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ABSTRACT

Chromatin, a complex of DNA and proteins, is a dynamic structure that can respond to
external cues to regulate genes. Posttranslational modification of histones plays a key role in this
regulation through modulation of chromatin structure and function. One such modification,
methylation of histone H3 lysine 4 (H3K4), has been correlated with transcriptional activation
and is enriched at the promoters and enhancers of active genes. Lysine residues can be mono-, di-
or trimethylated, and the specific form of methylation is regulated by a synergistic effort of
histone methyltransferases and demethylases. The LSD1 (lysine-specific demethylase 1) protein
can alone demethylate mono- and dimethylated H3K4 in peptide substrates, but requires the
corepressor protein, COREST, to demethylate nucleosome substrates. The crystal structure of the
LSD1/CoREST in complex with the H3-peptide has been solved and a plethora of information
exists on how the LSD1/CoREST works on the peptide substrates. However, these studies do not
provide insight into how LSD1/CoREST interacts with the nucleosome, the physiological
substrate. As such, full elucidation of LSD1/CoREST’s function on the nucleosome is critical to
understanding its roles in development, cellular differentiation, embryonic pluripotency, and
cancer.

In this dissertation, | provide insights into how the LSD1/CoREST complex interacts
with the nucleosome via biochemical and structural approaches. My studies of LSD1/CoREST’s
enzymatic activity and nucleosome binding show that extranucleosomal DNA dramatically
enhances the activity of LSD1/CoREST and that LSD1/CoREST requires DNA beyond the
nucleosome core particle for optimal interaction. These results are consistent with the
photocrosslinking experiments performed by Nilanjana Chatterjee in collaboration with Blaine
Bartholomew’s group, which indicate both LSD1 and CoREST subunits are in close contact with

extranucleosomal DNA. | have also determined the molecular replacement solutions of



LSD1/CoREST on 161 and 189 bp nucleosome crystal structures at 7.2 A and 5.3 A resolution
respectively. These studies provide novel insights into how LSD1/CoREST productively engages
the nucleosomes with extranucleosomal DNA. Both models suggest that the catalytic domain of
LSD1 and the N-terminus of COREST makes contact with extranucleosomal DNA, while the
CoREST SANT2 domain recognizes the nucleosomal disk face. Current work is aimed toward

determining the LSD1/CoREST/nucleosome crystal structure at a higher resolution.
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Chapter 1

Introduction

1.1 Structure and Function of Chromatin

1.1.1 Nucleosome core particle

The three billion base pairs of the human genome are packaged into the nucleus of a cell,
with a diameter of 10 microns (Alberts B, 1994). The ability of the cell to condense the genome
while still maintaining access to specific segments of the genome and reacting promptly to the
ever-changing environment requires a highly coordinated effort by a number of factors. This
coordination and compaction of the eukaryotic genome are achieved in a polymeric complex
called chromatin. The fundamental repeating unit of chromatin is the nucleosome, which consists
of a nucleosome core, a linker histone (H1 or H5), and DNA ranging from 160 to 240 base pairs
(bp) (McGhee and Felsenfeld, 1980). The nucleosome core contains two copies of four core
histone proteins, H2A, H2B, H3, and H4, wrapped around with 145-147 bp of DNA. Each
nucleosome core is connected to an adjacent nucleosome core by linker DNA, which associates
with linker histone. Nucleosome repeat lengths (NRL), a measure of nucleosomal DNA (145-147
bp) plus the linker DNA, from a wide variety of organisms range from ~150 to ~260 bp
(Bradbury, 1989). The genome-wide sequencing of nucleosomal DNA by the ChIP-Seq technique
has estimated the NRL of human to be ~200 bp (Schones et al., 2008). However, in addition to
species variation, the NRLs vary among tissues, cell types, and even within a single cellular

genome (Bradbury, 1989).
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Figure 1-1. Secondary structure of histone proteins and histone-fold of H3. (a) Schemes
representing the secondary structure elements of four core histones. (b) Histone-fold motif of H3
shown in cartoon representation (PDB ID: 1KX5). (Figure adapted from McGinty, R.K. and Tan,
S. (2014) In Workman, L. J. and Abmayr, M.S. (eds.), Fundamentals of Chromatin. Springer
New York, New York, NY, pp. 1-28.)
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Figure 1-2. Overview of the nucleosome core particle structure (PDB ID: 1KX5). (a) Histones
are depicted in cartoon representation and DNA is depicted in stick representation with the dyad
marked by an arrow. (b) Nucleosome core particle shown in space-filling representation. (Figure
from McGinty, R.K. and Tan, S. (2014) In Workman, L. J. and Abmayr, M.S. (eds.),
Fundamentals of Chromatin. Springer New York, New York, NY, pp. 1-28.)

