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ABSTRACT: trans-2-Phenylcycloproylamine (trans-PCPA) has
been used as the scaffold to develop covalent-binding inhibitors
against lysine-specific demethylase 1 (LSD1/KDM1A), a ther-
apeutic target for several cancers. However, the effects of different
structural moieties on the inhibitory activity, selectivity, and
reactivity of these derivatives, including the cis isomers, against
LSD1 and its paralogue LSD2/KDM1B are not fully understood.
Here we synthesized 65 cis- and trans-PCPA derivatives and
evaluated their inhibitory activity against LSD1 and LSD2. One of
the derivatives, 7c (cis-4-Br-2,5-F2-PCPA; S1024), inhibited LSD1
and LSD2 with Ki values of 0.094 μM and 8.4 μM, respectively,
and increased the level of dimethylated histone H3 at K4 in
CCRF-CEM cells. A machine learning-based regression model (Q2
= 0.61) to predict LSD1-inhibitory activity was also constructed
and showed a good prediction accuracy (R2 = 0.81) for 12 test-set
compounds, including 7c. The present methodology would be
useful when designing covalent-binding inhibitors for other enzymes.
KEYWORDS: epigenetics, fragment molecular orbital, histone, inhibitor, X-ray crystallography

Lysine-specific demethylase 1 (LSD1) is a flavin adenine
dinucleotide (FAD)-dependent amine oxidase that

primarily demethylates mono- and dimethylated lysine at the
fourth (H3K4) and ninth (H3K9) position in histone H3. The
catalytic domain of LSD1 is homologous to that of the
monoamine oxidases (MAOs), which also use FAD to oxidize
substrate amines.1 Aberrant expression of LSD1 is implicated
in the maintenance of cancer stem cells, making LSD1 a
potential therapeutic target for the treatment of several
cancers,2 including T-cell acute lymphoblastic leukemia (T-
ALL).3 LSD2, a paralogue of LSD1, also demethylates H3K4
and possesses a catalytic domain homologous to that of LSD1,4

although LSD2 interacts with the nucleosome differently from
LSD1,1,5 and plays distinct biological roles with its protein
partners. LSD2 is implicated in a diverse range of cellular
processes including maternal germline imprinting and carcino-
genesis.1

Many inhibitors of LSD1 have been developed, such as
trans-2-phenylcyclopropylamine (trans-PCPA), which cova-
lently binds to FAD at the bottom of the catalytic pocket

thereby arresting FAD-dependent oxidative demethylation by
LSD1.6 Although trans-PCPA may have the advantage of being
a drug as an MAO inhibitor,7,8 it is a weak nonselective
inhibitor of LSD1. To enhance its potency and selectivity
toward LSD1, researchers have introduced substituents to the
phenyl ring, cyclopropyl ring, and amine group of trans-
PCPA.1,9−12 However, there are currently several knowledge
gaps regarding these derivatives. For example, although PCPA
has two chiral centers, yielding four stereoisomers (i.e., two cis
and two trans enantiomers), almost all of the PCPA-based
LSD1 inhibitors reported so far have been in the trans form;
exceptions being the compounds used in studies of the four
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stereoisomers each of PCPA, 4-Br-PCPA,13 and benzoylamino-
PCPA derivatives,14 and studies of derivatives with substituents
on the cyclopropyl ring.15,16 Similarly, studies examining the
inhibition of LSD2 by such PCPA derivatives are also
limited.13,17−19 Here, to elucidate the structural determinants
of the inhibitory activity of PCPA derivatives against LSD1 and
LSD2, we synthesized 65 PCPA derivatives in both their cis
and trans forms and examined the relationships between their

inhibitory activities and quantum chemical properties. 4-Br-
PCPA was selected as the scaffold from which to construct the
derivatives because it has several times stronger inhibitory
activity against both LSD1 and LSD2 compared with PCPA.13

The structures of the compounds are shown in Table 1, Tables
S1 and S2, and Figure S7 (compounds 1c/1t to 35c/35t,
where c = cis and t = trans). The synthesized derivatives were
all racemic (i.e., (±)-cis isomers and (±)-trans isomers).

