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ABSTRACT: LSD1 associated with its corepressor
protein CoREST is an exceptionally relevant target for
epigenetic drugs. Hypotheses for the role of LSD1/
CoREST as a multidocking site for chromatin and protein
binding would require significant molecular flexibility, and
LSD1/CoREST large-amplitude conformational dynamics
is currently unknown. Here, molecular dynamics simu-
lation reveals that the LSD1/CoREST complex in solution
functions as a reversible nanoscale binding clamp. We
show that the H3 histone tail binding pocket is a potential
allosteric site for regulation of the rotation of SWIRM/
SANT2 domains around the Tower domain. Thus,
targeting this site and including receptor flexibility are
crucial strategies for future drug discovery.

Post-translational modifications on the histone tails
protruding from the nucleosome particle play fundamental

roles in gene expression and chemically label the status of a
gene as repressed or activated.1 These histone labels form an
epigenetic code that is recognized by transcription factors and
dynamically regulated by specific histone-modifying enzymes.2,3

Methylation of histone residues was considered irreversible
until the discovery of lysine-specific demethylase 1 (LSD1 or
KDM1A), the first lysine histone demethylase.4−7 LSD1
associated with its corepressor protein CoREST catalyzes the
oxidative, specific demethylation of Lys4 of histone H3
protein.4−7 LSD1 is overexpressed in many solid tumors like
breast, colon, neuroblastoma, bladder, small cell lung, blood,
and prostate cancers and, thus, is an exceptionally relevant
target for epigenetic drugs.8 Hypotheses for the role of the
LSD1/CoREST complex as a multidocking site are supported
by the observation that its size and shape seem to be ideal for
literally hugging mononucleosomes9 and that the complex
recruits the N-terminal tails of various chromatin proteins10−13

by molecular mimicry of the histone H3 tail (Figure 1a,b).13

However, formation of LSD1/CoREST complexes with such a
diverse array of binding partners would require significant
molecular flexibility, and LSD1/CoREST large-amplitude
conformational dynamics is currently unknown. Here, we
report a 0.5 μs explicit solvent molecular dynamics (MD)
simulation revealing that the LSD1/CoREST complex in
solution is remarkably flexible and also assumes configurations
that are substantially more open or closed than the available X-
ray crystal structures.9 The distance between SWIRM and
SANT2 domains oscillates reversibly, suggesting that LSD1/

CoREST functions as a reversibly opening−closing nanoscale
binding clamp. We demonstrate that the H3 tail binding pocket
is a potential allosteric site for regulation of the rotation of
SWIRM/SANT2 around the Tower domain and anticipate that
targeting this site and including LSD1/CoREST flexibility are
keys for future drug discovery.
We initialized our MD simulation from the high-resolution

X-ray structure of Yang et al.9,14 (PDB 2IW5, 0.26 nm
resolution) and generated a 0.5 μs long trajectory using
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Figure 1. LSD1/CoREST complex and comparison with the
nucleosome core particle shape and size. (a) LSD1/CoREST seems
ideal for hugging mononucleosomes as a nanoscale clamp formed by
the SWIRM domain of LSD1 (orange) and the SANT2 domain of
CoREST (cyan). Only the simplest model for a 1:1 LSD1/CoREST−
mononucleosome complex is displayed for graphical purposes. The
LSD1 amino oxidase domain (AOD) and Tower domain are
highlighted, together with the histone proteins. (b) View of LSD1
AOD (FADH− cofactor in green, H3 N-terminal tail in blue, from
PDB 2V1D) after a 90° rotation for graphical purposes. (c−e)
Comparison of the (c) X-ray crystal structure (PDB 2IW5) with (d)
closed-clamp and (e) open-clamp MD snapshots in solution.
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GROMACS.15 Computational details are reported as Support-
ing Information. Figure S1 of the Supporting Information
shows the values of the LSD1/CoREST backbone Cα atom
root-mean-square deviation (RMSD) along the trajectory as a
measure of the deviation from the initial X-ray reference model.
RMSD values fluctuate along the trajectory consistently with
the observation that the LSD1/CoREST complex is stable in
solution. The LSD1/CoREST complex appears as a nanoscale
binding clamp that can assume under standard conditions states
clearly distinct from the X-ray crystal structure (Figure 1c−e).
It is also clear that sampling of closed- and open-clamp states is
reversible (Figure S2 of the Supporting Information) and that
several hundred nanoseconds are needed to capture this large-
amplitude motion. SWIRM−SANT2 distances between the
center of mass of the domains vary from ∼11.2 nm in the X-ray
structure9 to ∼10 nm (closed-clamp) and ∼12.9 nm (open-
clamp). In closed-clamp states, SWIRM and SANT2 domains
move closer to each other (maximal and minimal interdomain
distances of 13.0 and 7.1 nm, respectively); in open-clamp
states, they move farther apart (17.3 and 10.3 nm, respectively).
The distribution of RMSD values along our MD trajectory is
bimodal (Figure S1b), in line with the pronounced oscillation
of the distance between the SWIRM and SANT2 domains. The
maximal, center of mass, and minimal distances between the Cα

