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ABSTRACT

Lysine-specifichistonedemethylase1 (LSD1) is anessential epigenetic regulator inmetazoansandrequires theco-repressorelement-
1 silencing transcription factor (CoREST) to efficiently catalyze the removal of mono- and dimethyl functional groups from histone
3 at lysine positions 4 and 9 (H3K4/9). LSD1 interacts with over 60 regulatory proteins and also associates with lncRNAs (TERRA,
HOTAIR), suggesting a regulatory role for RNA in LSD1 function. We report that a stacked, intramolecular G-quadruplex (GQ)
forming TERRA RNA (GG[UUAGGG]8UUA) binds tightly to the functional LSD1–CoREST complex (Kd≈ 96 nM), in contrast
to a single GQ RNA unit ([UUAGGG]4U), a GQ DNA ([TTAGGG]4T), or an unstructured single-stranded RNA. Stabilization of
a parallel-stranded GQ RNA structure by monovalent potassium ions (K+) is required for high affinity binding to the LSD1–
CoREST complex. These data indicate that LSD1 can distinguish between RNA and DNA as well as structured versus unstructured
nucleotide motifs. Further, cross-linking mass spectrometry identified the primary location of GQ RNA binding within the
SWIRM/amine oxidase domain (AOD) of LSD1. An ssRNA binding region adjacent to this GQ binding site was also identified via
X-ray crystallography. This RNA binding interface is consistent with kinetic assays, demonstrating that a GQ-forming RNA can
serve as a noncompetitive inhibitor of LSD1-catalyzed demethylation. The identification of a GQ RNA binding site coupled with
kinetic data suggests that structured RNAs can function as regulatory molecules in LSD1-mediated mechanisms.
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INTRODUCTION

Long noncoding RNAs (lncRNAs) are proposed to assist in a
myriad of roles in the cell, acting as guides, scaffolds, decoys,
or signaling molecules (Wang and Chang 2011). Although
it is well established that distinct ncRNAs can act as gene
regulators, recognize defined targets, and even function
as catalysts (ribozymes) (Reiter et al. 2011), key mechanistic
questions remain regarding how lncRNAs interact with and
recruit chromatin-associated protein complexes to specific
regions in the genome.

The lysine specific histone demethylase 1A (LSD1 or
KDM1A) is an essential chromatin-remodeling enzyme con-
served from yeast to humans and is also known to interact
with lncRNAs (Shi et al. 2004; Stavropoulos et al. 2006;
Khalil et al. 2009; Amente et al. 2013; Porro et al. 2014b).
A primary function of LSD1 is to influence gene expres-
sion and chromatin structure by catalyzing the removal of
mono- and dimethyl functional groups from Histone 3 pro-
teins at lysine positions 4 and 9 (H3K4/K9) (Shi et al. 2004;
Forneris et al. 2007; Laurent et al. 2015). LSD1 interacts with
over 60 gene regulatory proteins, including transcription fac-
tors (CoREST, REST, p53, E2F1) and key enzymes (DNMT1,
MRE11, HDAC1/2), as well as essential nutrients (tetrahy-
drofolate [THF]) (Luka et al. 2011; Kooistra and Helin
2012; Chatr-Aryamontri et al. 2013). Of these, CoREST
is the primary interacting partner required for post-transla-
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tional LSD1 stabilization and is required for H3K4
demethylation during development, hematopoiesis, and
stem cell maintenance (Shi et al. 2004; Forneris et al. 2008;
Hwang et al. 2011).
While distinct LSD1-containing protein complexes are es-

tablished to repress or activate gene transcription (Shi et al.
2004; Laurent et al. 2015), it is unknown how lncRNAs
bind and modulate these complexes. The telomeric repeat
containing RNA (TERRA) is an integral component of
telomeric heterochromatin, acts as a negative regulator of
telomere length in human cells, and interacts with critical
epigenetic regulators that include LSD1 demethylase and
SUV39H1 methyltransferase enzymes (Porro et al. 2014a,b;
Azzalin and Lingner 2015; Cusanelli and Chartrand 2015;
Rippe and Luke 2015) In addition, TERRA has a strong pro-
pensity to form intramolecular, parallel-stranded G-quadru-
plex (GQ) RNA structures due to its repeating UUAGGG
sequence (Patel et al. 2007).
Like many lncRNAs, TERRA remains associated with its

parental chromatin, allowing cotranscriptional modulation
of gene expression by epigenetic regulators. Telomeric gene
silencing appears to correlate with methylation and demethy-
lation patterns of H3K4/K9 histone modifications and it has
been established that the TERRA–LSD1 interaction enhances
the telomeric DNA damage response pathway (Porro et al.
2014b; Azzalin and Lingner 2015). Upon depletion of a
shelterin component, the telomeric repeat factor 2 (TRF2),
global TERRA levels increase in the cell and TERRA interacts
directly with LSD1. Through an unknown mechanism, this
RNA–LSD1 interaction subsequently stimulates the nuclease
activity of the double strand break repair protein MRE11A
(MRE11) to trim the 3′ G overhangs at uncapped telomeres
(Fig. 1A; Porro et al. 2014b). Validation of these interactions
in vivo and in vitro (Porro et al. 2014b) suggest that: (i) RNA
binding to LSD1 is important at dysfunctional telomeres, and
that (ii) TERRA may scaffold chromatin modifying enzyme
complexes in a manner that is similar to other chromatin-as-
sociated lncRNAs such as HOTAIR and Xist (Tsai et al. 2010;
Engreitz et al. 2014; Porro et al. 2014b; Somarowthu et al.
2015). Taken together, these data support a role for TERRA
in recruiting proteins to modulate heterochromatin forma-
tion at chromosome ends.
Here we identify and characterize GQ nucleic acid bind-

ing on the surface of a functional LSD1–CoREST complex
(Fig. 1B). We demonstrate that LSD1–CoREST has a strong
preference to bind a stacked GQ-forming RNA and reveal
that the primary binding site of the GQ RNA exists within
the SWIRM/amine-oxidase domain of LSD1. In addition to
cross-linking mass spectrometry and X-ray crystallographic
data, we analyzed RNA binding and the influence of distinct
nucleic acid structures on the kinetics of LSD1-catalyzed
demethylation, demonstrating that a GQ-forming RNA acts
as a potential noncompetitive inhibitor of LSD1-catalyzed
histone demethylation. These data indicate that structured
RNAs can function as important regulators in LSD1-mediat-

ed pathways and supports an emerging theme that structure-
specific RNA binding can influence the function of chroma-
tin-associated proteins.