Table 1. In Vitro Histone Demethylation Inhibition Assay of PCPA Derivativesa

Ki (μM)

ID R2 R3 R4 R5 R6 cis/trans LSD1 LSD2 selectivity

1c H H Br H H cis 5.9 ± 0.65 80 ± 5.6 14
1t trans 2.9 ± 0.40 740 ± 88 260
2c H F Br H H cis 0.66 ± 0.048 55 ± 4.3 83
2t trans 0.50 ± 0.079 280 ± 40 550
3c H OH Br H H cis 34 ± 5.4 88 ± 14 2.6
3t trans 28 ± 5.1 290 ± 30 10
4c F H Br H H cis 0.47 ± 0.040 29 ± 2.3 62
4t trans 0.42 ± 0.040 270 ± 32 640
5c CF3 H Br H H cis 0.38 ± 0.033 250 ± 41 660
5t trans 0.24 ± 0.023 390 ± 37 1600
6c F F Br H H cis 0.069 ± 0.011 17 ± 1.4 240
6t trans 0.22 ± 0.017 99 ± 13 450
7c F H Br F H cis 0.094 ± 0.0057 8.4 ± 0.43 89
7t trans 0.098 ± 0.0071 180 ± 17 1800
8c H F Br F H cis 0.011 ± 0.0047 7.0 ± 0.72 640
8t trans 0.11 ± 0.013 130 ± 13 1300
9c Cl H Br F H cis 0.013 ± 0.010 20 ± 1.2 1600
9t trans 0.027 ± 0.0092 100 ± 10 3700
10c CH3 H Br F H cis 0.56 ± 0.050 48 ± 3.5 86
10t trans 0.32 ± 0.055 280 ± 30 860
11c OCH2C6H5 H Br H F cis 8.3 ± 0.85 >500 >60
11t trans 12 ± 1.6 490 ± 46 41
12c F H H H H cis 11 ± 0.93 70 ± 4.8 6.1
12t trans 20 ± 1.9 >500 >24
13c F H H F H cis 3.4 ± 0.37 53 ± 4.0 16
13t trans 1.9 ± 0.14 >500 >260
14c OCH2C6H5 H H H F cis 61 ± 8.3 370 ± 26 6.0
14t trans 58 ± 8.6 240 ± 13 4.1
15c OCH2C6H5 H H F F cis 10 ± 1.1 >500 >49
15t trans 14 ± 1.4 >500 >36
16c OCH2C6H5 F H H F cis 7.3 ± 0.67 >500 >68
16t trans 26 ± 2.4 200 ± 6.5 7.5
17c OC6H5 H H H H cis 12 ± 1.5 >200 >17
17t trans 19 ± 2.8 >1000 >53
18c H F OCH3 H H cis 35 ± 3.8 >200 >5.7
18t trans 32 ± 3.8 >200 >6.3
19c H F OCH2CH3 H H cis 31 ± 3.2 290 ± 24 9.4
19t trans 19 ± 2.0 >500 >26
20c H F CF3 H H cis NA NA NA
20t trans 0.15 ± 0.017 180 ± 17 1200
21c F H Cl F H cis 0.37 ± 0.028 35 ± 2.3 95
21t trans 0.25 ± 0.036 >500 >2000
22c F H (3-OCH3)C6H4 F H cis 0.18 ± 0.027 7.0 ± 1.0 40
22t trans 0.087 ± 0.016 86 ± 15 990

