
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
O

ct
ob

er
 2

01
8.

 D
ow

nl
oa

de
d 

on
 7

/4
/2

02
5 

4:
21

:2
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Inhibition of FAD
aGraduate School of Pharmaceutical S

Tanabe-dori, Mizuho-ku, Nagoya 467-8

nagoya-cu.ac.jp; higuchi@phar.nagoya-cu.a
bLaboratory for Epigenetics Drug Discovery,

Research, 1-7-22 Suehiro-cho, Tsurumi-ku,

E-mail: takashi.umehara@riken.jp

† Electronic supplementary information (
chromatogram of novel polyamines, mol
LSD1 crystal structure, kinetic analysis
activities by polyamines. See DOI: 10.1039

Cite this: RSC Adv., 2018, 8, 36895

Received 22nd September 2018
Accepted 19th October 2018

DOI: 10.1039/c8ra07879c

rsc.li/rsc-advances

This journal is © The Royal Society of C
-dependent lysine-specific
demethylases by chiral polyamine analogues†

Naoki Umezawa, *a Kasumi Tsuji,a Shin Sato,b Masaki Kikuchi, b

Hisami Watanabe,b Yuhei Horai,a Masashi Yamaguchi,a Yosuke Hisamatsu, a

Takashi Umehara *b and Tsunehiko Higuchi *a

Lysine-specific demethylases 1 and 2 (LSD1 and LSD2) are flavoenzyme demethylases, and their inhibitors

are considered as potential chemical tools and anticancer agents. Here we report polyamine-based

inhibitors of LSD1 and LSD2. In the initial screening, partially constrained polyamine 2 which contains

three trans-cyclopentane units with a total of six stereogenic centers, showed the most potent LSD1-

inhibitory activity. We then prepared a set of optical isomers of 2 and evaluated their inhibitory activities

toward LSD1, LSD2, monoamine oxidases A and B (MAO-A and MAO-B). Optical isomers of 2 showed

LSD1-inhibitory activity with Ki values of 2.2 to 6.4 mM, and LSD2-inhibitory activity with Ki values of 4.4

to 39 mM; there was a general preference for LSD1 to LSD2. All of them showed weak to negligible

inhibition of MAO-A and MAO-B. This selectivity seemed to reflect the differences in the size and shape

of the catalytic cavity of target enzymes, and our strategy of employing a set of optical isomers appears

to be an effective approach for exploring the structural features of this family of enzymes. Polyamine 9

showed most potent LSD1-inhibitory activity (Ki ¼ 2.2 mM in vitro), and it also inhibited the proliferation

of HL-60 cells (IC50 ¼ 49 mM). On the other hand, 12 was the most potent inhibitors of LSD2 with in

vitro Ki values of 4.4 mM.
Introduction

Polyamines are organic molecules containing multiple amino
groups. Representative biogenic polyamines are the tetraamine
spermine [H2N(CH2)3NH(CH2)4NH(CH2)3NH2], the triamine
spermidine [H2N(CH2)4NH(CH2)3NH2], and the diamine
putrescine [H2N(CH2)4NH2]. These polyamines are linear
aliphatic nitrogenous bases, and amino groups in the poly-
amines are protonated and serve as cations under physiological
conditions. These biogenic polyamines are ubiquitous in cells
and are essential for cell growth and differentiation.1,2 The
pathways of biosynthesis and interconversion of polyamines in
mammals are well established.1,3 Polyamine catabolism is
a recycling pathway that converts spermine to spermidine and
spermidine to putrescine, with the production of aldehydes and
hydrogen peroxide (H2O2). The polyamines are interconverted
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by oxidative degradation directly via spermine oxidase (SMO) or
by polyamine oxidase (PAO) aer acetylation of the primary
amino group of spermine or spermidine via spermidine/sper-
mine-N1-acetyltransferase (SSAT).3,4

Posttranslational modications (PTMs), such as acetylation,
acylation, phosphorylation, and methylation, play an important
role in regulating many protein functions. Among such PTMs,
reversible methylation/demethylation of lysine residues is
typically involved in regulation of the chromatin environment
and eukaryotic gene expression.5 Mammals have two a-
voenzyme demethylases: lysine-specic demethylase 1 (LSD1/
KDM1A) and lysine-specic demethylase 2 (LSD2/KDM1B).
LSD1 removes mono- and dimethyl groups from histone H3 at
Lys4 (H3K4) or Lys9 (H3K9) in complexes with several
chromatin-associated factors, such as the corepressor CoR-
EST.6–10 LSD2 also demethylates histone H3, mainly at mono-
and dimethylated Lys4, although its activity is weaker than that
of LSD1 in vitro.11 LSD1 and LSD2 both belong to the amine
oxidase family that utilizes O2 and generates H2O2 and form-
aldehyde as by-products.6,11,12 The active site structures of LSD1
and LSD2 have sequence homology to monoamine oxidases A
and B (MAO-A and MAO-B) and also to SMO and PAO.6,13,14

Indeed, the small-molecular MAO inhibitor tranylcypromine
also inhibits LSD1 and LSD2 in an irreversible and mechanism-
based manner.11,13–17 Since LSD1 is involved in tumorigenesis
and progression of various cancers, LSD1-specic inhibitors are
RSC Adv., 2018, 8, 36895–36902 | 36895
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Fig. 1 Structures of polyamines subjected to initial screening for
LSD1-inhibitory activity.
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considered as not only chemical tools for biomedical research,
but also as potential anticancer agents.18,19 Most cell-permeable
LSD1 inhibitors reported so far, including ours,17 are based on
the tranylcypromine scaffold, and are irreversible, covalently
reacting inhibitors.15,19 On the other hand, no LSD2-specic
inhibitors have yet been developed, which hinders the study
of the chemical biology of LSD2.