RESULTS

Monovalent ions dramatically influence TERRA
topology

Quadruplex-forming nucleic acid sequences require specific
monovalent ions for structural stability. In particular, potas-
sium ions stabilize GQs, while lithium ions destabilize GQs
(Balaratnam and Basu 2015). We used circular dichroism
(CD) spectroscopy to monitor the effect of monovalent
ions on GQ formation. CD spectra with a peak at 263 nm
and a trough at 240 nm are characteristic of a parallel, pro-
peller-type GQ conformation (Martadinata et al. 2011;

FIGURE 1. TERRARNA recruits LSD1 to deprotected telomeres. (A) A
functional role for the TERRA RNA in the processing of uncapped telo-
meres, as previously reported (Porro et al. 2014b). TERRA can serve as a
scaffold for LSD1–MRE11 associations. (B) Protein constructs used in
this study include LSD1 (aa 171–852) and CoREST (aa 286–482 plus
6xHis-tag sequence). LSD1 consists of a SWIRMdomain (red), an inter-
twined monoamine oxidase domain (cyan/blue), and a tower domain
(green), based on PDB 2IW5 (Yang et al. 2006). LSD1 biological func-
tion requires the presence of CoREST (shown in orange). (C) A GQ
RNA is stabilized by specific monovalent ions (including K+ and Na+

denoted as blue spheres). A single GQ RNA unit and a stacked GQ
RNA were prepared to investigate binding affinity and specificity of
the GQ RNA–LSD1 interaction. The UUAGGG repeat elements of
TERRA can form a stable parallel-stranded GQ RNA in vivo (Xu et al.
2010) and a model of the higher order TERRA RNA architecture has
been previously demonstrated (Martadinata and Phan 2013).

GQ RNA binding and recognition by LSD1
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Martadinata and Phan 2013; Balaratnam and Basu 2015). In
both four and eight UUAGGG repeats (in the presence of
K+ and Na+), we observe the formation of stable parallel-
stranded GQ structures (Fig. 2A). In contrast, Li+ destabilizes
GQ structure and likely promotes a heterogeneous RNA
architecture.

Sedimentation velocity analytical ultracentrifugation (SV-
AUC) was also performed to assess RNA tertiary folding
in solution, GQ oligomerization, and global compaction
in the presence of different monovalent ions. Analysis of
SV-AUC data reveal that a four repeat UUAGGG RNA has
completely different tertiary shapes in the presence of K+,
Na+, or Li+ (Fig. 2B; Supplemental Fig. 2). Whereas a four
repeat UUAGGG RNA forms a monomeric GQ structure
in Na+, the identical RNA forms a heterogeneous profile
in the presence of K+. Further, SV-AUC analysis of the
four repeat RNA with K+ reveals a sedimentation profile
that is positioned between the four repeat RNA (Na+) and
an eight repeat UUAGGG RNA (K+). Bayesian analysis sug-
gests that the four repeat UUAGGG RNA with K+ exists in
equilibrium between monomeric and stacked GQ structures.
This result is consistent with previous nuclease digestion
studies of TERRA (Martadinata et al. 2011; Martadinata
and Phan 2013). Thus, choice of cation and RNA construct
enables us to manipulate the tertiary RNA structure and ex-
amine the nucleic acid binding properties of LSD1.

Stacked GQ RNA preferentially binds
to the LSD1–CoREST complex

In an effort to understand the nucleotide sequence and struc-
tural preferences associated with LSD1 and a stable LSD1–
CoREST complex (Supplemental Fig. 1), we measured the
LSD1–nucleic acid affinities from a panel of single and
stacked GQ-forming oligonucleotides under different mono-
valent ions (Fig. 3; Supplemental Fig. 3). A TERRA RNA
that contains a stacked (GG[UUAGGG]8UUA) RNA, a single
G-quadruplex-forming repeat element ([UUAGGG]4U), a
cognate DNA ([TTAGGG]4T), and a sequence-unrelated
25-nt RNA (ssRNA) for which there is no predicted structure
were incubated with enzymatically active LSD1. Because both
LSD1 and CoREST localize at telomeres (Zhang et al. 2011)
and LSD1 is optimally stabilized in the presence of CoREST
(Shi et al. 2004; Forneris et al. 2005, 2008), we have primarily
focused on how TERRA interacts with the LSD1–CoREST
system.FIGURE 2. Monovalent ions dramatically influence the structure of

GQ-forming RNAs. (A) Parallel-stranded GQ RNAs are known to
have anΘmax of∼263 nm (Balaratnam and Basu 2015). Circular dichro-
ism spectroscopy demonstrates that parallel-stranded GQ structures
form in the presence of potassium (black, solid triangle, and circles)
and sodium (gray diamond and box), consistent with previous studies.
In contrast, lithium (outlined triangles) destabilizes GQ formation.
(B) The analysis of analytical ultracentrifugation (AUC) data of
(UUAGGG)4U and (UUAGGG)8U RNAs in the presence of potassium
(K+), sodium (Na+), and lithium (Li+). Figure symbols as in A. The plot
shows an overlay of the continuous distribution [C(s)] versus the sedi-
mentation distribution coefficient (S).

