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ABSTRACT: The combinatorial assembly of protein complexes is at the heart of chromatin biology. Lysine demethylase
LSD1(KDM1A)/CoREST beautifully exemplifies this concept. The active site of the enzyme tightly associates to the N-terminal
domain of transcription factors of the SNAIL1 family, which therefore can competitively inhibit the binding of the N-terminal tail
of the histone substrate. Our enzymatic, crystallographic, spectroscopic, and computational studies reveal that LSD1/CoREST
can bind to a hexapeptide derived from the SNAIL sequence through recognition of a positively charged α-helical turn that forms
upon binding to the enzyme. Variations in sequence and length of this six amino acid ligand modulate affinities enabling the same
binding site to differentially interact with proteins that exert distinct biological functions. The discovered short peptide inhibitors
exhibit antiproliferative activities and lay the foundation for the development of peptidomimetic small molecule inhibitors of
LSD1.

Histone-modifying and chromatin-binding proteins bind in
a specific manner to amino acid sequences of different

lengths that are often, but not always, located in the N-terminal
region of histone proteins. An excellent example is given by the
lysine specific demethylase LSD1 (KDM1A).1,2 In association
with the corepressor CoREST, this flavoenzyme is an ‘eraser’
that selectively demethylates Lys4me/me2 of histone H3.
However, this enzymatic activity is modulated by the presence
or absence of other H3 post-translational modifications.
Furthermore, at least the first 21 N-terminal amino acids of
the H3 tail are necessary for significant substrate recognition by
the enzyme2 (see Table 1 for Ki values).

LSD1 is widely investigated for its expanding biological roles
and involvement in cancer, neurodegeneration, and viral
infection.3,4 The enzyme is homologous to monoamine
oxidases (MAOs), and anti-MAO drugs are being preclinically
investigated as demethylase inhibitors. There remains the issue
of selectivity and the fact that these compounds are covalent
modifiers of the FAD cofactor,5 while the reported reversible
LSD1 inhibitors are modest in activity or polycationic in
nature.6,7 Here, we show the first short peptides (MW < 800)
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that inhibit LSD1 in a reversible manner, opening new avenues
for inhibitor design and drug discovery. Variations in the
sequence and length of these minimal peptides modulate
binding affinities and elucidate the ability of the LSD1 active
site cleft to distinguish between histone substrates and other
binding partners.

An unusual aspect of LSD1 biology was unveiled by the
discovery that SNAIL1 exerts a repressive activity by recruiting
and directing LSD1 to target genes.8 SNAIL1 is a member of
the SNAIL/SCRATCH family of transcription factors that are
involved in a variety of cell differentiation and development
processes.9 We have shown that the N-terminal 21 amino acids
of SNAIL1 (the ‘SNAG’ domain) binds to the LSD1 active site
in a conformation similar to that of H3. Thus, SNAIL1
competes with the H3 substrate and effectively functions as an
endogenous inhibitor of LSD1.10 While LSD1 binding to the
H3 substrate involves multiple interactions and at least the first
16 residues, the X-ray analysis of the complex of LSD1/
CoREST with the SNAIL1 N-terminal peptide showed that
only the first 9 amino acids have well-defined electron density.
This suggests that residues 10−21 might be disordered or
bound with multiple conformations (Figures 1 and S1,
Supporting Information). To verify this crucial point, we
studied a 20-mer peptide corresponding to the sequence of
INSM1, another member of the SNAIL/SCRATCH family.
Compared to SNAIL1, this protein differs by a Ser to Gly
substitution at position 3 and a totally different sequence after
residue 8 (Table 1). We found that INSM1 binds to LSD1/
CoREST with the same affinity as SNAIL1 as measured by