atoms of these domains fluctuate during the 0.5 μs around their
average values, with striking amplitudes up to ∼4 nm and
standard deviations up to 0.7 nm (Figure S1c,d). The novel
observation of these fluctuations is in line with the expected
adaptability of the LSD1/CoREST complex required to bind
both chromatin and various chromatin proteins.
We investigated the dominant protein motion connecting

these clamp states by principal component analysis (PCA) of
protein fluctuations16,17 with bio3d18 (see Movies 1−3 of the
Supporting Information). Taken as a whole, these results show
that the three most dominant principal components (PC1−
PC3) represent ∼88% of the overall protein backbone
fluctuations (see Figure S3 of the Supporting Information).
They all involve relative motion between the SWIRM/amino
oxidase domain (AOD) and the SANT2 domain, confirming
that the LSD1/CoREST clamp motion is the most dominant
along the 0.5 μs MD trajectory. In detail, PC1 (54%) is
responsible for the torsional clamp motion of the SANT2
domain with respect to the SWIRM domain around the axis
defined along the LSD1/CoREST Tower domain (Movie 1).
PC2 (27%) also describes the opening and closing of the
clamp, yet without a pronounced torsional component (Movie
2). PC3 (7%) is a combination of both PC2 clamp opening and
closing motions (Movie 3).
Figure 2 summarizes LSD1/CoREST conformational sam-

pling in the two-dimensional space of the PC1 and PC2 lowest-
eigenvalue frequency (highest-amplitude) components. From
the initial X-ray structure (Figure 2a, black circle), the LSD1/
CoREST clamp closes the first time after 13 ns and samples the
first closed-clamp state up to ∼0.08 μs (Figure 2a, green circle
1). Suddenly, as typical of activated processes, the system leaves
this state and assumes the most open configuration thus far
after ∼55 ns (Figure 2a, red circle 2). The clamp resides in this
open-clamp region up to ∼0.13 μs, then quickly closes back,
and samples the closed-clamp state with the shortest SWIRM−
SANT2 interdomain distance throughout the MD trajectory (in
Figure 2a, green circle 3 highlights the closest clamp snapshot).
At ∼0.29 μs, the clamp fully opens a second time and the
LSD1/CoREST complex visits the most open clamp snapshot

along the MD trajectory (in Figure 2a, red circle 4 highlights
the most open clamp snapshot). This open-clamp region is
sampled up to ∼0.43 μs. Lastly, we observe a second complete
transition from the open-clamp to the closed-clamp form right
before the end of the overall period of 0.5 μs (Figure 2a, green
circle 5). We estimated the relative free energy surface
corresponding to these dominant conformational transitions
(Figure 2b,c). The free energy surface is characterized by a
major well, and LSD1/CoREST oscillates across its minimum
while reaching closed-clamp and open-clamp configurations
that are up to ∼4kBT higher in energy. These data are in line
with the observation that the LSD1/CoREST clamp can
reversibly visit open-clamp and closed-clamp states in solution
following an oscillatory behavior.
A number of recent studies indicated LSD1/CoREST as a

binding partner for various proteins involved in gene regulation
and chromatin modification (see refs 10−13 and references
therein). The (demethylated) nucleosomal particle(s) and
transcription factors such as SNAIL1 have their primary N-
terminal anchoring site in the LSD1 amino oxidase domain
[AOD (Figure 1b and Figure S4a,b of the Supporting
Information)].13 SNAIL1, a master regulator of the epithe-
lial−mesenchymal transition at the basis of many morphoge-
netic events, including the establishment of tumor invasive-
ness,10 binds to LSD1/CoREST using a molecular mimicry
recognition mechanism in which a transcription factor is
optimally hosted in the H3 tail binding pocket (Figure S4a,b).13

SNAIL1 is part of the large SNAIL/Scratch superfamily of
transcription factors.19 A high degree of binding sequence
conservation of these SNAIL1-related proteins unravels the