FIGURE 3. Affinity and specificity of LSD1–CoREST binding to dis-
tinct nucleic acid structures is dependent on monovalent ions. (A)
Analysis of gel-mobility shift assay binding curves of (UUAGGG)8U,
(UUAGGG)4U, and 25-nt ssRNA. Assays were performed in potassium
(K+), sodium (Na+), and lithium (Li+) (symbols same as in Fig. 2) using
LSD1–CoREST (amino acid residues 171–852 and 286–482, respective-
ly) with exogenous protein purification tags removed. LSD1 strongly
prefers to bind stacked GQ-forming RNA structures. The plot shows
the fraction of RNA bound at various LSD1–CoREST concentrations
(log scale). Error bars for each data point represent the range of three
independent experiments. The dissociation constant (Kd) and Hill coef-
ficient (h) from this analysis are reported in Table 1. (B) Representative
gels showing that RNA binding activity of LSD1–CoREST is dependent
upon the ability to form a GQ RNA conformation. Complexes and free
oligonucleotides were resolved on a 0.6% native agarose gel. The con-
centration of the LSD1–CoREST complex is noted for each lane (nM).
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Using electrophoretic mobility shift assays (EMSAs), in-
cubation of these oligonucleotides with LSD1–CoREST re-
vealed vastly different binding affinities (Table 1; Fig. 3;
Supplemental Fig. 3A,B). Analysis of the percent nucleic
acid fraction bound demonstrates that an eight repeat
UUAGGG RNA that forms a stacked GQ RNA structure
tightly binds the LSD1–CoREST complex (apparent Kd =
96.4 nM), whereas a four repeat UUAGGG RNA and a
four repeat TTAGGG DNA bind with approximately nine-
and 14-fold weaker affinities (apparent Kd for each oligo-
nucleotide in K+ are 835 nM and 1.3 µM, respectively).
The Hill coefficient for an eight repeat UUAGGG RNA–
protein interaction (h≈ 1.7 ± 0.08 and 2.24 ± 0.1 in K+ and
Na+, respectively) indicates substantial positive coopera-
tivity, implying that there may be an extended RNA bind-
ing interface on the LSD1–CoREST complex. In contrast,
the ([UUAGGG]4)U single GQ-forming RNA does not exhi-
bit cooperativity (h≈ 1.07 ± 0.04) upon binding to LSD1–
CoREST, implying that single GQ-forming RNAs may bind
the LSD1–CoREST complex as preformed units. An EMSA
analysis of individual LSD1 and CoREST components bind-
ing to TERRA confirms a strong LSD1–TERRA interaction
(apparent Kd = 404 nM, h = 0.91 ± 0.17) and an interaction
with the CoREST fragment that is approximately 10-fold
weaker (apparent Kd = 3.4 µM, h = 1.40 ± 0.15) (Supple-
mental Fig. 3C). This suggests that the high affinity-binding
site for RNA resides within LSD1. These EMSA results are
consistent with the previously identified RNA–LSD1 bind-
ing equilibrium studies, where a GST–LSD1 fragment
(aa 1–385), containing the SWIRM domain and a region of
the amine oxidase domain (AOD), was shown to bind a 10
repeat UUAGGG RNAwith high affinity (Kd∼70 nM) (Porro
et al. 2014b).

GQ RNA can act as an inhibitor of LSD1-catalyzed
demethylation

A G-quadruplex RNA preferentially inhibits LSD1-catalyzed
demethylation activity over other nucleic acid structures and
this inhibition trend qualitatively corresponds to the appar-

ent equilibrium dissociation constants derived from EMSA
data in Figure 3. To examine this inhibition preference,
(UUAGGG)4U, the cognate TERRA DNA (TTAGGG)4T,
an unstructured 25-nt RNA, and a short 6-nt RNA
(UUAGGG) were incubated with the full length LSD1without
CoREST in the presence of a 21 amino acid K4 dimethylated
peptide that mimics the H3K4 substrate. Initial velocity
measurements were performed using an LSD1-peroxidase-
coupled assay (Culhane et al. 2010) and the inhibition profiles
weremeasured for each nucleic acid, enabling the extraction of
apparent half maximal inhibitory concentration (IC50) values
(Supplemental Fig. 4A).
Kinetic measurements of the full-length LSD1-catalyzed

demethylation reaction with and without RNA reveal that
the (UUAGGG)4U RNA is a reversible, noncompetitive in-
hibitor of LSD1 activity (Supplemental Fig. 4B). Increasing
amounts of the (UUAGGG)4U RNA (0, 1.5, 2.5 µM) show
an overall decrease in maximal rate of the chemical reac-
tion (Vmax) but with no or nominal changes in the apparent
binding affinity of the catalyst for the substrate (KM = 8.0 ±
0.9, 6.7 ± 0.9, 8.8 ± 1.5 µM), respectively. These data suggest
that RNA does not compete for substrate binding at the LSD1
active site.

Cross-linking mass spectrometry (XL-MS) identifies
LSD1–GQ RNA binding interactions

Previous studies concluded that a GQ RNA likely associates
with the SWIRM/AOD of LSD1 (Porro et al. 2014b). To
more precisely identify the RNA binding regions of LSD1, a
biotinylated GQ RNA (GG[UUAGGG]8UUA) was covalently
cross-linked to purified LSD1–CoREST complex and subjec-
ted to high-resolution LC–MS/MS mass spectrometry. Two
separate and independent XL-MS experiments were per-
formed using purified LSD1–CoREST with and without a
6x-His tag at the N terminus of CoREST. Consistent with
previous studies, analyses of both cross-link MS data sets
indicate a strong GQ RNA cross-link to residues 227–251
of the SWIRM domain (Fig. 4).
As a specificity control, we observed that LSD1–CoREST

covalently cross-links with GQ RNA but not a size-matched
control RNA (Supplemental Fig. 6). Here, LSD1–CoREST
was irradiated with 254 nm UV light either alone (control),
in the presence of a 5′ 32P GQ RNA, or in the presence of
a size matched 5′ 32P non-GQ-forming RNA. Protein and
RNA concentrations were identical for each experiment.
These results demonstrate that UV light specifically cross-
links LSD1–CoREST to a stacked GQ RNA, consistent with
EMSA data in Figure 3.
For XL-MS studies, two samples, the LSD1–CoREST com-

plex alone (control) and in the presence of a 5′ biotinylated
GQ RNA, were subjected to 120 mJ of 254 nm UV light
(Stratalinker 1800). The cross-linked RNP complex was
then isolated using streptavidin beads and both the complex
and the irradiated LSD1–CoREST (control) samples were

TABLE 1. Affinity of LSD1–CoREST binding to GQ-forming RNA

RNA
(monovalent)

Dissociation
constant (Kd)

(nM)

Hill
coefficient

(h)

5′-GG(UUAGGG)8U-3′ (K+) 96.4 ± 3.0 1.70 ± 0.08
5′-GG(UUAGGG)8U-3′ (Na+) 515.6 ± 14.6 2.24 ± 0.10
5′-(UUAGGG)4U-3′ (K+) 835.0 ± 34.7 1.07 ± 0.04
5′-(UUAGGG)4U-3′ (Na+) 5200 ± 460 1.25 ± 0.08
5′-(UUAGGG)4U-3′ (Li+) 10,500 ± 1900 1.3 ± 0.14
25-nt ssRNA (Li+) N/A N/A

The Kd (in nM) and Hill coefficient (h) of the RNA–protein com-
plexes are given. Experimental standard errors of the mean (±) in-
corporate a range of three independent electrophoretic mobility
shift assays (EMSAs).
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SDS-PAGE purified, in-gel trypsin digested, and analyzed by
mass spectrometry as described in theMaterials andMethods
section. The cross-linked peptides of LSD1 were deduced by
the disappearance of the original peptide signal as the RNA–
LSD1 adduct altered the m/z ratio. Due to the stability and
nuclease-resistant nature of the GQ RNA, we were unable
to degrade the RNA into a homogeneous fragment that could
be identified on a peptide.

