
tide is indeed a competitive inhibitor with a K; of 1.8 um (TABLE TWO).
Consistent with the substrate specificity studies, a shorter 12-amino
acid peptide exhibited a >100-fold reduction in affinity (TABLE TWO).
Likewise, deletion of the four N-terminal residues from the 21-amino
acid peptide resulted in a 40-fold reduction of the inhibitory power
(TABLE TWO). These data imply that methylation of Lys* is not essen-
tial for binding, whereas the affinity is critically dependent on the pres-
ence of a sufficiently long segment of the H3 N-terminal tail.

Recently, Metzger et al. (13) have reported on an androgen receptor-
dependent activity of LSD1. The interaction with the receptor appears
to switch the substrate specificity, making LSD1 able to demethylate
Lys® of H3 (isolated LSD1 does not act on Lys®) (4, 5). This activity was
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FIGURE 4. The effect exerted by phosphorylation of Ser°. This epigenetic mark does
not abolish binding, but it makes the peptide unable to bind in a productive mode. The
Lys®-Ser'° pair is predicted to interact with a cluster of hydrogen bond acceptors and/or
negatively charged groups on LSD1.

shown to be inhibited by pargyline, deprenyl, and clorgyline, which are
specific inhibitors of human monoamine oxidase A and/or B (17). We
have tested whether these inhibitors act on LSD1, interfering with its
H3-K4 demethylase function. No inhibition was detected, and, in addi-
tion, none of these compounds induced the characteristic changes in
the absorption spectrum of the protein-bound flavin that are found in
inhibited monoamine oxidases (data not shown).

Readout of Multiple Epigenetic Marks—The N-terminal tail of H3 is
subject to various covalent modifications, and a crucial question in
LSD1 biology is how these epigenetic marks affect the demethylase
activity. We have probed LSD1 for its ability to demethylate Lys® in the
presence of a second modification on the same 21-amino acid peptide
substrate. As shown in TABLE ONE, we tested the effects of methyla-
tion and acetylation of Lys® and phosphorylation of Ser'®. Methylation
of Lys® did not affect activity, whereas Lys” acetylation caused an almost
6-fold increase in the K, value, indicating that this covalent modifica-
tion significantly affects the substrate binding affinity. Even more dra-
matic is the effect of Ser'® phosphorylation, which totally suppressed the
ability of the peptide to function as substrate. Taken together, these data
are consistent with the notion that electrostatic interactions are espe-
cially relevant in the enzyme-substrate recognition. Methylation of Lys’,
which does not neutralize the Lys positive charge, has no effect on
enzymatic reaction. Conversely, neutralization of Lys” positive charge
by acetylation reduces affinity, whereas introduction of the negatively
charged phosphate group on Ser'® completely abolishes activity. These
findings predict that the Lys®-Ser'® pair binds to a cluster of hydrogen
bond acceptors and/or negatively charged groups that enable LSD1 to
sense the presence of various covalent modifications on this locus (Fig.
4). A fundamental conclusion gathered from these experiments is that
LSD1 is actually capable of reading the histone code in that it discrimi-
nates between peptides bearing different covalent modifications on
their side chains to the point that a single mark makes the difference
between a reactive and a nonreactive peptide.

Interestingly, we found that the phosphorylated Ser'® peptide is a
moderately effective inhibitor of the enzyme (K of 31 um) (TABLE
TWO). This observation suggests that the phosphorylated peptide is
still able to bind (although weakly) to LSD1, but its binding mode is
nonproductive so that it cannot be oxidized. In other words, the phos-
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FIGURE 5. Reading of the histone code by
human LSD1: A minimal peptide length of 21
amino acids is required for activity. LSD1 does
not act on a peptide that is phosphorylated on
Ser'® (570), whereas acetylation of Lys® (K9) |

Minimal peptide length for catalysis
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reduces enzymatic activity. Conversely, methyla-
tion of Lys® does not appear to affect catalysis and
binding.
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phate group on Ser'® appears to prevent the catalytically competent
positioning of the methylated Lys® inside the active site (Fig. 4).