Table 1. Ki Values for LSD1/CoREST Inhibition

peptide sequencea Ki (μM)c

H3 1−21b ARTKQTARKSTGGKAPRKQLA 1.8 ± 0.6
H3 1−12b ARTKQTARKSTG 199.0 ± 22.0
H3 6−21b TARKSTGGKAPRKQLA 87.0 ± 29.0
SNAIL1 1−20 PRSFLVRKPSDPNRKPNYSE 0.21 ± 0.07
INSM1 1−20 PRGFLVKRSKKSTPVSYRVR 0.24 ± 0.10
SNAIL1 1−9 PRSFLVRKP 0.14 ± 0.06
SNAIL1 1−6 PRSFLV 28.4 ± 4.8
SNAIL1 1−5 PRSFL 120 ± 20
SNAIL1 1−4 PRSF >1000
SNAIL1 2−6 RSFLV 451 ± 89
SNAIL1 1−6 PRSFLV-OH 60.2 ± 12.7

aExcept for the last entry, all peptides in this and subsequent tables are
C-terminal amides. bData are from refs 2 and 12. cIn all cases, peptides
exhibited competitive inhibition (see Methods section).

Figure 1. (a) Three-dimensional view of PRSFLV (the N-terminal hexapeptide of human SNAIL1) binding in the LSD1 active site. Protein carbons
are shown in green, FAD carbons in yellow, and peptide carbons in brown. H-bonds are shown as dashed lines. (b) The unbiased 2Fo−Fc electron
density map (contoured at the 1.2σ level) calculated prior to inclusion of the peptide in the refinement. (c) Schematic representation of the peptide−
protein interactions. The atomic accessible surface areas (when ≥3 Å2) are shown.
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enzymatic assays. Furthermore, the crystal structure indicated
that only residues 1−8 bind with an ordered conformation that
is virtually indistinguishable from that exhibited by SNAIL1
(Figures S1 and S2, Supporting Information). This initial
observation led us to investigate truncated SNAG domains in
search of the minimal requirement for binding. We discovered
that the first six amino acid residues of SNAIL1 are sufficient to
bind LSD1/CoREST with low micromolar affinity. Although
longer peptides such as the nonamer have stronger affinity for
LSD1, their ligand efficiency is poorer compared to this lower
molecular weight hexamer, which we selected for further
optimization.
Having discovered the minimal hexapeptide PRSFLV, we

made a series of substitutions to identify the residues important
for interactions with the core of the LSD1 cleft (Table 2).

Above all, deletion or Ala and Leu substitutions of Pro1 turned
out to be very detrimental to binding. Proline is a known helix
breaker, but it also has some propensity to function as the N-
capping amino acid of α-helices.11 In the case of LSD1, Pro1
can initiate the helical turn of the bound peptide and be buried
in the hydrophobic niche of the cleft that hosts the N-terminal
residue of the peptide (Figures 1 and S3, Supporting
Information). The next residue Arg2 also significantly
contributes to binding since mutations to Lys, Leu, and, to a
bigger extent, Ala all decrease affinity. This side chain
extensively interacts with a ring of Asp and Glu side chains at
the rim of the cleft, and its aliphatic portion is involved in
intrapeptide contacts with Leu5, which might favor the helical
conformation (Figures 1 and S3, Supporting Information). By

contrast, the residues 3−6 have more ancillary roles because
mutations generally do not affect binding affinities and
conformations (Figure S1, Supporting Information). The only
exceptions are the Trp and Met replacements of Phe4. The
bulky indole ring of Trp causes a 4-fold increase of the Ki,
whereas the presence of Met generates a high-affinity peptide
(Ki of 3 μM), similarly to the enhanced affinity exhibited by the
H3 peptide bearing the Lys4Met substitution.12 Thus, the
hydrophobic Met side chain is able to establish favorable
interactions with the flavin cofactor promoting tight binding.
Conclusive support to the notion that side chains 3−6 are not
essential for binding was given by two peptides with multiple
Ala residues (PRSFAA and PRAAAA), as they bind with
affinities identical to that of the native SNAIL1 sequence.
Overall, our data suggests that the active site of LSD1 is suited
to host short peptides beginning with the Pro1−Arg2 sequence
(Figure S3, Supporting Information).
Our analysis of seven crystal structures of LSD1/CoREST