Our analysis included peptide regions that could be detect-
ed, with coverage limited to ∼75%–80% of the truncated
LSD1 amino acids (171–852). We observed two distinct re-
gions (227–251 and 527–550) that are strongly depleted in
the RNA-containing sample, indicating the formation of a
cross-link with GQ RNA. Amino acids 227–251 comprise a
helix–loop–helix region of the conserved SWIRM domain

and likely represent a primary GQ RNA binding interface.
Residues 527–550 are located adjacent to the N terminus of
CoREST and near the LSD1 active site and may represent a
secondary nucleic acid binding site (Fig. 4). The XL-MS ex-
periment was replicated using modified conditions that in-
clude a stacked GQ RNA and a CoREST construct with a
cleaved N-terminal 6x-His tag. In both XL-MS experiments,
depletion of the identical peptide regions spanning residues
227–251 and 527–550 were observed. A third cross-linked re-
gion (residues 689–726) was identified on the tower domain
in one experiment; however, this region had very low cover-
age in the control and was not reproducible.

The structure of LSD1–CoREST bound to UUAGG identifies
an ssRNA binding site adjacent to the primary GQ RNA–LSD1
cross-link location

To examine how RNAmay inhibit LSD1 activity and identify
an RNA binding location on LSD1, cocrystallization screen-
ing and extensive soaking experiments were performed
with the LSD1–CoREST complex and different RNA mole-
cules. The 53- and 25-nt GQ RNA and a series of short oli-
gonucleotides (UUAGG, UUUUU, CCCUAA, UUAGGAG,
AAAAAGCAAA, and GGUUUUUCUUUU) were soaked
into crystals at various concentrations (0.1–5.0 mM) and
incubation periods (4–24 h). Cocrystallization and crystal
soaking trials of the GQ RNAs with LSD1–CoREST were
unsuccessful and only crystal soaking experiments with
UUAGG and UUAGGAG ssRNA fragments showed dif-
ference maps (|Fo|−|Fc|) corresponding to oligonucleo-
tide electron density (Fig. 5). From the UUAGG ssRNA
soaked LSD1–CoREST crystals, the difference Fourier map
(|Fo|−|Fc|) identified an RNA binding location on LSD1
and the directionality of the RNA. A 2.8 Å resolution map al-
lowed us to accurately model build and define the ssRNA
structure using RCrane and Coot (Emsley and Cowtan
2004; Keating and Pyle 2012) (Rwork = 20.1% Rfree = 22.7%,
PDB 4XBF, Supplemental Table 1). In addition to the loca-
tion of an ssRNA binding site on LSD1, the quality of the
difference map (|Fo|−|Fc|) revealed well-ordered regions
that correspond to FAD, sulfate ions, and a previously iden-
tified glycerol molecule (Fig. 5; Supplemental Fig. 7; Luka
et al. 2011). The structure of LSD1–CoREST bound to
UUAGG does not overlap with the GQ RNA binding location
in the XL-MS experiments; rather, it is positioned adjacent to
the GQ RNA binding region.

Nucleobase RNA recognition by the conserved amine
oxidase domain (AOD) of LSD1

The structure of the LSD1–CoREST complex with ssRNA
reveals that UUAGG RNA binds to the AOD of LSD1, which
is located opposite of the histone 3 peptide binding cleft
(Fig. 5). This RNA binding site is positioned at a conserved
and “intertwined” region of the AOD, containing both
N- and C-terminal regions (residues 278–280 and 615–619).

FIGURE 4. Identification of the G-quadruplex RNA binding domain
of LSD1. The location of the LSD1 region that cross-links with the
GQ RNA was detected via mass spectrometry. (A) Relative coverage of
LSD1 residues upon GQ RNA cross-linking. UV light was used to
cross-link biotinylated GQ RNA with LSD1–CoREST and the covalent
complex was purified using streptavidin beads. LSD1 was then analyzed
with mass spectroscopy alongside a control sample that had been treated
with UV light in the absence of RNA. A plot of the signal intensity ratio
between the control and GQ RNA cross-linked sample reveals peptide
fragments that are strongly depleted in the cross-linked sample, likely
due to the change in m/z ratio upon formation of RNA adduct.
(B) Analysis of the elution profile reveals a depletion of the peptide sig-
nal upon cross-linking for a region in the SWIRM domain (227–251).
This peptide is dramatically depleted (∼10,000-fold weaker) compared
with the control sample. The isotopic distribution (M, M + 1, M + 2,
M + 3) confirms the peptide identity, with an isotope dot product
(idotp) of 1.00 and 0.97 for the control and cross-linked samples, re-
spectively. (C) The locations of the GQ RNA binding regions are
mapped onto the structure of LSD1–CoREST (PDB 4XBF). Two distinct
regions of LSD1 appear to cross-link with GQ RNA. The primary GQ
RNA cross-link is located within the SWIRM domain (red) (residues
227–251, 210–216) and a minor RNA–LSD1 adduct region exists adja-
cent to the active site and FAD (brown spheres) and close to the C-ter-
minal domain of CoREST (green) (residues 527–550). Additional GQ
RNA–LSD1 cross-link locations are noted (Results and Supplemental
Material) but were not consistent between the two separate and inde-
pendent cross-link-MS experiments.
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Interestingly, the UUAGG RNA does not electrostatically
bind to the various electropositive grooves that exist across
LSD1 which are surface accessible within the crystal lattice
environment. Rather, the RNA nucleobases are oriented
toward a cleft that is comprised of the β-sheet interface
and three loop regions (Lys276-Lys280, Ala597-Asn599,
Pro782-Arg795). Unfortunately, point mutations of Lys280,
Tyr616, Lys617, and Asp619 to alanine resulted in a loss of
recombinant protein expression and protein stability, making
it difficult to assess the effect of RNA binding activity within
this region of LSD1. Taken together, the RNA soaking studies
identify how LSD1 may interact with the single-stranded
linker regions of TERRA, supporting an extended TERRA
binding interface that spans the SWIRM and AOD of LSD1.
The identification of an ssRNA binding region and the

orientation of the RNA also demonstrate that LSD1 can inter-
act with nucleic acids through the formation of sequence
specific interactions. The most extensive RNA–protein con-
tacts occur between the AG dinucleotide region and LSD1
residues that are part of a preformed binding pocket (Fig.
5C). This single-stranded oligonucleotide binding region of
LSD1 may correlate with a genome-wide analysis of nucleo-
tide binding elements of the LSD1 complex, which originally
proposed that an AG dinucleotide region is part of an en-

riched motif in LSD1 binding (Tsai et al. 2010). Together
with our kinetic assays (Supplemental Fig. 4), the structure
provides additional support that RNA can serve as a noncom-
petitive allosteric inhibitor of LSD1 function.