DISCUSSION

The main theme emerging from these data is that LSD1 is finely tuned
and highly specific. This finding has profound implications for the con-
trol of histone H3 demethylation and its role in chromatin biology. A
first important observation is that LSD1 does not have a strong prefer-
ence for mono- or dimethylated H3-K4. This feature contrasts with the
properties of many lysine methyltransferases that specifically perform
the addition only of the first, second, or third methyl group on a Lys
residue (18). The fact that LSD1 acts with similar efficiency (TABLE
ONE) on mono- and dimethylated substrates indicates that the in vivo
function of LSD1 is to reset H3-K4 to its demethylated “ground” state.

We have shown that an H3 peptide must contain the first ~20 N-ter-
minal amino acids of H3 in order to be a substrate. The sequence of this
polypeptide stretch has many charged residues, and electrostatic inter-
actions are likely to dominate the protein-substrate association, provid-
ing a rationale for the high sensitivity of K, to ionic strength. This ability
of recognizing a “long” and “heavily charged” segment of the histone
N-terminal tail enables LSD1 to detect the presence of multiple post-
translational modifications written in the H3 tail (Fig. 5). In this regard,
several important functional properties have been unraveled. (i) LSD1
has an exquisite specificity. Although the site of oxidative attack is Lys®,
the enzyme senses covalent modifications on neighboring residues. (ii)
The charge distribution on the histone N-terminal tail appears to be a
key determinant in the readout of the histone code by LSD1, as exem-
plified by the differential effects of methylation and acetylation of Lys”
on enzyme activity. (iii) The Lys* demethylase activity of LSD1 is not
affected by methylation of Lys®, which is generally known to cause gene
repression. (iv) Acetylated Lys® and phosphorylated Ser*® cross-talk and
act synergistically in the Lys* demethylation process. Ser'® dephospho-
rylation is a prerequisite for LSD1 function, whereas Lys” deacetylation
significantly improves activity mainly through an increase in substrate

41364 JOURNAL OF BIOLOGICAL CHEMISTRY

affinity. (v) These features provide insight into the order and interplay of
the events that lead to transcriptional repression. Dephosphorylation of
Ser'® by a phosphatase must precede H3 demethylation catalyzed by
LSD1, emphasizing the role of Ser'® phosphorylation/dephosphoryl-
ation in triggering the cascades of events that lead to transcriptional
activation/repression. Lys® deacetylation by HDAC1/2 (which are typ-
ically associated with LSD1) makes H3 more susceptible to LSD1-cata-
lyzed demethylation.

The activity of LSD1 can be modulated by its associated protein fac-
tors (11, 13, 16), and the enzyme specificity observed on free peptides
might be different when chromatin and nucleosomes are used as sub-
strates. However, it is of notice that the lower efficiency observed with a
peptide acetylated on Lys® is consistent with the finding by Shi et al. (11)
that LSD1 is more active toward hypoacetylated nucleosomes.

LSD1 binds with significant affinity (TABLE TWO) to a demethyl-
ated H3 peptide, as indicated by an inhibition constant that compares
with the K, for the peptide substrates. The measured affinity is similar
to the affinity measured for other H3-binding proteins such as the chro-
modomain-containing proteins HP1 (19) and Polycomb (20). This find-
ing raises the intriguing hypothesis that LSD1 plays a double role,
namely that of Lys*-specific demethylase and of H3 N-terminal tail
binder. LSD1 is member of the co-repressor complex CoREST-
HDAC1/2, a module that has been found in association with several
large multiprotein complexes. The finding that LSD1 has significant
affinity for the H3 peptide indicates that it could serve as a docking
module for the stabilization of the associated corepressor com-
plex(es) on chromatin. At least in one case, it has been demonstrated
that the CoREST corepressor complex remains bound to chromatin
after the release of the DNA-binding protein responsible for its initial
recruitment (21).

The main conclusion from these studies is that LSD1 is not only a
chromatin-modifying enzyme, but it is able to interpret histone marks
on the Lys®-Ser'® locus and to stabilize the co-repressor complex by
binding to the demethylated H3. Knowledge of LSD1 substrate specific-
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ity properties will provide a framework for future inhibitor design

studies.
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