Since LSD1 is homologous to the FAD-dependent SMO and
PAO,6,20 polyamine analogue-based LSD1 inhibitors have been
developed based on known PAO inhibitors.21,22 For example,
bisguanidine and biguanide noncovalently inhibit LSD1.23

Their bisurea and bisthiourea derivatives also inhibit LSD1 with
an IC50 value of approximately 5 mM for the most potent
compound.24 These inhibitors contained an alkyldiamine
moiety. Also, long-chain polyamine analogues, which possess
10 secondary amino groups, inhibit LSD1.25 These reports led us
to speculate that simple polyamine derivatives might inhibit
LSDs, although the natural polyamines are not substrates of
LSD1.6 We report herein the development of novel polyamine-
based small molecules that inhibit both LSD1 and LSD2,
though with a preference for LSD1.

Results and discussion
Initial screening of polyamine backbones for LSD1 inhibition

To test our hypothesis that relatively simple polyamine might
inhibit lysine-specic demethylases LSD1 and LSD2, we rst
screened seven structurally diverse analogues to identify the
preferred backbone structure of polyamine (Fig. 1). Polyamines
1–4 were synthesized by the solid-phase method, as reported
previously.26,27 In brief, once the peptide was constructed on
solid support using standard Fmoc method, the resin was
treated with BH3-THF to reduce the backbone amide function-
ality. The resultant polyamine was then treated with piperidine
while still attached to the solid support, followed by TFA
cleavage. These polyamines all contain a (4-methoxyphenyl)
propyl group, which shows strong UV absorbance and is helpful
for purication by reversed-phase HPLC (RP-HPLC).26,27 We
chose (4-methoxyphenyl)propyl group, since it is readily avail-
able, relatively small, and stable under the condition of amide
reduction. Also, we envisioned that this structure might
participate in the favorable hydrophobic interaction with LSDs,
since phenyl group is frequently appeared in the small molecule
LSD1 inhibitors.19 The solid-phase method is relatively simple
and possible to synthesize various types of polyamines.27 Poly-
amines 5–7 were prepared according to the literature.28,29 Poly-
amines 1–6 contain ve primary, secondary, tertiary, quaternary
amino or ammonium groups, whereas 7 has only four amino
groups.

The LSD1-inhibitory activity of polyamines 1–7 (Fig. 1) was
measured in vitro using a peroxidase-coupled assay system.30,31

The assay results (Table 1) showed that even the simple linear
polyamine 5 exhibits modest LSD1-inhibitory activity (Ki ¼ 13
mM). Addition of a (4-methoxyphenyl)propyl group (1) resulted
in similar inhibitory potency (Ki ¼ 14 mM). Branched polyamine
3 and cyclic polyamine 4 possessing a (4-methoxyphenyl)propyl
group showed virtually no LSD1-inhibitory activity (Ki > 50 mM),
36896 | RSC Adv., 2018, 8, 36895–36902
suggesting that the structure of the polyamine itself is critical
for the inhibitory activity. Huang et al. reported a series of
conformationally restricted and saturated polyamine
analogues, including pentamines, hexamines, octamines, and
decamines, for their effect on LSD1 activity.25 Most compounds
have four methylene (CH2) units between each amino groups,
but in some cases, cyclopropane ring or double bond was
incorporated for conformational restriction. Although
This journal is © The Royal Society of Chemistry 2018
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Table 1 Results of initial screening for LSD1-inhibitory activity

Polyamine Ki
a (mM)

1 14 � 3.3
2 6.3 � 0.5
3 >50
4 >50
5 13 � 1.7
6 29 � 5.4
7 >50

a Mean � SE (N $ 3).
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conformational restriction sometimes worked positive, the
LSD1 inhibitory activity generally depends on the number of
amino groups; pentamine and hexamine analogues marginally
affected LSD1 activity. In our initial screening, however, some of
the pentamines exhibited considerable LSD1 inhibition. Among
1–7, the partially constrained polyamine 2 was the most potent
LSD1 inhibitor (Ki ¼ 6.3 mM), suggesting that partially con-
strained backbone, which contains three trans-cyclopentane
units with a total of six stereogenic centers, is preferential for
LSD1 inhibition.
Fig. 2 Structures of brominated analogue and optical isomers of
polyamine 2.
Validation of LSD1–polyamine interaction site by X-ray crystal
structure analysis