DISCUSSION

TERRA is an integral component of telomeric heterochro-
matin, forms distinct G-quadruplex structures in vitro and
in vivo, and has been demonstrated to interact with critical
epigenetic regulators that include LSD1 demethylase and
SUV39H1 methyltransferase enzymes (Luke et al. 2008;
Schoeftner and Blasco 2008; Deng et al. 2009; Xu et al. 2010;
Iglesias et al. 2011; Lopez de Silanes et al. 2014; Porro et al.
2014a,b; Azzalin and Lingner 2015). Despite a correlation
between histone H3K4/K9 methylation patterns and gene
silencing at telomeres (Krogan et al. 2002; Vaquero-Sedas
et al. 2012; Porro et al. 2014b), it is unclear how these enzymes
are recruited to telomeres and how they might function to
mediate telomere structure and composition. TERRA is
thought to act as a molecular decoy to sequester telomerase
in a cell cycle-dependent manner and also likely serves as a
scaffold with epigenetic regulators during the early stages of
DNA damage response activation (Redon et al. 2010; Porro
et al. 2014a,b). The unique topology of TERRA (Fig. 1C) sug-
gests that its structure may enable the organization of higher-
order RNP complexes at telomeres. To better understand how
lncRNAsmay recruit protein enzymes and how TERRAmight
regulate protein–protein interactions at the ends of chromo-
somes, we determined themode of GQRNA binding to LSD1.
Monovalent ions dramatically influence the topology of

GQ RNAs and knowledge of specific TERRA sub-structures
enabled us to manipulate the GQ RNA architecture (Fig. 2;
Supplemental Fig. 2). The formation of these diverse RNA
structures correlates well with observed nucleic acid–LSD1
binding affinities (Fig. 3; Supplemental Fig. 3), revealing that
LSD1 strongly prefers a stacked GQ (GG-[UUAGGG]8
UUA) RNA. Previous TERRA RNA studies combining
RNase T1 digestion and molecular dynamics (MD) simu-
lations demonstrate that TERRA (containing up to 96
UUAGGG repeats) primarily assembles into four and eight
UUAGGG repeat units (Martadinata et al. 2011; Martadinata
and Phan 2013). It appears that a single ([UUAGGG]4U) GQ
unit, a stacked ([UUAGGG]8U) GQ unit, and a ssRNA spacer
region between GQ units represent the three unique to-
pologies adopted by TERRA (Martadinata et al. 2011; Marta-
dinata and Phan 2013). In addition, biophysical studies of
TERRA demonstrate that the 2′ –OH functional groups in
the RNA G-quadruplex participate in organizing water hy-
dration and in the hydrogen-bonding network (Haider
et al. 2011; Martadinata et al. 2011). This may contribute
additional stability to the parallel-stranded quadruplex
conformation and account for why LSD1 prefers to bind
GQ RNA over a cognate GQ DNA (Supplemental Fig. 3),
which is known to contain a mixture of heterogeneous

FIGURE 5. Location of an ssRNA binding region on LSD1. (A) Analysis
of crystal soaks of a 5′-UUAGG-3′ RNA ligand into LSD1–CoREST crys-
tals shows clear difference electron density (|Fo|−|Fc|) (dark gray mesh
contoured at 5.5 r.m.s.d). RNA–LSD1 interactions occur along β-sheet
and loop regions of LSD1 (yellow box). LSD1 and CoREST as colored in
Figure 1B. (B) The 2.8 Å resolution map reveals the unambiguous iden-
tity and directionality of the RNA (pink), shown in stick representation.
The difference electron density (|Fo|−|Fc|) is noted (dark gray mesh con-
toured at 5.5 r.m.s.d) and nucleobase density was observed for UUAG
nucleotides. (C) Schematic of noncovalent interactions between the
ssRNA fragment and LSD1. Dotted lines indicate RNA–LSD1 residues
within 3.0 Å (as summarized in Supplemental Table 2), with conserved
LSD1 residues (bold) spanning the monoamine oxidase domain (cyan/
blue). (D) A close-up view of the difference density (|Fo|−|Fc|) shows the
unambiguous assignment of purine (A, G) nucleobases.
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G-quadruplex topologies (Patel et al. 2007). Our data confirm
that single and stacked GQ RNA structural units serve as
building blocks of the extended TERRA and that the propen-
sity for stacking in GQRNAmolecules may be a key feature in
the recruitment of protein–protein complexes at telomeres.

For the recognition of TERRA by LSD1, the RNA structure
and shape play a central role in protein–RNA binding speci-
ficity. Although GQ RNA shape-based recognition is not well
established, it is known that other protein domains can also
preferentially recognize GQ-forming RNAs including: the ar-
ginine–glycine–glycine repeat (RGG) domain of Fragile-X
mental retardation protein (FMRP), the glycine-arginine-
rich (GAR) domain of TRF2, and the N-terminal domain of
the DEAH-box ATP-dependent helicase 36 (DHX36) (Deng
et al. 2009; Meier et al. 2013; Chen et al. 2015; Vasilyev et al.
2015). With the development of GQ-specific antibodies that
have unambiguously identified GQ TERRA RNA structures
in living cells (Xu et al. 2010; Di Antonio et al. 2012; Biffi
et al. 2013, 2014), more biophysical studies are needed that
probe how protein domains and multidomain protein com-
plexes recognize the molecular architecture of GQ RNAs.
Our data have defined how TERRA’s secondary and tertiary
structural motifs can serve as recognition elements for LSD1
interactions by coupling biophysical studies (CD/AUC),
EMSA, enzyme kinetics, XL-MS, and X-ray crystallographic
methods. Results from our studies suggest that TERRA could
serve as an allosteric effector of LSD1 function at telomeres,
as previously proposed (Porro et al. 2014b).

Functional implications for allostery in LSD1–RNA
interactions

LSD1 is associated with CoREST and together they act as an
allosteric clamp on nucleosomes to catalyze specific histone
H3K4/K9 demethylation (Shi et al. 2004; Chen et al. 2006;
Stavropoulos et al. 2006; Yang et al. 2006; Forneris et al.
2007; Baron and Vellore 2012). Motions of the SWIRM
domain and rotation of the AOD of LSD1 must occur when
the substrate enters the active site pocket (Baron and Vellore
2012) and it has been demonstrated that both substrate bind-
ing and protein–protein interactions modulate LSD1 con-
formational dynamics and activity (Shi et al. 2005; Forneris
et al. 2007).