The core histones of H2A, H2B, H3, and H4 are basic and relatively small, ranging from

102-135 amino acids, and contain alpha-helical regions that form a histone-fold motif, flanked by



N- and C-terminal extensions (Figure 1-1a). These flexible extensions, also called histone tails,
are the major sites of posttranslational modifications which act synergistically to regulate gene
expression. The histone-fold motif consists of three a-helices, connected by two loops (al-L1-
a2-L2-a3) and is contained in all four core histones (Arents and Moudrianakis, 1995) (Figure 1-
1b).

Crystal structures of the nucleosome core particle, solved at 2.8 A and subsequently at
1.9 A, show 146 and 147 bp respectively, of human a-satellite DNA wrapped 1.65 turns around
the histone octamer in a left-handed superhelix (Luger et al., 1997, Davey et al., 2002) (Figure 1-
2). In the central histone octamer, H3 pairs with H4, and H2A pairs with H2B through the
histone-fold motif in an antiparallel arrangement as ‘handshake motif” to form a heterodimer
(Arents and Moudrianakis, 1995) (Figure 1-3a, b). Two H3/H4 dimers forms a (H3/H4), tetramer
through a four-helix bundle that is mediated by H3 o2 and a3 helices. Similarly, H4 of tetramer
interacts with H2B of H2A/H2B dimer through a four-helix bundle on each side, completing the
octamer (Luger et al., 1997) (Figure 1-3c). The strongly positive surface of resulting octamer
contributes to binding to nucleosomal DNA, which is highly negative due to its phosphate
backbone. Consequently, the nucleosome core particle has a pseudo-symmetry centered on the
dyad, with a diameter of 100 A and width of 60 A (Figure 1-2). The structure shows that each
histone-fold organizes about 30 bp of DNA, with H3/H4 tetramer interacting with about 60-70 bp
of DNA, and each H2A/H2B dimer interacting with about 30 bp of DNA. H4 and H2A N-
terminal tails exit the nucleosome core particle on top of the minor groove of the DNA, and H3
and H2B tails exit through the DNA gyres. N-terminal tails of H3 protrude near the entry/exit site
near the dyad, whereas N-terminal tails of H2A and H2B exit from the opposite side of the
nucleosome (Davey et al., 2002) (Figure 1-2).

After the first crystal structure of the Xenopus nucleosome core particle was solved at 2.8

A and 1.9 A resolutions by Richmond and colleagues (Luger et al., 1997, Davey et al., 2002),



structures of yeast, human, and Drosophila nucleosome core particles were solved (White et al.,
2001, Tsunaka et al., 2005, Clapier et al., 2008), showing strikingly similar structures.
Subsequently, the structure of the nucleosome core particle containing Widom 601 positioning
sequence was solved by Davey and our laboratory independently (Vasudevan et al., 2010, Makde
et al., 2010). In our structure, 147 bp Widom 601 DNA fragment was overwound compared to the
a-satellite DNA, resulting in the appearance of a 145 bp nucleosome core particle with one

additional base pair on either end (Makde et al., 2010).

a C

H4 al al H3

_ histone
L2 L2 H3/H4
tetramer

Figure 1-3. Histone-fold heterodimers and octamer (PDB ID: 1KX5). Heterodimeric histone-fold
pairs in ‘handshake motif” formed by (a) H3/H4 and (b) H2A/H2B shown in cartoon
representation. (c) The histone-fold octamer shown in in cartoon representation. (Figure adapted
from McGinty, R.K. and Tan, S. (2014) In Workman, L. J. and Abmayr, M.S. (eds.),
Fundamentals of Chromatin. Springer New York, New York, NY, pp. 1-28.)

1.1.2 Posttranslational modifications of histones

Chromatin is not at an inert state, but is quite dynamic as its architecture and positioning,
as well as the chemical composition of the histones are regulated by chromatin remodelers and

modifiers. Histones can be modified at specific amino acids by acetylation, methylation,



phosphorylation, and ubiquitylation, which act synergistically to alter chromatin contacts or to
facilitate recruitment of chromatin remodeling complexes (Kouzarides, 2007a). The
posttranslational modifications predominantly occur on histone tails, and various patterns of these
modifications on tails elicit specific outcomes (Luger et al., 2012).