Next, we investigated the crystal structure of the complex of
LSD1 with polyamine 2, with the aim of providing a rational
basis for designing more potent and selective inhibitors. We
obtained single crystals of LSD1$CoREST, and soaked them in
a solution of polyamine 2 or histone H3(1–20)K4-dimethylated
(K4me2) peptide. When LSD1$CoREST crystals were soaked in
H3(1–20)K4me2 peptide solution, electron density correspond-
ing to the H3(1–20)K4me2 peptide could not be detected in the
catalytic cavity of LSD1 (Fig. S1A in ESI†). On the other hand, an
Fo-Fc map of a LSD1$CoREST complex soaked with polyamine 2
revealed the presence of polyamine 2 in the catalytic cavity of
LSD1 (Fig. S1B in ESI†). However, the observed electron density
was insufficient to determine the orientation of 2. In order to
uncover the binding mode, we synthesized 8, which is an
asymmetrically brominated analogue of 2 (Fig. 2), anticipating
that the strong anomalous signal of the bromine atom would be
informative. We conrmed that polyamine 8 showed similar
LSD1-inhibitory activity to 2 (Ki¼ 3.9� 0.32 mM). As expected, X-
ray absorption ne structure (XAFS) spectroscopy of the
LSD1$CoREST complex soaked with 8 showed anomalous
dispersion from the bromine atom (Fig. S1C in ESI†), and the
Fo-Fc map conrmed the presence of 8 in the catalytic cavity of
LSD1 (Fig. S1D in ESI†). Unfortunately, though, the results were
still insufficient to identify the binding mode of 8. A possible
explanation of this result would be that 8 binds to LSD1 in
several different modes.

Since it was difficult to fully identify the structure of LSD1 in
complex with polyamines, we carried out molecular modeling
(docking) study to predict how polyamine 2 binds to LSD1. The
docking program BIOVIA Discovery Studio soware package
was used for docking. The crystal structure of LSD1$CoREST
This journal is © The Royal Society of Chemistry 2018
complex soaked with 2 was used as a docking template, which
was prepared by adding hydrogen atoms to the structure,
removing the electron density of polyamine and water mole-
cules, while keeping FAD as an integrated component of the
protein. Polyamine 2 could be well docked into the active site of
RSC Adv., 2018, 8, 36895–36902 | 36897
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LSD1. Among the docking structures with lowest energies,
several binding conformations in the active site of LSD1 were
well overlapped to the observed electron density. Representative
results were shown in Fig. S2 (ESI†). In general, polyamine 2
seemed to interact with LSD1 through electrostatic and hydro-
phobic interactions. The electrostatic interactions were
observed between amino groups in polyamine 2 and negatively
charged residues in the active site of LSD1. Cyclopentyl and (4-
methoxyphenyl)propyl groups in polyamine 2 participated in
the hydrophobic interactions with hydrophobic residues and
FAD in LSD1. The binding conformations of 2 were divergent
and the orientation of 2 could be opposite (Fig. S2 in ESI†). This
result supports the above discussion that polyamine 2 or 8
binds to LSD1 in several different modes. Nonetheless, these
results at least conrmed that 2 and 8 interact with the catalytic
center of LSD1 in the crystal state, which is consistent with the
nding that they inhibit the demethylation activity of LSD1
toward histone H3 tail peptide at single-digit micromolar
concentrations in vitro.
Inhibition of LSDs and MAOs by optical isomers of 2

As a rst step to the structural optimization of 2, we examined
the chirality of backbone structure. The above results conrmed
that 2 interacts with the catalytic cavity of LSD1 in the crystal,
and since the catalytic cavity is a chiral environment, we envi-
sioned that different optical isomers of polyamine 2 might
exhibit distinct activities. Further, the amino acid residues in
the catalytic cavity of LSD2 have bulkier side chains than the
corresponding residues in LSD1, making the catalytic cavity of
LSD2 smaller than that of LSD1,32,33 so we anticipated that some
of the isomers might show isozyme selectivity. Also, from
a different perspective, these compounds might serve as
chemical probes to explore the structural features of this family
of enzymes, such as differences of cavity size and shape. We
synthesized a set of optical isomers of polyamine 2 with
different combinations of six chiral centers (Fig. 2). A Line-
weaver–Burk plot (Fig. S3 in ESI†) conrmed that one of these
polyamines, 13, was a competitive inhibitor of LSD1. This result
strongly suggests that all of these polyamine-based inhibitors
are also competitive inhibitors. All the optical isomers showed
relatively potent inhibition of both LSD1 and LSD2 (Table 2),
but in all cases, the inhibitory activity towards LSD1 was greater
than that towards LSD2: the Ki values for LSD1 inhibition were
Table 2 Ki values of the polyamines 2 and 9–15 for LSDsa

Polyamines Ki for LSD1 inhibitionb (mM)

2 [RS-RS-RS] 6.3 � 0.48
9 [RS-RS-SR] 2.2 � 0.18
10 [RS-SR-RS] 6.4 � 0.47
11 [SR-RS-RS] 4.2 � 0.43
12 [SR-SR-SR] 2.4 � 0.24
13 [SR-SR-RS] 2.5 � 0.24
14 [SR-RS-SR] 3.3 � 0.32
15 [RS-SR-SR] 3.8 � 0.32

a Kinetic plots are shown in Fig. S4 and S5 in ESI. b Mean � SE (N ¼ 3).