Our data suggest that GQ-forming RNAs can provide an
additional layer of allosteric regulation in LSD1 function.
Using XL-MS, we identified a GQ RNA binding site distal
to the H3 binding cleft. X-ray crystallographic soaking exper-
iments of LSD1–CoREST with various ssRNAs suggest that
the RNA binding interface spans the amine-oxidase domain
(Fig. 6). While it is possible that there may be multiple re-
gions of LSD1–CoREST that contact nucleic acids, the iden-
tified primary RNA binding interface likely extends from
the SWIRM domain to the AOD of LSD1. Interestingly, the
structural integrity and flexibility of the SWIRM-AOD is es-
sential for recognition of nucleosomal DNA (Stavropoulos

et al. 2006; Yang et al. 2006; Forneris et al. 2007). In fact,
our identified GQ RNA binding region within the SWIRM
domain (amino acids 227–251) overlaps with the putative
nucleosomal DNA binding surface (Yang et al. 2006; Pilotto
et al. 2015), suggesting that both nucleosomal DNA and
TERRA RNA bind a similar SWIRM/AOD recognition inter-
face. A putative mechanism whereby TERRA alters LSD1
demethylation activity and modulates nucleosome binding
or DNA damage response activation at telomeres is consis-
tent with our RNA–LSD1 structural and enzyme inhibition
results.
Whereas the biological consequences of LSD1 activity

are known, mechanistic examples of RNA-mediated LSD1
recruitment (Khalil et al. 2009; Tsai et al. 2010; Porro et al.
2014b; Hendrickson et al. 2016) and the modulation of
LSD1 activity by noncoding RNAs remain unclear. The reg-
ulation of LSD1 complexes is likely to be multilayered and
may be differentially influenced by distinct classes of RNA
molecules. For example, RNA helicases are known to actively
remodel TERRA RNA at telomeres (Cusanelli and Chartrand
2015; Flynn et al. 2015; Rippe and Luke 2015). It is possible
that RNA helicases provide an added level of epigenetic reg-
ulation by unwinding GQ RNAs, resulting in a loss of LSD1
binding and effectively relieving RNA-mediated LSD1 inhi-
bition. Such a molecular mechanism has yet to be demon-
strated though it should be noted that several groups have
proposed a link between helicases and the regulation of chro-
matin modifying enzymes by ncRNAs (Cifuentes-Rojas et al.
2014; Kaneko et al. 2014; Sarma et al. 2014; Davidovich et al.
2015; Cloutier et al. 2016).
In conclusion, we have identified a primary GQ RNA

binding site within the conserved SWIRM/AOD interface
of LSD1 and demonstrated that a GQ-forming TERRA can
function as a noncompetitive inhibitor of LSD1-catalyzed
demethylation. Future structural studies will be required to
demonstrate how a GQ-forming RNA alters LSD1 structure
and how TERRA influences the function of LSD1 at telo-
meres. Defining the structural interactions of TERRA with
LSD1 will provide insight into the diversity of GQ RNA–pro-
tein recognition and serves as an important model system to

FIGURE 6. Model of the TERRA RNA–LSD1 binding interface. Cross-
linking mass spectrometry data support a model whereby LSD1 residues
(red) in the SWIRM domain interact with a stacked GQ RNA. In addi-
tion, X-ray crystallography data identifies an ssRNA binding location
(pink), which resides adjacent to the GQ RNA binding site. Binding lo-
cations are consistent with a GQ RNA that binds LSD1 in a noncompet-
itive manner.
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explore lncRNA–protein recruitment mechanisms at the
atomic level.

MATERIALS AND METHODS

LSD1, CoREST, and RNA preparation

The plasmids for the N-terminal truncated LSD1 (aa 171–852) and
CoREST (aa 286–482 plus His-tag sequence) were a generous gift
of Dr. Cole (Johns Hopkins University) and the full-size LSD1 plas-
mid (aa 1–852) was a generous gift of Dr. Shi (Harvard University)
(Supplemental Fig. 1A; Shi et al. 2004; Culhane et al. 2006). The
full size and truncated LSD1 were expressed in Escherichia coli BL21
(DE3) as previously reported (Shi et al. 2004; Culhane et al. 2006,
2010). The full-size LSD1 was purified by using ammonium sul-
fate fractionation and anion-exchange chromatography (Luka et al.
2011). The truncated LSD1waspurified usingGSH-agarose chroma-
tography, with the glutathione S transferase tag removed through
PreScision protease (GE Healthcare) digestion and anion-exchange
chromatography (Luka et al. 2011). CoREST is a known stabilizing
element of LSD1 (Shi et al. 2005) and was expressed in E. coli BL21
(DE3) in Luria Broth (LB) (kanamycin) and purified using Ni-
NTA agarose as previously reported (Luka et al. 2011). For EMSA as-
says and crystallization trials, truncated LSD1 (171–852) was coex-
pressed with CoREST (286–482) in Rosetta(DE3) pLysS competent
cells. Complexes were purified via glutathione and nickel affinity
and size-exclusion (Superdex 200) chromatography. The concentra-
tion of protein samples was determined by the BCA method (BCA
Protein Assay kit, Pierce) with bovine serum albumin as a standard
and by UV-VIS-spectroscopy for LSD1 preparation with extinction
coefficient for FAD at 450 nm as 11300 M−1cm−1. Protein spectra
were recorded on Shimadzu 2401-PC Spectrophotometer. Protein
purity was determined by SDS electrophoresis with Coomassie stain-
ing (Supplemental Fig. 1B–D).
Stacked GQ RNAs (GG[UUAGGG]8UUA) were transcribed with

T7 RNA polymerase and purified on 6% TBE-polyacrylamide gels
supplemented with 8 M urea according to standard methods. Dried
RNA pellets were resuspended in RNase-free water and diluted to
5 μM in 10 mM Tris–HCl or HEPES-KOH pH 7.4, 1 mM TCEP
and 100 mM KCl, NaCl, or LiCl as indicated in the main text.
Alternatively, a monomeric GQ-forming RNA ([UUAGGG]4U), a
25-nt single-stranded RNA (5′-UUAGCGUUAACCUUACCAUU
ACGUU-3′) (ssRNA), and all RNAs for crystallography, includ-
ing a 5′-UUAGG-3′ RNA ligand, were purchased from Thermo-
Fisher (Dharmacon) and deprotected according to manufacturer’s
instructions. The identical DNA ([TTAGGG]4T) (GQ DNA) and
the 5′ biotinylated RNAs for cross-linking (GUUU[UUAGGG]4
UUA and GGG[UUAGGG]8UUA) were purchased as synthetic
oligonucleotides (Integrated DNA Technologies, Inc.). All oligonu-
cleotides were ethanol precipitated, desalted on a 20-mL G-25 gel
filtration column, concentrated using a centrifuge vacuum mani-
fold, and stored at −20°C. Purity was assessed by denaturing
PAGE (8 M Urea) and all solutions were suspended in a 10 mM
KPO4 (pH 6.5), 100 mM KCl buffer prior to use.