aNA, not available.
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To begin, we conducted a pair interaction energy
decomposition analysis (PIEDA) with fragment molecular
orbital (FMO) calculation20 to obtain the interaction energies
between the amino acid residues of LSD1 and (+)-cis-4-Br-
PCPA (an enantiomer of 1c, Table 1). For the interaction
between LSD1 and (+)-cis-4-Br-PCPA (PDB ID: 2XAF),13 the
largest attraction was found for Tyr761, with the CH/π
interaction between the p-orbital of Tyr761 and the hydrogen
atom of the 4-bromophenyl ring being −5.4 kcal/mol (Figure
1A, B and Figures S1 and S2). Thr810 had a weak attractive
CH/π interaction with the 4-bromophenyl ring that was offset
by an exchange repulsion. Asn540 and Asp555 both had weak
electrostatic attractions with the 4-bromophenylethyl fragment.
No other notable interactions involving residues near to the 4-
bromophenylethyl fragment, such as Val334 and Ala809, were
observed, indicating that molecular modification could
potentially yield derivatives with more residue-level inter-
actions.
We then determined the crystal structure of LSD2

complexed with (±)-cis-4-Br-PCPA (1c) and compared it
with that of LSD1 complexed with (+)-cis-4-Br-PCPA. In the
structure of LSD2 in complex with racemic 1c, the phenyl ring
was found to stick out into the catalytic pocket (Figure 1C),
which was basically the same inhibitor−FAD adduct structure
as that of LSD1 with (+)-cis-4-Br-PCPA (Figure 1D). This
phenyl ring orientation was different from that in the complex

of LSD2 with unsubstituted trans-PCPA (PDB ID: 4GUU;
Figure S3). We also determined the crystal structure of LSD2
complexed with 1t (PDB ID: 7XE2; Figure S4). The phenyl
ring was oriented mainly in a lateral direction, and the
derivative appeared to be connected via the benzyl carbon
atom to the C4a atom of the flavin, which is a configuration
observed in the structure of MAO-B in complex with trans-
PCPA.21

Next, we examined the effects of a variety of substituents on
the inhibitory activity of the parent compound, 1c/1t. We
introduced different substituents at the meta and ortho
positions of the phenyl ring of 4-Br-PCPA (Table 1), which
is where the interaction analysis indicated that there was room
for modification to improve the binding with LSD1. Fluorine
was used as the main substituent because fluorine substitutions
have been shown to enhance the potency of PCPA.22,23

Inhibition of LSD1 and LSD2 was measured by means of the
peroxidase-coupled method, using K4-dimethylated H3 (1−
20) peptide as the substrate.24 The Ki of the parent
compounds, 1c and 1t, was 5.9 and 2.9 μM, respectively.
Single substitution with a fluorine atom at the meta- or

ortho-position of 4-Br-PCPA (2c/2t and 4c/4t) provided
markedly increased inhibitory activity against LSD1 (Ki =
0.66/0.50 and 0.47/0.42 μM, respectively). In both cases, the
cis and trans forms exhibited nearly the same activity levels,
which was not the case for the parent compounds for which

Figure 1. Residue-level interactions between LSD1 or LSD2 and cis-4-Br-PCPA (PDB ID: 2XAF13 and 7XE1, respectively). (A) Interactions
between LSD1 and (+)-cis-4-Br-PCPA. The (+)-cis-4-Br-PCPA-derived portion of the adduct is colored yellow, FAD is colored gray, and the LSD1
residues are colored according to the interaction energy color key. ES, electrostatic; EX, exchange repulsion; CT+mix, charge transfer with higher-
order mixed terms; DI, dispersion interaction. (B) Interaction energies stratified by interaction term, as determined by the FMO method. (C)
Crystal structure of LSD2 and (±)-cis-4-Br-PCPA (1c) (PDB ID: 7XE1). The adduct and the LSD2 residues are colored in magenta and salmon,
respectively. The omit mFo-DFc map contoured at +3.0 σ is shown as a green mesh. The anomalous difference map contoured at 5.0 σ is shown as
an orange mesh. (D) Superimposition of the structures of LSD1−(+)-cis-Br-PCPA and LSD2−(±)-cis-4-Br-PCPA (1c). The adduct and the
residues in LSD1 are colored cyan and blue, respectively. The LSD2 structure is depicted as in panel C.
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the trans form exhibited stronger inhibitory activity than the cis
form. The same substitution did not much enhance the
inhibitory activity against LSD2. Substituting with a hydroxy
group (3c/3t) at the meta position decreased the inhibitory
activity against LSD1. Substituting with a trifluoromethyl
group at the ortho position increased the inhibitory activity
against LSD1 of both the cis (5c) and trans (5t) forms.
Substitution of two fluorines (6c/6t, 7c/7t, and 8c/8t)