36898 | RSC Adv., 2018, 8, 36895–36902
2.2–6.4 mM, while the Ki values for LSD2 inhibition were 4.4–39
mM (the selectivity ratio ranged from 1.8 to 6.1). To the best of
our knowledge, these compounds are the rst examples of
polyamine-based LSD2 inhibitors. Polyamine 9 [RS-RS-SR] was
themost potent inhibitor of LSD1 (Ki¼ 2.2 mM), while 12 [SR-SR-
SR] and 13 [SR-SR-RS] were comparably potent (Ki ¼ 2.4 mM and
2.5 mM, respectively). On the other hand, polyamine 12 [SR-SR-
SR] was the most potent inhibitors of LSD2 (Ki ¼ 4.4 mM), while
13 [SR-SR-RS] was similarly potent (Ki ¼ 4.5 mM). The overall
preference to LSD1 could be explained by the differences in the
size and shape of the catalytic cavity, since catalytic cavity of
LSD2 is smaller than that of LSD1.32,33 The LSD1 inhibitory
activities of these polyamines are fairly potent, since the Ki

values are comparable to those of known LSD1 inhibitors. For
example, Ki values of peptidic inhibitor SNAIL1 1–9,34 small-
molecule irreversible inhibitors tranylcypromine14–16,35,36 and
S2101 (ref. 17) were 1.9 mM,31 100 mM,17 and 0.61 mM,17 respec-
tively in our assay system.

In order to further evaluate the target selectivity, we also
examined the inhibitory activity of these polyamines toward
MAO-A and MAO-B, whose active site structures show sequence
homology to those of LSDs. LSD1 is classied as a member of
the PAO superfamily, and some small-molecular MAO inhibi-
tors, such as pargyline, tranylcypromine, and phenelzine, also
inhibit LSD1. As shown in Table 3, the polyamine analogues
showed little or no inhibitory activity toward MAO-A or MAO-B;
i.e., they are highly selective for LSDs over MAOs.

Given that these polyamine analogues bind within the
catalytic cavity, the above results may reect differences in the
size of the catalytic cavity. It is reported that LSD1 has a wider
catalytic cavity than LSD2,19 while MAO-A and MAO-B, which
were negligibly inhibited by all of the polyamines, have even
narrower cavities than LSD2.37 It is noteworthy that a cyclo-
pentane substituent appears to reduce the inhibitory activity
towards LSD2, presumably because of steric hindrance. Further
modication of polyamines 12 or 13, such as systematic
removal of cyclopentane rings and changing the linker length
between amino groups, might yield LSD2-preferential inhibi-
tors. On the other hand, the (4-methoxyphenyl)propyl group
seemed to have little effect on the inhibition of LSD1, since 1
and 5 showed similar inhibition activity toward LSD1. Substi-
tution of this group with other groups might further improve
the activity. Overall, these results suggest that our strategy of
employing a set of optical isomers is a useful approach for
Ki for LSD2 inhibitionb (mM) Selectivity [LSD1/LSD2]

24 � 2.1 3.8
6.9 � 0.56 3.1
39 � 3.1 6.1
9.5 � 0.54 2.3
4.4 � 0.39 1.8
4.5 � 0.42 1.8
9.2 � 0.45 2.8
18 � 0.93 4.7

This journal is © The Royal Society of Chemistry 2018
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Table 3 Ki values of the polyamines 2 and 9–15 for MAOsa

Polyamines Ki for MAO-A inhibitionb (mM) Ki for MAO-B inhibitionb (mM)

2 [RS-RS-RS] 380 � 50 >500
9 [RS-RS-SR] 350 � 49 >500
10 [RS-SR-RS] >500 >500
11 [SR-RS-RS] 330 � 31 >500
12 [SR-SR-SR] 290 � 59 >500
13 [SR-SR-RS] 310 � 70 >500
14 [SR-RS-SR] 500 � 35 >500
15 [RS-SR-SR] 190 � 32 >500

a Kinetic plots are shown in Fig. S6 and S7 in ESI. b Mean � SE (N ¼ 3).
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exploring the structural features of this family of enzymes, such
as differences of cavity size and shape, and should be helpful in
rationally designing more potent and selective inhibitors.

Finally, since 9 [RS-RS-SR] showed the strongest inhibitory
activity toward LSD1 in vitro (i.e. Ki ¼ 2.2 � 0.18 mM) among the
compounds tested, we assessed whether it can inhibit the
proliferation of human acute promyelocytic leukemia cell line
HL-60, which is sensitive to LSD1 inhibition.38 We found that 9
[RS-RS-SR] inhibited proliferation of HL-60 cells with IC50 ¼ 49
� 2.4 mM (n¼ 3). Since polyamines interact with various cellular
targets, we cannot rule out the possibility that there may be
unknown molecular target(s) other than LSD1. However, this
result suggests that polyamine 9 is membrane-permeable, at
least to some extent, and that the decrease of HL-60 cell
proliferation is due at least in part to inhibition of LSD1. The
difference between the in vitro (Ki ¼ 2.2 mM) and in vivo (IC50 ¼
49 mM) effects might reect limited ability of 9 to penetrate the
cell membrane.