Circular dichroism (CD) spectroscopy

RNAs (GG[UUAGGG]4/8UUA) were transcribed with T7 RNA po-
lymerase and purified on 6% TBE-polyacrylamide gels supplement-

ed with 8 M urea according to standard methods. Dried RNA pellets
were dissolved in RNase-free water and diluted to 5 μM in 10 mM
Tris–HCl pH 7.4, 1 mM TCEP and 100 mM KCl, NaCl, or LiCl as
indicated in the main text. RNAs were folded using a standard
protocol (2 min at 95°C, 5 min at 85°C, 5 min at 75°C, 5 min at
55°C, 15 min at 37°C, and then placed on ice). All CD spectra
were recorded at room temperature on a Jasco J-810 spectropo-
larimeter with a 1 mm cell, scan speed of 50 nm/min, and a re-
sponse time of 1 sec. Spectra from 300–220 nm were averaged
over three scans, and background from a matched buffer-only
sample was subtracted.

Analytical ultracentrifugation (AUC)

RNA samples were run for 16 h in an Optima XLI ultracentrifuge
equipped with a four-hole An-60 Ti rotor at 48,000 rpm at 4°C.
Samples and buffer-matched blanks were loaded into double-
sector cells (path length of 1.2 cm) with charcoal-filled Epon center-
pieces and sapphire windows. Data were fit to a continuous c(s) dis-
tribution model using SedFit, with a partial specific volume of 0.73,
buffer density of 1.005, buffer viscosity of 0.0102, and a frictional ra-
tio of 1.4. Standard Bayesian modeling operations included in the
Sedfit software enabled us to deconvolute asymmetric peaks.

Electrophoretic mobility shift assay (EMSA)

All oligonucleotides were 5′-end labeled with T4 Polynucleotide
Kinase (NEB) and [γ-32P] ATP (6000 Ci/mmol, 10 mCi/mL,
PerkinElmer). Unincorporated radiolabel was removed by appli-
cation to Micro Bio-Spin columns packed with Bio-Gel P6 in
10 mM Tris–HCl pH 7.4, 0.02% sodium azide (Bio-Rad) accord-
ing to manufacturer’s instructions. Immediately prior to binding,
radiolabeled oligonucleotide stocks (typically 1–2 μM) were diluted
to 20 nM in EMSA buffer (25mMHEPES pH 7.4, 1mMTCEP, 10%
glycerol, 0.02% bromophenol blue, 1 U/µL RNasin (Promega) and
100 mMKCl, NaCl, or LiCl, depending on reaction conditions) and
folded as described (CD spectroscopy, Materials and Methods
section). To initiate binding reactions (10 µL final volume) threefold
serial dilutions of 50 µM LSD1–CoREST in EMSA buffer were
mixed 1:1 with 20 nM oligonucleotide stocks and incubated at
room temperature for 20 min. Reactions were placed on ice and
chilled for 5 min before loading into 0.75% THE (34 mM Tris
base, 66 mM HEPES free acid, 0.1 mM EDTA, pH 7.4) agarose
gels supplemented with 10 mM potassium acetate, sodium acetate,
or lithium sulfate depending on reaction conditions. Gels were run
for 45 min at 6 V/cm in THE running buffer supplemented with ap-
propriate salt (10 mM), with constant buffer recirculation at 4 °C.
Gels were exposed to an Imaging-Screen K (Kodak) and images
were collected with a Pharos FX Plus Molecular Imager (Bio-
Rad). All binding reaction profiles were quantified using the
Quantity One 4.6.9 (Bio-Rad) software package. Only signal corre-
sponding to fully bound or unbound positions was analyzed; smears
due to complex dissociation were not included. The integrated vol-
ume for each signal was determined by measuring the identical area
that encompasses the probe-only control with minimal background.
Results of oligonucleotide binding assays were expressed as the
fraction of oligonucleotide bound and plotted as a function of
protein concentration using Prism 6.0 (GraphPad Software, Inc.,
http://www.graphpad.com). Data were fit to a one-site hyperbolic
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binding function including a Hill coefficient (Y = Bmax × Xh/{Kd
h +

Xh}), where Y is the fraction bound and X is the protein concentra-
tion (nM), and h is the Hill coefficient. An average of the Hill coef-
ficient (h) was determined by finding the slope of a straight line
fitted to points from a plot of log [θ/(1−θ)] versus log of the protein
concentration, where θ is the fraction of bound oligonucleotide.

Activity assay

LSD1 activity assays were performed using a peroxidase-coupled
assay under aerobic conditions as described previously (Forneris
et al. 2005). A 150 µL reaction mixture contained 50 mM
HEPES(Na), pH 7.5, 0.2–0.3 µM LSD1, 1 µg of HRP, 0.1mM4-ami-
noantipyrine, 1.0 mM 3,5-dichloro-2-hydroxybenzenesulfonic acid
and substrate concentrations as indicated in the main text. Enzyme
reactions were initiated by the addition of substrate (dimethyl-
Lys4 Histone H3 peptide aa 1–21 [diMeK4H31–21] [Sigma]) and
the time course of the reaction was monitored using a Shimadzu
2401-PC spectrophotometer (λ = 515 nm) at 25°C in a thermostated
quartz cell chamber. Initial velocity values were measured using
an extinction coefficient of 26,000 M−1 cm−1 (Forneris et al.
2005). Kinetic data were fitted to a Michaelis–Menten equation us-
ing GraphPad Prism 6.0 (GraphPad Software, Inc., http://www.
graphpad.com).