considerably increased the inhibitory activity against LSD 1 (Ki
= 0.011−0.22 μM). 7c/7t both exhibited strong inhibitory
activity (Ki < 0.1 μM). 6c/6t and 8c/8t showed stronger
inhibitory activity in the cis form than in the trans form. Of
these six derivatives, 8c showed the strongest inhibitory activity
(Ki = 0.011 μM), which was a sixty-fold enhancement over the
single meta-fluorine derivative 2c and a 10-fold enhancement
over the trans counterpart 8t. Introducing a chlorine atom at
the ortho position also considerably increased the inhibitory
activity of both the cis (9c) and trans (9t) forms. Together,
these results show the potential for cis-PCPA derivatives to be
potent LSD1 inhibitors. Against LSD2, double fluorine
substitutions markedly increased the inhibitory activity of the
cis forms (7c and 8c; Ki = 8.4 and 7.0 μM, respectively), but
not the trans forms (7t and 8t; Ki = 180 and 130 μM,
respectively), into the single micromolar range, which is a one-
order-of-magnitude enhancement compared with the parent
compound 1c. Other than halogens, addition of a methyl
group (10c/10t) to 4-Br-3-F-PCPA (2c/2t) did not change
the inhibitory activity against LSD1 or LSD2, and addition of
benzyloxy group (11c/11t), a part of the LSD1 inhibitor
S2101,22 to the other ortho position in 4-Br-2-F-PCPA (4c/
4t) did not improve the inhibitory activity against LSD1 or
LSD2.
Derivatives debrominated at the para position (12c/12t to

17c/17t) showed weak inhibition against LSD1 and residual to
no inhibition against LSD2, indicating the significance of the
bromine atom at the para position. Trifluoromethyl sub-
stitution at the para position of 3-F-PCPA (20t), and chlorine
or 3-methoxylphenyl substitution at the para position of 2,5-
F2−PCPA (21c/21t and 22c/22t), showed submicromolar
inhibitory activity against LSD1 (Table 1). For 22, the cis form,
but not the trans form, showed micromolar inhibitory activity
against LSD2. Extended substitutions at the para position of
PCPA (23t, 24c, 25t, and 26c/26t to 30c/30t, Table S1) did
not improve inhibitory activity for LSD1. The Ki values of
another 10 derivatives, which were used in the in silico
calculation described below, are shown in Table S2 (31c/31t
to 35c/35t).
Generally, the cis derivatives showed stronger inhibitory

activity against LSD2 than their trans counterparts, which can
be attributed to steric hindrance in LSD2. Several residues at
the catalytic sites in LSD2 are bigger than those in LSD1
(Figure 1D). Indeed, the adduct formed by trans-Br-PCPA
with FAD had a different configuration from the adduct
formed by cis-Br-PCPA (Figure S4), reflecting a different
positioning of the molecule with respect to FAD before the
reaction. However, this does not preclude the possibility of
developing potent trans-PCPA-based LSD2 inhibitors, because
trans-PCPA derivatives with a bulky benzamide substituent at
the para position of the phenyl ring still inhibit LSD2 with a
single-digit micromolar IC50.

18

Compounds 7c/7t and 8c/8t, which showed strong
inhibitory activity against both LSD1 and LSD2, did not
inhibit peroxidase (IC50 > 500 μM; Figure S5), indicating that

the Ki values measured in the LSD1 and LSD2 assays reflect
the derivative-mediated inhibition of demethylation activity.
Next, we evaluated the effects of the derivatives exhibiting

relatively potent LSD1-inhibitory activity on cell proliferation
in two human T-ALL cell lines (CCRF-CEM and Jurkat) in
which overexpression of LSD1 is associated with cancer
malignancy25 (Table 2). Compound 7c inhibited proliferation

of the T-ALL cell lines with an IC50 of 12 μM and 16 μM,
respectively, without inhibiting the human normal fibroblast
cell line WI-38. Among the tested derivatives, the cis isomers
more favorably and weakly inhibited hERG in vitro than the
trans ones, except for 7 (Table 2). Treatment of CCRF-CEM
cells with 20 μM 7c (S1024) for 24 h significantly increased
the level of dimethylated H3K4 (H3K4me2) 2.9-fold (**p <
0.01) compared with untreated cells (Figure 2). In contrast, 7t