Conclusion

We prepared a series of polyamines with modied backbones
and screened them for LSD-inhibitory activity. Polyamine 2
showed the most potent LSD1-inhibitory activity in the initial
screening, suggesting that partially constrained backbone
structure is preferential for LSD1 inhibition. We next synthe-
sized a set of optical isomers of 2 in order to optimize the
backbone structure. Among them, 9 was the most potent LSD1
inhibitor (Ki ¼ 2.2 mM), while 12 was the most potent inhibitors
of LSD2 (Ki¼ 4.4 mM) although 12 still showed higher inhibitory
activities toward LSD1. To the best of our knowledge, these
compounds are the rst examples of polyamine-based LSD2
inhibitors. All of the polyamines negligibly inhibited MAO-A
and MAO-B. Considering the structure of these enzymes, this
selectivity would reect differences in the size and shape of the
catalytic cavity, suggesting that our strategy of employing a set
of optical isomers appears to be an effective approach for
exploring the structural features of this family of enzyme.
Polyamine 9 also inhibited the proliferation of human acute
promyelocytic leukemia cell line HL-60. These polyamines may
be promising leads for the development of more potent and
selective inhibitors of lysine-specic demethylases as potential
chemical tools and pharmaceuticals. Since our solid-phase
polyamine synthesis method is simple and well suited for
This journal is © The Royal Society of Chemistry 2018
library construction, further optimization would be relatively
straight-forward. A large number of structurally and stereo-
chemically diverse amino acid building blocks are easily
accessible. Furthermore, since LSD1-inhibiting long-chain
polyamines are synergistic with DNA methyltransferase inhibi-
tors,25 our polyamines may also be useful in combination with
DNA methyltransferase inhibitors for epigenetic therapy of
cancer.
Experimental
General

All regents and solvents were commercial products of the
highest quality and were used without purication. Flash
column chromatography was performed on silica gel (Fuji
Silysia Chemical Ltd., BW-300) using forced ow. Thin layer
chromatography (TLC) was performed on Merck pre-coated
plates (Silica gel 60 F254, 0.25 mm) and bands were visualized
by uorescence quenching under UV light or by staining with
potassium permanganate or ninhydrin. 1H-NMR and 13C-NMR
spectra were recorded on a JEOL LNM-LA500 (JEOL Ltd.,
Tokyo, Japan) or a Varian VNMRS 500 at 500 MHz and 125 MHz,
respectively. 13C-NMR spectra were also recorded on a Bruker
Avance-600 (Bruker Biospin, Yokohama, Japan) at 150 MHz.
Chemical shis are expressed as parts per million (ppm) using
tetramethylsilane, 1,4-dioxane (for 13C-NMR of polyamine), or
solvent as an internal standard. Data are reported as follows: s¼
singlet, d ¼ doublet, t ¼ triplet, q ¼ quartet, m ¼ multiplet;
coupling constants in Hz. Infrared (IR) spectra were recorded on
a JASCO FT/IR-680 Fourier-transform infrared spectrophotom-
eter (JASCO Corporation, Tokyo, Japan). Electrospray ionization
mass spectrometry (ESI-MS) was done with a JEOL JMS-
T100LP4G (JEOL Ltd., Tokyo, Japan). Preparative RP-HPLC
and analytical RP-HPLC were performed using a Shimadzu
SPD-M10AVP variable-wavelength UV detector (Shimadzu
Corporation, Kyoto, Japan). Inertsil ODS-3 (10 � 250 mm, GL
Science Inc., Tokyo, Japan) and Inertsil ODS-3 (4.6 � 250 mm,
GL Science Inc., Tokyo, Japan) columns were employed for
chromatographic and analytical separations, respectively.
Synthesis of polyamines

General procedure for synthesis of polyamines. Polyamines
1–4 were prepared by solid-phase synthesis as described
RSC Adv., 2018, 8, 36895–36902 | 36899
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previously.26,27 Polyamines 5–7 were synthesized according to
the literature.28,29 Polyamines 8–15 were synthesized by the
same solid-phase procedure as employed for 2, using appro-
priate monomers. Since polyamines synthesized by the solid-
phase method were puried by RP-HPLC using a linear
gradient system of CH3CN/H2O (0.1% TFA), they were obtained
as TFA salts. In order to obtain the HCl salt, the TFA salt of pure
polyamine was dissolved in 1 M HCl and lyophilized. This
procedure was repeated three times, and complete removal of
TFA was conrmed by 19F-NMR.

Synthesis of 8 [RS-RS-RS]. For the synthesis of polyamine 8,
3-(4-methoxyphenyl)propionic acid was replaced with 3-(3-
bromo-4-methoxyphenyl)propanoic acid, which was synthe-
sized according to the literature.39 Polyamine 8 [RS-RS-RS] was
prepared at 100 mmol scale. HPLC purication afforded a white
powder (21.1 mg, 18% yield). The purity was determined as
>99% by analytical HPLC. [a]20D ¼ �33.9 (c 1.06, H2O);