Inhibition studies

The IC50 values for different oligonucleotides were obtained via
the LSD1 activity assay in the presence of different concentrations
of RNA/DNA as detailed (Supplemental Fig. 4). Control experi-
ments showed that the peroxidase components of this coupled assay
were not influenced or altered by the addition of nucleic acids.
The mechanism of inhibition was examined with velocity/substrate
concentration curves at different concentrations of RNA in the reac-
tion mixture as detailed in the figure legend (Supplemental Fig. 4).

Cross-linking mass spectrometry

To verify that LSD1–CoREST cross-links to GQ RNA in a specific
manner, an (GG[UUAGGG]8UUA) RNA and a control non-GQ-
forming, size-matched RNA were 5′ 32P labeled. The RNAs were
folded as described (CD spectroscopy, Materials and Methods sec-
tion). The RNA was diluted to 1.4 µM in folding buffer plus 0.3
U/μL RNase Inhibitor (Promega, N2111) and incubated with or
without 1.6 µM LSD1–CoREST at room temperature for 10 min.
The reaction was then placed on ice and exposed to 240 mJ/cm2

of 254 nm UV light with a Stratalinker 1800 and separated on a
4%–20% Mini-Protean TGX Precast Gel (Bio-Rad, 4561094). The
gel was exposed using an Imaging Screen-K (Bio-Rad, 1707841)
and visualized on a PharosFX imager using the Quantity One soft-
ware system (Supplemental Fig. 6).

The same general protocol was followed to identify the cross-
linked peptides, with a few important distinctions. 5′ biotinylated
RNA was purchased from IDT and folded as described above.
20 µMGQRNA and 40 µM LSD1–CoRESTwere incubated together
for 10 min at room temperature before being placed on ice and UV-
cross-linked alongside a negative-control sample of LSD1–CoREST
without RNA. The covalently cross-linked LSD1–RNA complex
was enriched using Sera-Mag magnetic streptavidin-coated beads,
medium binding (Genesee Scientific, 85–592) and a biotinylated
RNA pull-down kit according to the manufacturer’s instructions

(Pierce, 20164). 0.5% SDS and 1% SDS were added to the RNA cap-
ture buffer and RNA wash buffers, respectively, as these conditions
removed non-cross-linked LSD1 without disrupting the biotin–
streptavidin interaction (data not shown). The complex was eluted
by boiling in 1xSDS loading buffer and gel purified via SDS-
PAGE. The cross-linked LSD1 (control) and LSD1–RNA (sample)
were visualized using colloidal Coomassie blue stain, cut out, and
subjected to in-gel trypsin digestion overnight. Two separate
cross-linking LC–MS/MS experiments were performed on two
freshly purified LSD1–CoREST samples with a single GQ RNA
and with a stacked GQ RNA. All samples were injected onto an
LTQ Orbitrap high-resolution LC–MS/MS system (Vanderbilt
Proteomics Core Facility). The isotopic distribution was used to
confirm the identity of peptide peaks covering ∼75%–80% of
LSD1 residues using SkyLine 3.5 (Schilling et al. 2012).

Crystallization of LSD1–CoREST complex

The LSD1–CoREST complex was crystallized as previously de-
scribed (Yang et al. 2006; Luka et al. 2011). Briefly, the LSD1–
CoREST complex was prepared by mixing the LSD1 and CoREST
stock solutions in a 1:1.5 molar ratio of LSD to CoREST and removal
of excess CoREST by using an Amicon Ultra 50K Centrifugal Filters
after 1-h incubation.

The LSD1–CoREST complex was crystallized by the hanging
drop or sitting drop method at room temperature as previously
described (Luka et al. 2011). The LSD1–CoREST complex (10–12
mg/mL concentration in 25 mM HEPES-Na, pH 7.4, 100 mM
NaCl, 5 mM DTT, 1 mM PMSF) was mixed with the reservoir
solution [0.60 M Li2SO4, 0.63 M (NH4)2SO4, 0.25 M NaCl, 100
mM Na-citrate, pH 5.6, 10 mM DTT]. The crystals belong to the
orthorhombic I222 space group (a = 123.86 Å, b = 179.37 Å, c =
235.05 Å).

A 5′-UUAGG-3′ RNA ligand was introduced into the crystals
by the soaking method (Hassell et al. 2007; Reiter et al. 2010).
Other oligonucleotides were tested in crystal soaking trials and in-
clude: the 53- and 25-nt GQ RNA, as well as UUAGG, UUUUU,
CCCUAA, UUAGGAG, AAAAAGCAAA, and GGUUUUUCUUUU
RNAs. The 53- and 25-nt GQ RNAs proved to be unsuccessful in
crystal soaking trials due to the size of the RNAs and because the
reservoir solution contained high salt or high concentrations of
Li+ ions that inhibit GQ formation (Hardin et al. 2000). Aside
from UUAGG and UUAGGAG soaked crystals, no other single-
stranded RNAs yielded any noticeable difference electron density
upon careful analysis of the Fourier map (|Fo|−|Fc|). The LSD1–
CoREST complex crystals were incubated for 3 h or overnight in
the cryoprotectant containing UUAGG RNA [0.76 M Li2SO4,
0.74 M (NH4)2SO4, 0.35 M NaCl, 100 mM Na-citrate, pH 5.6,
23% (v/v) glycerol and 2–5 mM RNA]. After soaking, crystals
were harvested and flash-cooled in liquid nitrogen.

X-ray data collection

Diffraction data were collected at 100 K at LS-CAT beamline 21 (F
hutch), Advanced Photon Source, Argonne National Laboratory,
using a MarMosaic 225 CCD detector. Data were processed and
scaled using the HKL2000 package (Otwinowski and Minor 1997).
Data collection and data processing statistics are summarized in
Supplemental Table 1.
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Crystal structure determination

Molecular replacement was applied to locate a solution using
PHENIX and a previously determined structure of the LSD1–
CoREST complex (PDB 2IW5) (Afonine et al. 2012). The difference
Fourier map (|Fo|−|Fc|) revealed the presence of RNA and clear
difference density enabled us to unambiguously determine the
directionality of four nucleotides of the RNA (Fig. 5). While a
3′ phosphate of G5 is observed, the 3′ G nucleobase is not observed
in the density. Coot was used for model building throughout the re-
finement and the RNA was built using RCrane (Emsley and Cowtan
2004; Keating and Pyle 2012). The final model consists of residues
171–836 of LSD1, residues 308–440 of CoREST, one FADmolecule,
one RNAmolecule, 5 sulfate ions, 1 glycerol molecule, and 23 water
molecules. Refinement statistics are listed in Supplemental Table 1
(PDB ID 4XBF).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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