(S1025) had no effect on the H3K4me2 level, suggesting that
substantial chemical inhibition of both LSD1 and LSD2 is
important for increasing the H3K4me2 level in these cells.
To confirm the binding mode of the derivative that showed

high potency, we determined the crystal structures of LSD1
and LSD2 in complex with 7c (PDB ID: 7W3L and 7XE3,
respectively). The adduct formed from 7c and FAD in LSD1
had basically the same structure as that of (+)-cis-4-Br-PCPA
and FAD (PDB ID: 2XAF)13 with respect to the position and
orientation of the 4-bromophenyl ring (Figure 3A). The meta-
fluorine was orientated to Ala809 and the ortho-fluorine on the

Table 2. Cell Proliferation Inhibition Assay or Br-PCPA and
Its Fluorinated Derivativesa

cell assay IC50 (μM)

ID CCRF-CEM Jurkat WI-38 hERG

1c ND ND ND 18 ± 2.7
1t ND ND ND 13 ± 1.2
2c 110 ± 1.6 57 ± 1.9 89 ± 0.9 44 ± 7.8
2t 49 ± 0.6 44 ± 0.7 67 ± 0.8 16 ± 2.3
6c 14 ± 0.3 18 ± 2.9 >50 35 ± 4.7
6t 25 ± 0.4 28 ± 1.2 >50 15 ± 2.4
7c 12 ± 0.1 16 ± 1.3 >50 7.3 ± 1.8
7t 23 ± 0.8 26 ± 1.7 >50 7.7 ± 1.3
8c 25 ± 0.5 27 ± 0.3 >50 ND
8t >50 >50 >50 ND

aND, not determined.

Figure 2. Dimethylation at H3K4 in human CCRF-CEM cells treated
with 7c or 7t. (A) Western blotting. (B) Relative intensity. Cells were
cultured for 24 h with a 20 μM concentration of the indicated
compound containing 0.5% DMSO, and nuclear extracts were
analyzed by Western blotting. -, 0.5% DMSO alone. Data are
shown as mean ± standard error (n = 3) and were statistically
analyzed by using the independent-samples one-sided t-test (**p <
0.01).
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other side of the phenyl ring was oriented to Val333. The
adduct formed from 7c and FAD in LSD2 had the same overall
structure as that found for LSD1; however, the meta-fluorine in
the LSD2 complex was oriented to Asn440 (Figure 3B). The
electron density of the side chain of Asn440 was not clearly
visible, suggesting that its conformation was not fixed. We
calculated the interaction energies by PIEDA between LSD1
and the 7c−FAD (Figure 3C and 3D). Compared with the
interactions between LSD1 and (+)-cis-4-Br-PCPA (Figure 1A,
B), 7c retained the interaction with Tyr761 and stabilized the
interaction with neighboring residues, such as Ala809, Val333,
and Thr810 (Figure 3C, D and Figure S6A, B), of which the
contribution of Thr810 increased the most. Based on
interfragment interaction energy (IFIE) analysis, the sum of
the interaction energies between LSD1 and the 1c−FAD and
7c−FAD adducts was −24.9 kcal/mol and −29.2 kcal/mol,
respectively, demonstrating that 7c interacted more favorably
with LSD1 than did 1c.
The concomitant enhancement of the LSD1-inhibitory

activity of the cis and trans forms suggested that the reactivity
of the derivatives was a more dominant determinant of
inhibitory activity than stereoisomerism. This reactivity is
related to the quantum chemical properties of the molecule
and depends on the substituents in the derivative. Therefore,
to further investigate the structure−activity relationship, we
constructed a regression model by machine learning using the