bound to SNAIL-derived peptides indicated that, in all cases,
the N-terminal residues bind to the enzyme cleft in a helical
conformation (Figure S1 and Table S1, Supporting Informa-
tion). Prompted by this observation, we sought to gain further
insight into whether the peptides exist in folded conformations
or are largely unfolded and disordered in solution and fold only
upon binding to the enzyme. To probe the peptide
conformation in solution, we carried out circular dichroism
spectroscopy on four peptides (H3 21-mer, INSM1 20-mer,
SNAIL1 20-mer, and SNAIL1 9-mer; Figure 2). We found that
the spectrum of the SNAIL1 9-mer was very different from that
predicted for the conformation of the peptide bound to LSD1/
CoREST. Furthermore, none of the tested peptides exhibited
the spectroscopic properties expected for α-helical or β-strand
conformations, indicating that the unbound peptides mostly
exist as random conformers. This notion was further
corroborated by computational studies. We performed 150 ns
of molecular dynamic simulations using AMBER program with
explicit solvent13 as well as Replica Exchange MD simulations
for 50 ns14,15 to investigate the native structure of H3, SNAIL1,
and INSM1 10-mer and 20-mer peptides in solution. None of
the sequences exhibited marked folding preferences. Only a few
transient secondary structures were observed during the course
of the simulation with residues 1−4 having a small propensity
for α-helix (about 7%), whereas residues 5−8 were partly
involved in a β-turn (H3 < 10%; INSM1 and SNAIL1 = 35%).
Collectively, the studies suggest that the peptides exist as
random conformers and form the secondary structure only
upon LSD1 binding.
The active site cleft of LSD1 can bind to its histone H3

substrate at variable affinities by sensing the presence or
absence of epigenetic marks on the histone tail, and it is able to
tightly interact with the N-terminal residues of the SNAIL
family of transcription factors that have only limited homology
to the H3 sequence. In relation to SNAIL1 binding, the N-
terminal Pro1 residue is particularly crucial since its
replacement with Ala and Leu drastically decreases affinity.
As H3 instead contains an N-terminal Ala1, this change can
largely explain the poor binding of short H3 peptides to LSD1.
To test this hypothesis, we prepared a hybrid peptide with
SNAIL1 1−4 grafted onto H3 5−7 and indeed found that it
binds with significant affinity (Table 2). A second aspect is that
residues 10−20 of SNAIL1 peptides do not contribute to
binding (Table 1). This is entirely consistent with the sequence
homology because SNAIL1 transcription factors are highly

Table 2. SAR Studies on the Hexapeptide PRSFLV with
Altered Residues Indicated in Bold and Ki Values for
Binding to LSD1/CoREST

sequence Ki (μM)

Ala Scanning
PRSFLV 28.4 ± 4.8
ARSFLV 157.8 ± 16.5
PASFLV 130.0 ± 50.0
PRAFLV 6.4 ± 1.3
PRSALV 71.4 ± 15.1
PRSFAV 18.0 ± 5.4
PRSFLA 44.4 ± 5.4

Side Chain Mutations
LRSFLV 171.9 ± 12.5
PLSFLV 55.0 ± 11.00
PKSFLV 49.6 ± 8.23
PRSYLV 25.0 ± 3.00
PRSWLV 118.7 ± 18.30
PRSRLV 58.0 ± 11.00
PRSMLV 2.6 ± 0.66
PRSKme2LV

a 19.7 ± 2.30
PRLYLV 29.1 ± 3.90
PRSFAA 10.7 ± 1.1
PRAAAA 27.7 ± 4.0

SNAIL1-H3 Hybrid
PRSFQTV 8.0 ± 1.9

aConsidering that Phe4 of SNAIL1 corresponds to Lys4 of H3 (i.e.,
the site of demethylation), it is of notice that the peptide with
dimethylLys4 is an inhibitor rather than a substrate, implying that the
context of the H3 sequence is essential for the catalytically competent
positioning of the reactive methyl-Lys group.
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conserved in their first nine N-terminal residues, whereas their
sequences diverge after this initial strictly conserved segment.9

