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Histone modification has emerged as a major mechanism of
regulation in gene expression, replication, and repair.1 Such histone
modifications are thought to affect histone interactions with DNA
and other proteins.2 Among the post-translational histone modifica-
tions, methylation of lysine residues has emerged as critical in
blocking histone acetylation and mediating protein-protein interac-
tions that can activate or repress transcription.3 Lysine methylation
was viewed as a permanent histone mark until recently when the
first histone lysine demethylase, LSD1 (also called BHC110), was
discovered.4 LSD1 belongs to the amine oxidase family5 which are
flavin-dependent enzymes that utilize O2 and generate H2O2 and
formaldehyde as byproducts (Scheme 1). LSD1 has been shown to
be specific for Lys-4 of histone H3 and can oxidatively demethylate
the dimethyl or monomethyl Lys-containing substrates.4

LSD1 functions as a transcriptional repressor,4 and synthetic
inhibitors of LSD1 would likely serve to activate a subset of genes
and might play a role in therapeutics. Pargyline, a clinically useful
small molecule monoamine oxidase inhibitor, has recently been
proposed to block LSD1,6 but this has not been reproduced with
an in vitro system.7 Here we report that a propargyl-Lys-derivatized
peptide 1 functions as a potent and selective time-dependent
inactivator of LSD1.

We targeted two lysine derivatives (1 and2) as potential LSD1
inhibitors based on structural considerations and in analogy to
known strategies for blocking amine oxidases.8 We pursued a post-
assembly modification synthetic strategy9 particularly because of
the instability of the aziridine function. Thus, a side-chain-protected
peptide containing an oxa-analogue of lysine at the fourth position
of a 21 amino acid N-terminal histone H3 tail (4) was constructed
on solid support. After mesylation, the protected peptide was
cleaved from resin and deblocked allowing for HPLC purification
of the mesylate peptide (3). Displacement of the mesylate with either
propargylamine or ethyleneimine afforded the desired compounds
1 and2 (Scheme 2). While compound1 was found to be stable,
compound2 was found to decompose when lyophilized to dryness.
However, both compounds could be stored indefinitely in dilute
acidic solution at-80 °C.

Compounds1 and 2 were assayed against recombinant LSD1
using a H2O2 detection assay as recently described.7 While

compound2 showed moderately potent inhibitory action against
LSD1 with an IC50 ) 15.6 ( 1.7 µM, there was no evidence of
time-dependent inhibition (Figure S1). It is likely acting as a
reversible competitive inhibitor10 without generating an enzyme
inactivating species. In contrast, compound1 showed clear time-
dependent inhibition of LSD1.11,12The rate of enzyme inactivation
was dependent on the concentration of1, as shown in Figure 1A.
Further evidence for time-dependent enzyme inactivation came from
preincubation studies. As shown in Figure 1D, allowing compound
1 to incubate with enzyme prior to addition of substrate (inactivated)
gave more pronounced inhibition than simultaneous addition of
substrate and inhibitor (1.5µM 1) to enzyme. From the progress
curves in Figure 1A, the rate of inactivation (kobs) could be
calculated from a nonlinear curve fit of the data at each inhibitory
concentration. A replot of these data fit nicely to a rectangular
hyperbola according to the Kitz-Wilson equation.13 In this way, a
Ki(inact) ) 16.6 ( 3.4 µM and kinact ) 0.258( 0.030 min-1 were
determined. Thekcat/kinact is 5.4, which suggests that the rate of
inactivation is in the same range as the rate of substrate dealkylation.

Further kinetic analysis of the mechanism of inhibition of LSD1
involved varying the substrate concentration with a fixed inhibitor
concentration. As can be seen in Figure 1C, thekobsdecreases with
increasing substrate concentration, suggesting that the substrate can
protect against time-dependent inactivation by1. A Dixon analysis
of these data yielded aKd apparent for substrate (diMeK4H3-21)
of 80 ( 15 µM (Figure 1C), in reasonable agreement with itsKm

of 200 µM in our assay conditions. This is consistent with the
expected model that binding of substrate and compound1 is
mutually exclusive.

To gain further insight into the mechanism of inhibition of LSD1
by 1, a mass spectroscopic analysis of a mixture of LSD1 incubated
with compound1 was performed. As can be seen in Figure 2A,
while the starting compound1 is still abundant, two significant
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Scheme 1. Proposed Mechanism of LSD1 Catalysis

Scheme 2. Synthesis of LSD1 Inhibitors
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peaks have appeared. The lower peak corresponds to a loss of 38.04
(b), which would represent dealkylation of the propargyl group.
More interestingly, a peak atm/z 3079.19 (a) appears which
corresponds to the predicted molecular weight of FAD linked to1.
Note that no similar covalent adduct is observed by mass
spectroscopy after treatment of LSD1 by2 or the diMeK4H3-21
peptide substrate (see Figures S1 and S2). Such covalent adducts
have been observed in other amine oxidases reacting with pro-
pargylamine-based inhibitors and suggest a potential chemical
mechanism for inhibition.8,14,15It is plausible that the reduced FAD
(FADH2) undergoes nucleophilic attack on the propargylic imine
and creates the covalent adduct observed here (Figure 2).

We were also interested in examining the specificity of compound
1 as an MAO B inhibitor and thus tested1 as a potential inhibitor

of MAO B.7,16,17 With up to 100 µM of 1, MAO B was not
detectably inhibited. This indicates that compound1 is at least 40-
fold selective against another amine oxidase, presumably because
of the markedly different substrate features.

Compound1 thus represents a prototype for designed inhibitors
of LSD1. Since it is likely to be poorly bioavailable in its current
form, future work will be needed to minimize the structural features
necessary for enhanced pharmacokinetic properties. However,1
itself can presumably be useful for in vitro transcriptional analysis
or for structural studies. It may be possible to use1 in cellular
studies with delivery by microinjection, permeabilizing reagents,
or by linkage to cell penetrating peptide sequences.18 Furthermore,
in the future identification and characterization of novel de-
methylases, compounds related to1 may play a useful role in
proteomics analysis.19 In this regard, the recent discovery of a non-
heme iron-dependent histone demethylase20 suggests that the known
enzymatic strategies for methyl-lysine cleavage may be incomplete.
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Figure 1. Time- and concentration-dependent inactivation of LSD1 by1.
(A) Steady-state progress curves obtained for the inactivation of LSD1 by
0, 2.5, 3.75, 5, 10, 15, and 25µM 1. (B) Rate constants (kobs) for the time-
dependent inactivation of LSD1 by1 were extracted from steady-state data
by single-exponential fits and analyzed by the method of Kitz and Wilson.
(C) Rate constants (kobs) for the time-dependent inactivation of LSD1 by
10 µM 1 were determined in the presence of increasing concentrations of
a competitive substrate (diMeK4H3-21). (D) LSD1 (11.24µM) was
preincubated with 100µM 1 for 30 min at 25°C then diluted 66-fold into
the assay to measure remaining activity.

Figure 2. (A) MALDI-TOF spectrum of inhibitor-FAD conjugate. (B)
Proposed scheme for inactivation of LSD1 by1.
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