1H-NMR
(D2O, 500 MHz) d 7.53 (d, J ¼ 2.2 Hz, 1H), 7.26 (dd, J ¼ 8.5,
2.2 Hz, 1H), 7.09 (d, J ¼ 8.5 Hz, 1H), 3.90 (s, 3H), 3.42–3.36 (m,
5H), 3.34–3.29 (m, 1H), 3.24–2.94 (m, 9H), 2.68 (t, J ¼ 7.6 Hz,
2H), 2.46–2.35 (m, 3H), 2.19–1.98 (m, 8H), 1.85–1.70 (m, 13H),
1.60–1.50 (m, 3H); 13C-NMR (D2O, 125 MHz) d 163.8, 154.5,
135.5, 133.7, 129.8, 118.2, 116.2, 113.9, 111.5, 63.6, 63.0, 62.9,
57.2, 50.9, 50.1, 48.5, 46.7, 46.7, 42.6, 42.2, 41.2, 41.1, 31.4, 30.1,
29.9, 29.8, 29.5, 29.4, 28.0, 23.8, 23.7, 23.6; HRMS (ESI)m/z calcd
for C32H57BrN5O [M + H]+ 606.3747, 608.3726 found 606.3732,
608.3727; IR (neat): 2513, 1674, 1462, 1212.

Synthesis of 9 [RS-RS-SR]. Polyamine 9 [RS-RS-SR] was
prepared at 190 mmol scale. HPLC purication afforded a white
powder (32.4 mg, 16% yield). The purity was determined as
>99% by analytical HPLC. [a]20D ¼ �10.0 (c 1.0, H2O);

1H-NMR
(D2O, 500 MHz) d 7.20 (d, J ¼ 8.5 Hz, 2H), 6.94 (d, J ¼ 8.5 Hz,
2H), 3.78 (s, 3H), 3.36–3.15 (m, 6H), 3.06–2.89 (m, 9H), 2.64 (t, J
¼ 7.4 Hz, 2H), 2.36–2.34 (m, 3H), 2.17–1.90 (m, 8H), 1.75–1.68
(m, 13H), 1.53–1.47 (m, 3H); 13C-NMR (D2O, 125 MHz) d 158.2,
134.0, 130.5, 115.1, 67.7, 67.4, 63.5, 63.0, 62.9, 56.2, 53.6, 51.0,
50.1, 48.5, 46.8, 46.7, 42.6, 42.2, 41.2, 31.7, 30.1, 29.83, 29.76,
29.5, 28.2, 23.8, 23.7, 23.61, 23.56; HRMS (ESI) m/z calcd for
C32H58N5O [M + H]+ 528.4636, found 528.4652; IR (neat): 2965,
2843, 2368, 1662, 1515, 1456, 1203, 1135, 1033, 837, 800, 722.

Synthesis of 10 [RS-SR-RS]. Polyamine 10 [RS-SR-RS] was
prepared at 190 mmol scale. HPLC purication afforded a white
powder (15.5 mg, 7.4% yield). The purity was determined as
>99% by analytical HPLC. [a]20D ¼ �10.3 (c 1.0, H2O);

1H-NMR
(D2O, 500 MHz) d 7.25 (d, J ¼ 8.5 Hz, 2H), 6.99 (d, J ¼ 8.5 Hz,
2H), 3.83 (s, 3H), 3.40–3.29 (m, 6H), 3.11–2.94 (m, 9H), 2.70–2.68
(m, 2H), 2.44–2.37 (m, 3H), 2.22–1.99 (m, 8H), 1.83–1.74 (m,
13H), 1.61–1.54 (m, 3H); 13C-NMR (D2O, 125 MHz) d 158.2,
134.0, 130.4, 115.0, 64.0, 63.0, 62.9, 62.2, 60.5, 56.2, 53.6, 51.0,
50.2, 48.5, 46.9, 46.7, 42.6, 42.2, 41.7, 41.4, 31.8, 30.1, 29.9, 29.8,
29.7, 29.5, 28.3, 23.8, 23.7, 23.6; HRMS (ESI) m/z calcd for
C32H58N5O [M + H]+ 528.4636, found 528.4635; IR (neat): 2981,
2844, 2336, 1694, 1515, 1433, 1202, 1135, 1033, 837, 799, 722.

Synthesis of 11 [SR-RS-RS]. Polyamine 11 [SR-RS-RS] was
prepared at 190 mmol scale. HPLC purication afforded a white
powder (22.8 mg, 11% yield). The purity was determined as
>99% by analytical HPLC. [a]20D ¼ �12.0 (c 1.0, H2O);

1H-NMR
36900 | RSC Adv., 2018, 8, 36895–36902
(D2O, 500 MHz) d 7.25 (d, J ¼ 8.3 Hz, 2H), 6.99 (d, J ¼ 8.3 Hz,
2H), 3.83 (s, 3H), 3.41–3.30 (m, 6H), 3.11–2.94 (m, 9H), 2.71–2.69
(m, 2H), 2.44–2.37 (m, 3H), 2.22–1.99 (m, 8H), 1.83–1.74 (m,
13H), 1.62–1.54 (m, 3H); 13C-NMR (D2O, 125 MHz) d 158.2,
134.0, 130.4, 115.0, 64.0, 63.0, 56.2, 53.6, 51.0, 50.2, 48.4, 46.9,
46.7, 42.6, 42.2, 41.6, 41.4, 31.7, 30.1, 29.92, 29.90, 29.8, 29.7,
29.5, 28.2, 23.8, 23.7, 23.6; HRMS (ESI) m/z calcd for C32H58N5O
[M + H]+ 528.4636, found 528.4642; IR (neat): 2981, 2843, 2342,
1687, 1512, 1453, 1203, 1141, 1033, 840, 802, 723.

