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ABSTRACT: Lysine specific demethylase 1 (LSD1) selectively removes
methyl groups from mono- and dimethylated histone 3 lysine 4 (H3K4),
resulting in gene silencing. LSD1 is overexpressed in many human
cancers, resulting in aberrant silencing of tumor suppressor genes. Thus,
LSD1 is a validated target for the discovery of antitumor agents. Using a
ligand-based approach, we designed and synthesized a series of cyclic and
linear peptides that are effective inhibitors of LSD1. Linear peptide 7 and
cyclic peptide 9 inhibited LSD1 in vitro by 91 and 94%, respectively, at a
concentration of 10 #M. Compound 9 was a potent LSD1 inhibitor
(ICs 2.1 uM; K; 385 nM) and had moderate antitumor activity in the
MCEF-7 and Calu-6 cell lines in vitro. Importantly, 9 is significantly more
stable to hydrolysis in rat plasma than the linear analogue 7. The cyclic
peptides described herein represent important lead structures in the
search for inhibitors of flavin-dependent histone demethylases.
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histone 3 lysine 4

Histone proteins occur as octamers that consist of one
H3—H4 tetramer and two H2A—H2B dimers." These
proteins interact with double-stranded DNA in such a way that
approximately 146 base pairs are wrapped around the histone
octamer to form a nucleosome. Lysine-rich histone tails,
consisting of up to 40 amino acid residues, protrude through
the nucleosomal DNA strand, and act as a site for one of several
post-translational modifications (PTMs) of chromatin (acety-
lation, methylation, phosphorylation, ubiquitylation, sumoyla-
tion, ADP ribosylation, deamination and proline isomer-
ization), allowing alteration of higher order nucleosome
structure.”> There are numerous lysine methylation sites on
histone tails, and PTMs at specific lysine marks can promote
transcriptional activation or silencing. The flavin-dependent
histone demethylase LSD1, also known as BHC110 and
KDMIA,* catalyzes the oxidative demethylation of histone 3
methyllysine 4 (H3K4mel) and histone 3 dimethyllysine 4
(H3K4me2). Methylated histone 3 lysine 4 (H3K4) is a
transcription-activating chromatin mark at gene promoters, and
aberrant demethylation of this mark by LSD1 is known to
silence expression of tumor suppressor genes important in
human cancer.® By contrast, H3K9 methylation results
transcriptional repression.” More broadly, LSD1 is known to
modulate activation or repression of a number of important
genes.® Because it is overexpressed in a number of human
cancers (neuroblastoma, retinoblastoma, prostate cancer, breast
cancer, lung cancer, and bladder cancer),g_12 LSD1 has
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emerged as an important target for the development of specific
inhibitors as a new class of antitumor drugs."

To date, a handful of small molecule inhibitors of LSD1 have
been described, as shown in Figure 1. Effective LSD1 inhibitors
include tranylcypromine-based analogues such as 1 and 2,'*'
oligoamines such as verlindamycin 3° and related isosteric ureas
and thioureas,"*"” and peptide based LSD1 inhibitors 4 and
5."872! Forneris et al. described a 21-mer peptide analogous to
the histone 3 lysine 4 substrate region of LSD1, wherein Lys4
was replaced by a methionine (compound 6, Figure 1).** This
linear peptide was a potent inhibitor of recombinant LSD1 with
a K; value of 0.04 uM, and inhibited LSD1 bound to CoREST
with a K; value of 0.05 uM.** Recently, a tranylcypromine-
K4H3(1-21) peptide with a K; of 120 nM was reported.”

Cyclic peptides are generally considered to be more stable
against proteolytic enzymes than their linear counterparts®* and
can facilitate elucidation of bioactive conformations that are
important for biological activity. To date, a cyclic peptide that
acts as an inhibitor of LSD1 has not been described. Peptides
having less than 16 amino acid residues bind poorly to LSD1,
and optimal binding appears to require 21 amino acid
residues.'” Thus, we used ligand-based techniques to design
and synthesize a series of linear and cyclic peptides based on
the 21 amino acid H3K4 binding region. Because it is a potent
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Figure 1. Structure of the LSD1 inhibitors 1 and 2 (tranylcypromine-
based), verlindamycin 3 (oligoamine-based), and 4—6 (peptide
based).

Figure 2. X-ray crystallographic conformation reported for 6 bound to
LSDI1. The primary sequence of 6 is ARTMQTARKSTGGKA-
PRKQLA.>' Residues 1—16, which have well-defined secondary
structure, are shown; residues 17—21 occur as random coils and are
not shown.