Figure 2. Reversible opening and closing of the LSD1/CoREST
nanoscale binding clamp. (a) Principal component analysis of the
motion of the LSD1/CoREST complex along the 0.5 μs MD trajectory
in the two-dimensional space of the most dominant components, PC1
and PC2. Newly (blue) and previously (gray) visited regions are
shown. Sampling starts from the X-ray structure (black circle). LSD1/
CoREST visits closed-clamp states (1, 3, and 5), while states 2 and 4
are open-clamp states, numbered chronologically. (b) Corresponding
relative free energy map calculated from probability distributions. (c)
SWIRM−SANT2 interdomain distances (center of mass). (d)
Volumes of the H3 pocket. See also Movies 1−3.
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outstanding potential of LSD1/CoREST as a multiple-docking
site for diverse chromatin proteins.13

The LSD1 H3 tail binding pocket is highly dynamic in our
MD simulation, as summarized using the H3 pocket volume
calculated with POVME20 (Figure 2d). During the 0.5 μs
period, the H3 pocket closes and opens reversibly, assuming
also configurations more open or significantly more closed than
the peptide-bound X-ray structures (PDB 2IW5, 1.49 nm3;
PDB 2VID, 1.42 nm3; PDB 2Y48, 1.45 nm3). The most
dominant pocket configurations correspond to open-pocket
and closed-pocket volumes of 1.1 and 0.54 nm3, respectively.
The most extreme open-pocket and closed-pocket config-
urations are sampled at ∼0.13 μs, upon LSD/CoREST clamp
closing, and at ∼0.18 μs upon clamp opening (1.82 and 0.26
nm3, respectively). We observe that the Lys triad formed by
Lys355, Lys357, and Lys359 is highly flexible during our MD
simulation and transiently gates the access to the H3 pocket.
The three Lys residues act as fingers that reversibly expose their
positive charges to the solvent or retract them to partially cover
the entrance of the H3 pocket, helped by electrostatic attraction
with residues Asp376 and Asp379. Figure S4 displays examples
of these H3 pocket states and their comparison with X-ray
structures. Overall, these data raise the fascinating hypothesis
that substrate binding could trigger LSD1/CoREST nanoscale
clamp opening and closing as an allosteric mechanism for
chromatin and protein binding. Is the LSD1/CoREST clamp
closing−opening correlated with the H3 pocket breathing
dynamics?
To analyze this hypothesis, we investigated the two-

dimensional space of PC1 and PC2 in two alternative ways:
(1) using SWIRM−SANT2 interdomain distances determined
from SWIRM and SANT2 centers of mass (Figure 2c) and (2)
using the H3 pocket volumes and exploring how open-pocket
and closed-pocket states are distributed with respect to the
major LSD1/CoREST clamp motion (Figure 2d). A direct
comparison between distance and volume maps highlights the
correlation between LSD1/CoREST clamp closing and open-
ing and H3 pocket breathing dynamics (cf. panels c and d of
Figure 2). When the PC1 motion is followed along the
horizontal axes, our results clearly show that a direct, inverse
correlation exists between SWIRM−SANT2 interdomain
distances and the volume of the H3 tail pocket. When
SWIRM and SANT2 domains rotate and become far apart, the
H3 pocket volume decreases, and vice versa. However, no
evident correlation is found when moving along the PC2
direction (i.e., the vertical axis). This observation suggests that
the H3 binding pocket is an allosteric site for regulating the
rotation of SWIRM/AOD and SANT2 domains around the
major Tower domain axis as captured by PC1 (see Movie 1).
We expect the extent of this motion to be amplified in dimeric
(and trimeric) assemblies of LSD1/CoREST complexes in
which motional coupling between two (or three) clamps could
regulate nucleosomal binding.
We reported the molecular dynamics of the LSD1/CoREST

histone-modifying complex of great biophysical and biomedical
relevance. We observed that H3 histone binding pocket
breathing dynamics is anticorrelated with the rotation of
SWIRM and SANT2 domains around the major Tower domain
axis. This allows us to propose that the H3 binding site is a
putative allosteric site regulating the opening−closing motion
of the LSD1/CoREST clamp. The results presented in this
report have high and immediate practical impact for the
targeting of LSD1/CoREST interactions for epigenetic

pharmacological goals. The discovery of a mechanism that
regulates LSD1/CoREST clamp opening and closing might be
a more general feature of other histone-modifying enzymes. We
hope this computational study will stimulate the design of
experiments for characterizing LSD1/CoREST dynamics.
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