This is not the case for the H3 N-terminal tail, whose binding
can take place (though weakly) also for peptides that lack the
first five N-terminal amino acids and substantially depends also
on residues after Arg8 (Table 1). Thus, on one hand, the
presence of Ala1 (instead of Pro1) diminishes the contribution
to binding of the very first N-terminal stretch of the H3
peptide, but on the other hand, this is partly compensated by
the contribution given by the more distant residues in positions
10−20 along the H3 sequence. Indeed, the crystal structure
shows that the H3 residues 9−16 are engaged in a network of
intra- and intermolecular H-bond interactions, which critically
depend on the amino acid sequence.12 Our observations are of
particular interest as a starting point for the development of
noncovalent selective inhibitors of LSD1 with potential as
anticancer agents.4 A SNAG domain linked to the Tat cell
penetrating tag was shown to block the repression of the E-
cadherin promoter.16 Although our short peptides do not
contain a cell penetrating tag, they nevertheless mirror the
biological properties displayed by covalent LSD inhibitors. The
peptides act as inhibitors of proliferation in leukemia cell lines,
and their effect on LSD1 is confirmed by a significant increase
in the H3-Lys4 methylation levels (at 1 mM concentrations;
Figure S4, Supporting Information). Therefore, the discovery of
small LSD1/CoREST peptide ligands lays the foundation for
the structure-based development of further analogues with
improved drug-like properties. The added value of these
compounds is that they can function as inhibitors of both the
enzymatic activity as well as the interactions with transcription
factors controlling cell differentiation processes.

■ METHODS
Inhibition Assays. Peptide syntheses are described in the

Supporting Information. A His-tagged recombinant form of human
LSD1 comprising residues 171−836 was copurified with a GST-tagged
CoREST protein (residues 308−440) by tandem-affinity chromatog-
raphy followed by gel filtration on a Superdex200 column (GE
Healthcare).12 Peptide inhibition was evaluated by a coupled

enzymatic assay monitoring hydrogen peroxide formation.12 The
reaction mixture contained 50 mM Hepes pH 7.5, 0.1 mM 4-
aminoantipyrine, 1 mM 3,5-dichloro-2-hydroxybenzenesulfonic acid,
2.8 μM horseradish peroxidase, 1 μM LSD1/CoREST, and varying
peptide ligands (0−50 μM) and dimethylated H3−K4 peptide
substrate (2−30 μM) concentrations. Absorbance changes were
monitored at 515 nm (ε515 = 26 000 M−1 cm−1) at 25 °C using a
Cary 100 spectrophotometer. Initial velocity values were fitted to
equations describing competitive, uncompetitive, and noncompetitive
inhibition patterns using Grafit (Erithacus Software) to obtain the
values for the kinetic parameters along with their associated errors. In
all cases, the best fit was obtained with the equation describing a
competitive inhibition.

X-ray crystallography. The LSD1/CoREST complex was
crystallized at 20 °C as described.12 Peptide complexes were obtained
by crystals soaking in solutions consisting of 1.6 M sodium/potassium
tartrate, 100 mM N-(2-acetamido)-2-iminodiacetic acid pH 6.5, 10%
(v/v) glycerol, and 2−5 mM peptide for 3 h. X-ray diffraction data
were collected at 100 K at beamlines of the Swiss Light Source
(Villigen, Switzerland) and ESRF (Grenoble, France). Data processing
and crystallographic refinement were carried out using programs of the
CCP4 package17 (Figure S1 and Table S1, Supporting Information).

Computational Analysis. Peptides were modeled using the
tLEAP program to represent an apparent neutral pH18 and solvated
using a pre-equilibrated box of TIP3P water molecules, maintaining a
minimum distance of 10 Å between any peptide atom and the box
edges.19 Their initial configurations were generated by setting all
dihedral angles to trans configuration. Periodic boundary conditions
were imposed using a truncated octahedron box. Cl− ions were added
to neutralize the systems using previously proposed AMBER-
compatible ion parameters.20 The total number of atoms, water
molecules, and ions in the simulated systems are as follows: 10-mers,
H3, 9436 atoms, 3087 water molecules, and 4 Cl− ions; SNAIL1, 9160
atoms, 2993 water molecules, and 3 Cl− ions; INSM-10mer, 10 209
atoms, 3341 water molecules, and 4 Cl− ions. 20-mers, H3, 36 341
atoms, 11 999 water molecules, and 7 Cl− ions; SNAIL1, 36 339
atoms, 11 999 water molecules, and 3 Cl− ions; INSM, 36 368 atoms,
12 002 water molecules, and 7 Cl− ions. All systems were energy
minimized using 1000 steps of steepest descent and 1000 steps of
conjugate gradient standard procedures. MD simulations were carried
out in three phases for heat-up, equilibration, and production. During
the heat-up phase, the peptide positions were restrained using a weak
harmonic potential with a force constant of 10 kcal/mol/Å2. A two-