Table 1. Percent Inhibition of LSD1 by 3, Linear Peptide
Analogues 6 and 7, and Cyclic Peptide Analogues 8—13 at 10
M

peptide-based inhibitor of LSDI, the X-ray crystallographic
structure of LSD1-CoREST bound to 6 was used as the basis
for the design of these cyclic peptide inhibitors. The X-ray
crystallographic conformation of the bound [Met]* H3 (1—
21)—OH peptide 6 revealed that the side chains of certain
amino acid residues are in proximity to each other in three
dimensions. For example, Arg2 and GInS, Arg2 and Ser10, Arg2
and Glyl2, Arg2 and Lysl4, and GInS and Serl0 were
identified as pairs of amino acid residues situated in close
proximity (Figure 2) during LSD1 binding to 6.

To produce peptides that were constrained in the bound
conformation of 6, we constructed peptides substituted in
select positions with one Lys residue and one Glu residue, and
cyclized these residues to form a lactam bridge (Table 1).
Standard N-Fmoc/tert-Bu chemistry was used to construct all
linear and cyclic peptide analogues in this study (See the
Supporting Information for a complete description of the
chemical synthesis). Polystyrene resin with low substitution
(0.36 mmol/g) was used as a polymer support to yield all
peptides as C-terminal carboxyamides.

Where appropriate, N-Fmoc amino acids not used for the
lactam bridge formation were side-chain protected with acid
labile protecting groups (e.g, tert-Bu, Boc, Trt, and Pbf),
whereas Lys and Glu residues used for lactam bridge formation
were side-chain protected using the orthogonal protecting
groups alloc and allyl, respectively. The alloc and allyl
protecting groups were selectively removed using Pd(PPh,),
in the presence of the allyl scavenger DMBA. After removing
the orthogonal protecting groups, and while the peptide chain
was still attached to the resin, the lactam-bridge between the
side chains of Lys and Glu was formed using the coupling
reagent PyBOP. The protected cyclic or linear peptide was
cleaved from the solid support using TFA and an appropriate
scavenger. All target peptides were purified by column
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“Each data point is the average of 3 determinations that in each case
varied by 5% or less. A "C” in the sequence denotes cyclic peptide.
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chromatography on a CombiFlash purification system equipped
with a C18 column. They were then fully characterized by
UPLC, LC-MS, and high-resolution MALDI spectrometry
(Table S1, Supporting Information).

The level of LSD1 inhibition for all cyclic and linear peptides
was evaluated using a previously described peroxide coupled
assay>>*® in the presence of a fixed concentration of peptide
substrate containing a dimethylated lysine residue (see
Supporting Information and Table S2 for a complete protocol).
Each compound was initially evaluated at a 10 uM
concentration, and an ICy, value was determined for the
most active peptide analogue 9 over a concentration range of
0.01—50 uM. The known LSD1 inhibitor verlindamycin 3” was
used as a positive control and produced 95% inhibition of the
enzyme at 10 yM. This level of inhibition is consistent with
previously published values.>”** As shown in Table 1, all cyclic
peptides inhibited the enzyme between 39 and 94%, following
the relative rank order of 9 > 7 > 13 > 11 = 10 > 12 > 8. Thus,
the [Met]* H3 (1-21)-NH, cyclic peptide 9, in which the
lactam bridge was between LysS and GlulO, produced the
greatest LSD1 inhibitory activity, while cyclic [Lys2, Glul4]
[Met]* H3 (1-21)-NH, 8 displayed the least inhibitory
activity. The reduced potency of 8 and 10—12 could in part be
due to the replacement of arginine at the 2 position, which is
known to have a critical interaction with the enzyme.”* As
shown in Figure 3, the ICy, value for inhibitor 9 was
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Figure 3. Determination of the ICy, value for 9 against purified
recombinant LSD1. Inhibition values were gathered at concentrations
between 0.01 and 50 uM.

determined to be 2.1 M. Interestingly, both [Met]* H3 (1—
21)—OH 6 and the corresponding carboxyamide [Met]* H3
(1—21)-NH, 7, which are identical in amino acid sequence but
differ in their C-terminal functional group, were effective
inhibitors, although 7 was somewhat less potent.

Inhibitors 3, 7, and 9 were next evaluated for their antitumor
effect in the MCF-7 breast and Calu-6 lung tumor lines in vitro
using an MTS cell viability assay.”””’ (See Supporting
Information for the MTS assay protocol and Figures S1 and
S2 for results). Inhibition of MCF-7 cell proliferation was
determined at concentrations between 5.0 and 300 M for 7
and 9 and between 0.4 and 200 uM for 3. Similarly, inhibition
of Calu-6 cell proliferation was determined at concentrations
between 1 and 200 yM for 7 and 9 and between 0.76 and 200
UM for 3. At 72 h, inhibitors 7 and 9 displayed calculated ICy,
values of 152.6 and 156.6 uM, respectively, in MCF-7 cells and
120.7 and 125.3 M in Calu-6 cells, compared to IC, values of
5.9 and 10.9 uM for 3 in MCF-7 and Calu-6 cells, respectively.
The relatively low antitumor potency following treatment with
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7 and 9 as compared to 3 could be due to reduced transport
into the cell nucleus, and additional experiments are underway
to verify this hypothesis. In any case, cell penetration can be
enhanced through modification of the cyclic peptide structure.