Synthesis of 12 [SR-SR-SR]. Polyamine 12 [SR-SR-SR] was
prepared at 190 mmol scale. HPLC purication afforded a white
powder (37.4 mg, 18% yield). The purity was determined as
>99% by analytical HPLC. [a]20D ¼ +35.3 (c 1.0, H2O);

1H-NMR
(D2O, 500 MHz) d 7.25 (d, J ¼ 8.5 Hz, 2H), 6.99 (d, J ¼ 8.5 Hz,
2H), 3.83 (s, 3H), 3.40–3.21 (m, 6H), 3.12–2.94 (m, 9H), 2.69 (t, J
¼ 7.4 Hz, 2H), 2.39 (m, 3H), 2.23–1.98 (m, 8H), 1.81–1.77 (m,
13H), 1.59–1.54 (m, 3H); 13C-NMR (D2O, 125 MHz) d 158.2,
134.0, 130.4, 115.0, 63.6, 63.0, 62.9, 60.5, 56.2, 53.6, 50.9, 50.1,
48.5, 46.9, 46.7, 42.6, 42.2, 41.20, 41.18, 31.8, 30.1, 29.85, 29.78,
29.75, 29.5, 29.4, 28.3, 23.8, 23.7, 23.6; HRMS (ESI) m/z calcd for
C32H58N5O [M + H]+ 528.4636, found 528.4613; IR (neat): 2950,
2843, 2350, 1686, 1514, 1453, 1203, 1142, 1033, 839, 802, 723.

Synthesis of 13 [SR-SR-RS]. Polyamine 13 [SR-SR-RS] was
prepared at 190 mmol scale. HPLC purication afforded a white
powder (35.2 mg, 17% yield). The purity was determined as
>99% by analytical HPLC. [a]20D ¼ +9.0 (c 1.0, H2O);

1H-NMR
(D2O, 500 MHz) d 7.25 (d, J ¼ 8.5 Hz, 2H), 6.99 (d, J ¼ 8.5 Hz,
2H), 3.83 (s, 3H), 3.41–3.21 (m, 6H), 3.12–2.94 (m, 9H), 2.69 (t, J
¼ 7.4 Hz, 2H), 2.40 (m, 3H), 2.22–1.98 (m, 8H), 1.80–1.77 (m,
13H), 1.59–1.51 (m, 3H); 13C-NMR (D2O, 125 MHz) d 158.2,
134.0, 130.5, 115.1, 67.7, 67.4, 63.6, 63.0, 62.9, 56.3, 50.9, 50.1,
48.5, 46.8, 46.7, 42.6, 42.2, 41.18, 41.16, 31.7, 30.1, 29.84, 29.76,
29.5, 29.4, 28.2, 23.8, 23.7, 23.58, 23.56; HRMS (ESI) m/z calcd
for C32H58N5O [M + H]+ 528.4636, found 528.4644; IR (neat):
2975, 2844, 2358, 1693, 1515, 1434, 1203, 1137, 1033, 839, 801,
723.

Synthesis of 14 [SR-RS-SR]. Polyamine 14 [SR-RS-SR] was
prepared at 190 mmol scale. HPLC purication afforded a white
powder (37.6 mg, 18% yield). The purity was determined as
>99% by analytical HPLC. [a]20D ¼ +9.0 (c 1.0, H2O);

1H-NMR
(D2O, 500 MHz) d 7.20 (d, J ¼ 8.4 Hz, 2H), 6.94 (d, J ¼ 8.4 Hz,
2H), 3.78 (s, 3H), 3.35–3.25 (m, 6H), 3.05–2.89 (m, 9H), 2.65–2.64
(m, 2H), 2.39–2.32 (m, 3H), 2.17–1.94 (m, 8H), 1.75–1.72 (m,
13H), 1.56–1.50 (m, 3H); 13C-NMR (D2O, 125 MHz) d 158.2,
134.0, 130.4, 115.1, 67.7, 67.4, 64.0, 63.0, 56.2, 51.0, 50.2, 48.5,
46.9, 46.7, 42.6, 42.2, 41.6, 41.4, 31.7, 30.2, 29.9, 29.8, 29.76,
29.72, 29.5, 28.2, 23.8, 23.7, 23.6; HRMS (ESI) m/z calcd for
C32H58N5O [M + H]+ 528.4636, found 528.4635; IR (neat): 2973,
2848, 2365, 1681, 1515, 1434, 1202, 1134, 1035, 837, 799, 722.