Figure 2. Far-UV circular dichroism spectra. (a) Comparison of the experimental spectrum of SNAIL1 peptide (1−9; ) with that calculated from
the conformation of the same peptide bound to LSD1/CoREST (•••••; PDB entry 2Y48) and the theoretical spectrum of a random coil (− −).
(b) Spectra of H3 (residues 1−21;), INSM1 (1−20; •••••), SNAIL1 (1−20; − • −), and SNAIL1 (1−9; − −) peptides in solution. In all cases,
spectral curves correspond closely to those expected for >90% random coil conformation.
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step equilibration was performed using 1 ns of NVT ensemble
followed by 5 ns of constant 1 atm pressure simulation. During the
equilibration run, all the bonds involving hydrogen atoms were
restrained using the SHAKE algorithm,21 thus allowing a 2 fs time step
for integration of Newton’s equations. All the systems were simulated
for additional 150 ns production runs in the NPT ensemble using the
GPU version of the AMBER12 program.22 In all cases, a Langevin
dynamics integrator with a collision frequency (γ) of 2 ps−1 was
employed, and the Particle Mesh Ewald approximation was used for
full electrostatic interactions (real space interactions truncated at 10
Å).23 Replica Exchange MD (REMD) simulations14 were performed
on the same systems with a total of 32 (10-mer) or 72 (20-mer)
replicas, and an exponential temperature distribution from 300 to 450
K. Exchanges were attempted for every 1 ps and a total of 50 ns was
generated for each system. The baseline temperature (300 K) was
utilized for analyzing the secondary structures of the peptide using the
PTRAJ module of AmberTools. The PMEMD routine of AMBER12
was used for REMD simulations. Snapshots from MD and REMD
simulations were extracted every 1 ps for analysis.
Circular Dichroism. Spectra were measured at RT with a Jasco J-

710 spectropolarimeter using peptide concentrations of 20−120 μM in
2 mM potassium phosphate pH 7.5, 0.5% (v/v) glycerol. Data were
analyzed with DichroWeb and DichroCalc.24,25

Antiproliferation Assay and Western Blotting. HL-60 cells
were cultured in RPMI 1640 medium with 10% (v/v) fetal calf serum
(FCS), 2 mM L-glutamine, and penicillin/streptomycin (100 U/mL
and 100 μg/mL, respectively). Cells were maintained at 37 °C in an
atmosphere of 5% CO2. Antiproliferation assay was carried out using
MTS reagent (CellTiter96 Aqueous One Solution Cell Proliferation
Assay). Cells were plated in a 96-well plate at a concentration of 5 ×
104 cells/well and 3 × 104 cells/well, respectively, and immediately
treated with 1 μL of peptide diluted in PBS (phosphate buffered
saline-peptide vehicle) at different concentrations (2 mM, 1 mM, 500
μM, 250 μM, 125 μM, 62 μM, 31 μM, and 15 μM). After 72 h of
incubation, 10 μL of prewarmed MTS reagent was added to each well,
and after 3 h, the absorbance was measured at 492 nm on a BMG
PolaSTAR OPTIMA plate reader (BMG Labtech). Experiments were
performed in triplicate. Data were analyzed using Graphpad prism to
calculate standard error of the mean. For the Western blots (Figure S4,
Supporting Information), HL-60 cells were treated for 4 h with 1 mM
of tranylcypromine (Sigma-Aldrich, Poole, UK) or 1 mM peptides.
Whole cell lysates were then analyzed by Western blot (Abcam
antibodies) for H3K4me2 levels with total H3 as the loading control.
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