To assess the in vitro metabolic stability of linear peptide 7
and cyclic peptide 9, the half-lives for their hydrolytic
degradation were determined by incubating them in rat plasma
at 25 °C (see Supporting Information for a complete
protocol).*’ As shown in Figure 4, cyclic peptide 9 was
significantly more stable (T;,, = 59.8 min) compared to the
linear peptide 7 (T}, = 14.3 min).
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Figure 4. Metabolic stability of linear peptide 7 and cyclic peptide 9 in
rat plasma. See Supporting Information for the metabolic degradation
protocol.

It has been reported that the demethylated natural 21 amino
acid H3K4 peptide competitively inhibits LSD1 with a K; of 1.8
uM.” The cyclic peptide 9 also proved to be a competitive
inhibitor of the enzyme with a K; of 385 nM (see Supporting
Information for a complete protocol, and Figures S3—S9 and
Tables S3 and S4 for results). To determine the inhibition
constant (K;) and elucidate the mechanism of LSD1 inhibition,
initial rates were evaluated using a peroxide coupled assay with
varying final substrate concentrations between 0 and 100 yM
and final concentrations of 9 between 0 and 1 M (Figures S3—
S6, Supporting Information). The substrate velocity data for
varying concentrations of 9 was then subjected to Michaelis—
Menten analysis (Figures S7 —S9 and Tables S3 and $4,
Supporting Information) and revealed a V,,, of 54.4 pmol/
min/mg of protein and a K, of 15.3 uM, respectively. A
Lineweaver—Burke plot (Figure S8, Supporting Information)
confirmed 9 was a competitive inhibitor of LSD1. Finally, the
substrate velocity data was fitted for the competitive type
inhibition using GraphPad Prism S software (GraphPad, San
Diego, California); K;, K,,, and V., values were 385 nM, 14.46
#M, and 14.46 uM/min/mg protein (Figure S9 and Table S4,
Supporting Information).

In order to understand the inhibitory activity of 9, it was
compared in silico to the reported X-ray crystallographic
conformation of 6. The global least energy conformation of 9
was obtained using the Monte Carlo MacroModel (MCMM)
search algorithm.3 33 As shown in Figure S, the least energy
conformation of 9 features a right-handed alpha helical section
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Figure S. Structural superimposition of linear peptide 6 and cyclic
peptide 9. Amino acids 1—16 are shown for both peptides. The green
color represents the X-ray crystallographic conformation of 6 as
reported in PDB file 2V1D. The cyan color represents the global least
energy conformation of 9 derived from the MCMM algorithm of
MacroModel. Met4 of 6 and 9 are shown in red and blue, respectively.

and a f sheet section. When the MCMM-derived conformation
of amino acid residues 1—16 of 9 was compared with that of 6,
the compounds were found to assume very similar backbone
and local side chain conformations. This similarity in least
energy conformations of the 9 and 6 could explain their similar
ability to inhibit recombinant LSD1.

The 50 lowest energy conformations obtained from MCMM
analysis were compared by examination of their backbone
dihedral angles ¢ and i in a Ramachandran plot (Figure S10
and S11, Supporting Information). All of the amino acids
except Glyl2 and Glyl3 display a very narrow range of
distribution of dihedral angles. This confirms that there can be
a rigid conformation in all amino acids except Glyl2 and Gly13.
Two groups of amino acid residues, one containing Arg8, Lys9,
Glul0 and AlalS and the other containing Arg2, Thr3, Met4,
LysS, Lys14 fall in the regions of the 3 sheet and right handed o
helix in Ramachandran plot, respectively (Figures S11—S12 and
Table SS, Supporting Information). Interestingly, the dihedral
angle for the Glyl2 promotes a right-handed « helix or a f
sheet, whereas Glyl2 promotes a right-handed « helix or a left-
handed @ helix. Moreover, Thr6 falls into an energetically
unfavorable region of the Ramachandran plot. It appears that
Thr6 adopts a strained conformation due to the local constraint
introduced by cyclization.

In conclusion, we developed a novel cyclic peptide 9 that
exhibits potent LSDI1 inhibition in vitro. The structures
obtained from the conformational analysis and their dihedral
angle distributions provide novel insight into the bioactive
conformations of 9 as it pertains to LSD1 inhibition. Further,
presumably due to the cyclic nature of the peptide, 9 displays
enhanced stability against proteolytic degradation and has
moderate antitumor effects in vitro in 2 tumor cell lines. The
discovery of additional, more effective cyclic peptides related to
9 is an ongoing concern in our laboratories.
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