65 compounds listed in Table 1 and Tables S1 and S2. The
compounds were divided into 53 compounds as the training
set and 12 as the test set. Using 12 physical property values as
the descriptors (i.e., the atomic charges of 10 heavy atoms on
the PCPA scaffold, HOMO, and LUMO; Table S3), the
regression model was constructed by a support vector machine.
In the 5-fold cross-validation, the model showed good
performance (Q2 = 0.61 and RMSE = 0.72; Figure 4A). The
prediction accuracy of the constructed regression model was

Figure 3. Crystal structures of LSD1 or LSD2 with 7c−FAD. (A) Structure of 7c−FAD in complex with LSD1 (PDB ID: 7W3L). The adduct
molecule and the residues are colored in cyan and blue, respectively. The omit mFo-DFc map contoured at +4.0 σ is shown as a green mesh. The
anomalous difference map contoured at 6.0 σ is shown as an orange mesh. (B) Structure of 7c−FAD in complex with LSD2 (PDB ID: 7XE3). The
molecules and the maps are depicted as in Figure 1C. The side chain of Asn440 was not modeled because of a lack of electron density. (C)
Interactions between individual LSD1 residues and 7c. The 7c-derived portion of the adduct is colored yellow, and the LSD1 residues are colored
according to the interaction energy color key. (D) Interaction energies stratified by interaction term, as determined by the FMO method.

Figure 4. Correlation of experimental and predicted pKi values for
PCPA derivatives. (A) Five-fold cross-validation for the training set.
(B) Correlation using the test set based on the regression model.
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evaluated using the 12 compounds in the test set, which
included the starting compound 1c and potent compounds 7c
and 8c. The correlation of pKi between experimental and
predicted values (R2 = 0.81 and RMSE = 0.62; Figure 4B)
indicated that the constructed regression model had good
prediction performance. The contributions of the descriptors
in the constructed model (Table S3) confirmed that changes in
the atomic charges of the ipso and para carbons (C5 and C8)
on the phenyl ring affected the activity the most and that these
changes were the result of a change in the overall electronic
state by addition of the substituent to the phenyl ring. The
atomic charges of the cyclopropylamine moiety (N1, C2, C3,
and C4), which are involved in the reaction with FAD, were
also major contributors to the activity.
The results of the inhibitory activity prediction support that

the high inhibitory activity of the present derivatives against
LSD1 was mainly a result of their reactivity, which was
dependent on the substituents in each derivative. In addition,
as the interaction energy analysis for LSD1 and 7c−FAD
demonstrates, the stability of the adduct also contributes to
increasing the inhibitory activity. When a covalent-binding
compound inactivates its target, it must first access the reaction
site and position itself in a suitable orientation with respect to
the reaction partner. For better prediction of inhibitory
activity, the current in silico analysis could be integrated with
molecular docking analysis because the interactions in the
prereaction stage are presumably important determinants for
the activity of the inhibitor. Studies that integrate all three
stages�molecular docking analysis for the prereaction stage,
quantum chemical analysis for the reaction stage, and tertiary
structural analysis for the postreaction stage�will be pivotal
for the rational design and evaluation of potent covalent-
binding enzyme inhibitors.
In conclusion, we synthesized PCPA derivatives in cis and

trans forms and evaluated their inhibitory activity against LSD1
and LSD2. Both the cis and trans forms of Br-PCPA derivatives
with a fluorine and either another fluorine or a chlorine atom
showed high inhibitory activity against LSD1. A significant
increase in H3K4me2 level induced by 7c (S1024) in CCRF-
CEM cells suggested the importance of dual inhibition of
LSD1 and LSD2. A machine learning-based model constructed
by using quantum chemical descriptors for predicting the
inhibitory activity of a derivative agreed well with the
experimentally determined inhibitory activity for LSD1. We
expect the present methodology to be applicable for predicting
the inhibitory activity of other covalent-binding inhibitors.
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