Synthesis of 15 [RS-SR-SR]. Polyamine 15 [RS-SR-SR] was
prepared at 190 mmol scale. HPLC purication afforded a white
powder (39.8 mg, 19% yield). The purity was determined as
>99% by analytical HPLC. [a]20D ¼ +10.9 (c 1.0, H2O);

1H-NMR
(D2O, 500 MHz) d 7.20 (d, J ¼ 8.3 Hz, 2H), 6.94 (d, J ¼ 8.3 Hz,
2H), 3.78 (s, 3H), 3.35–3.25 (m, 6H), 3.06–2.89 (m, 9H), 2.65 (m,
2H), 2.38–2.32 (m, 3H), 2.18–1.92 (m, 8H), 1.76–1.71 (m, 13H),
1.56–1.49 (m, 3H); 13C-NMR (D2O, 125 MHz) d 158.2, 134.0,
This journal is © The Royal Society of Chemistry 2018
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130.4, 115.1, 67.7, 67.4, 64.0, 63.01, 62.99, 56.2, 51.1, 50.3, 48.4,
46.9, 46.7, 42.6, 42.2, 41.7, 41.4, 31.7, 30.2, 30.0, 29.8, 29.7, 29.5,
28.2, 23.8, 23.7, 23.6; HRMS (ESI) m/z calcd for C32H58N5O [M +
H]+ 528.4636, found 528.4639; IR (neat): 3093, 2842, 2348, 1634,
1515, 1438, 1203, 1142, 1022, 840, 802, 723.

In vitro enzyme inhibition assays

LSD1 inhibition assay was performed using the peroxidase-
coupled reaction method essentially as described previ-
ously.30,31 Human LSD1 (2.8 mM) was incubated with serial
dilutions of each polyamine in 50mMHEPES-Na (pH 7.5) buffer
containing 400 mM 4-aminoantipyrine, modied Trinder's
reagent TOOS (N-ethyl-N-(2-hydroxy-3-sulfopropyl)-3-
methylaniline, sodium salt, dihydrate), and 40 mg mL�1 horse-
radish peroxidase at 25 �C for 10 min. The reaction mixture was
subsequently incubated with 83 mM H3(1–20)K4-dimethylated
(K4me2) peptide for 30 min. Inhibition assays for LSD2, MAO-
A and MAO-B were performed in a similar manner to the
LSD1 inhibition assay, using 167 mMH3(1–20)K4me2 peptide as
the substrate for 2.7 mM LSD2, and 50 and 150 mM tyramine as
the substrate for 1.4 and 2.8 mM MAO-A and MAO-B, respec-
tively. Absorbance at 562 nm of the hydrogen peroxide by-
products generated by H3(1–20)K4me2 demethylation or tyra-
mine oxidation was measured with a 96-well microplate reader
(Ultrospec Visible Plate Reader II 96; GE Healthcare). Steady-
state reaction ranges from 0 to 10 min (LSD1, LSD2 and MAO-
A) or 0 to 30 min (MAO-B) were used for tting analysis with
the equation of competitive inhibition via steady-state kinetic
analysis to obtain Ki with GraphPad Prism 6 soware (version
6.0e).40

Crystallization and dataset collection of LSD1$CoREST
complex soaked with polyamines

Human LSD1 (residues 172–833) and CoREST (residues 308–
440) were expressed, puried and crystallized as previously
described.30 Crystals of LSD1$CoREST were obtained by the
hanging drop method with 100 mM N-(carbamoylmethyl)imi-
nodiacetic acid (pH 5.5) and 1.18–1.28 M potassium sodium
tartrate tetrahydrate. The crystals were soaked in a solution
composed of the reservoir solution supplemented with 10%
glycerol and 2 mM polyamine 2, 8 or H3(1–20)K4me2 peptide,
and ash-cooled in a stream of N2 gas (100 K) for data collec-
tion. In the case of the crystals soaked with polyamine 2 or
H3(1–20)K4me2 peptide, the datasets were collected at beam-
line BL26B2 of the synchrotron radiation facility SPring-8
(Harima, Japan). XAFS experiments with LSD1$CoREST$poly-
amine 8 were performed at the synchrotron beamline BL26B2
with wavelengths from 0.9154 to 0.9254 Å, and the X-ray
diffraction data set was collected at 0.9190 Å.

Molecular modeling study

The docking program BIOVIA Discovery Studio soware
package was used for the docking study. The crystal structure of
LSD1$CoREST complex soaked with polyamine 2 was used as
a docking template, which was prepared by adding hydrogen
atoms to the structure, removing the electron density of
This journal is © The Royal Society of Chemistry 2018
polyamine and water molecules, while keeping FAD as an
integrated component of the protein. The binding conforma-
tions of polyamine 2 were estimated using CHARMm-based MD
docking algorithm (CDOCKER).41 The binding conformations
obtained were ranked based on CDOCKER energy parameter.
Cell proliferation inhibition assay

Human promyelocytic leukemia HL-60 cells (RCB0041) were
obtained from RIKEN BioResource Research Center (Tsukuba,
Ibaraki, Japan) and seeded in 96-well plates at 4000 cells per
well. Aer culture for 4 h, serial dilutions of test compound were
added. The plates were incubated for 96 h in an atmosphere of
5% CO2 in air at 37 �C. The half-maximal inhibitory concen-
tration (IC50) was determined by alamarBlue cell viability assay
(Bio-Rad). AlamarBlue reagent corresponding to 10% of the
sample volume was added to each well. Aer incubation for 2 h
in an atmosphere of 5% CO2 in air at 37 �C, the uorescence was
measured with the EnVision multimode plate reader (Perki-
nElmer Japan) in triplicate.
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