Acetylation occurs at lysine residues and is catalyzed by histone acetyltransferases
(HATS). This modification, which neutralizes the positive charge of histone tails and decreases
their affinity for DNA, is associated with transcriptional activation (Hong et al., 1993).
Consequently, HAT complexes are dedicated as transcriptional activators and co-activators,
whereas the histone deacetylases (HDACs) are linked to repressors (Kuo and Allis, 1998,
Khochbin et al., 2001). Phosphorylation, which adds a negative charge, can occur on serine,
threonine, and tyrosine residues of all four histone tails and is regulated by protein kinases and
phosphatases. A number of studies suggest that histone phosphorylation is involved in DNA
damage repair, transcription regulation of proliferative genes, and chromatin compaction (Lau et
al., 2011, van Attikum and Gasser, 2005, Wei et al., 1998). Ubiquitylation is a unique epigenetic
mark that attaches a small protein called ubiquitin and is catalyzed by a cascade of ubiquitin-
activating E1, ubiquitin-conjugating E2, and ubiquitin-ligating E3, including Polycomb group
protein RING1B (Wang et al., 2004). Lys119 on H2A and Lys120 on H2B can be mono-
ubiquitylated, and other lysine residues can be poly-ubiquitylated (Goldknopf et al., 1975, West
and Bonner, 1980, Cao and Yan, 2012). The function of ubiquitylation is less well understood
than other posttranslational modifications but is known to be associated with transcription,
maintenance of chromatin structure, and DNA repair (Cao and Yan, 2012). Histone methylation
occurs at lysine and arginine residues, and does not alter the charge of the histone protein unlike
acetylation and phosphorylation. Histone methylation can either activate or repress transcription
depending on its location and degree. Details of histone methylation are discussed later in the

chapter.



1.1.3 Recognition of nucleosomes by chromatin factors

Many chromatin factors require nucleosomes for binding to chromatin to perform their
respective activity. Even though the structures of numerous chromatin remodeling and histone-
modifying enzymes have been solved, a holistic view of their mechanism remains elusive without
information of how they act on their physiological substrates.

The crystal structure of RCC1 (regulator of chromosome condensation) bound to the
nucleosome at 2.9 A resolution provided the first atomic view of how a chromatin factor interacts
with the nucleosome (Makde et al., 2010). In this structure, RCCL1 interacts with the nucleosome
via nucleosomal DNA and negatively charged H2A/H2B dimer surface referred to as the acidic
patch (Figure 1-4). This acidic patch is formed by negatively charged residues in H2A (GIlu56,
Glu6l, Glué4, Asp90, Glu9l, and Glu92) and H2B (Glu102 and Glu110).

Subsequently, crystal structures of silencing protein Sir3, PRC1 ubiquitylation module,
and SAGA deubiquitinating (DUB) module bound to nucleosome core particle have been solved
(Armache et al., 2011, McGinty et al., 2014, Morgan et al., 2016). These structures show that the
chromatin factors bind to nucleosomes through interaction with histone tails, the disk face of
histone octamer, and nucleosomal DNA (McGinty and Tan, 2014). In addition to these structures
of chromatin proteins on nucleosomes, the crystal structures of Kaposi’s sarcoma-associated
herpesvirus LANA (Latency-Associated Nuclear Antigen) peptide and centromeric protein
CENP-C peptide bound to the nucleosome were solved (Barbera et al., 2006, Kato et al., 2013).
All six crystal structures of chromatin proteins and peptides bound to the nucleosome share a
common interaction motif, an arginine bound to the H2A/H2B acidic patch (Figure 1-5). In this
motif, an arginine side chain is inserted into the acidic patch, representing a hot spot for

recognition of nucleosome (McGinty and Tan, 2016). In addition, the acidic patch of one



nucleosome can bind to H4 tails of the adjacent nucleosome, mediating higher order folding of

chromatin fiber (Kalashnikova et al., 2013).
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Figure 1-4. Nucleosome core particle surface and interactions. (a) Electrostatic potential and (b)
van der Waals surface representations of the nucleosome core particle. The H2A/H2B acidic
patch is labeled. (Figure adapted from McGinty, R.K. and Tan, S. (2014) In Workman, L. J. and
Abmayr, M.S. (eds.), Fundamentals of Chromatin. Springer New York, New York, NY, pp. 1-
28.)

Figure 1-5. Recognition of nucleosomes by chromatin factors using the acidic patch arginine
anchor. From left to right, structures of RCC1 (PDB ID: 3MVD) (Makde et al., 2010), PRC1
(PDB ID: 4R8P) (McGinty et al., 2014), Sir3 (PDB ID: 3TU4) (Armache et al., 2011), and
SAGA DUB (PDB ID: 4ZUX) (Morgan et al., 2016) bound to the nucleosome core particle.
Overview of structures as viewed from the dyad (top) and zoomed view of the acidic patch
(bottom) with arginine-anchor in space-filling representation and key H2A and H2B residues
shown as sticks. Histones H2A, H2B, H3, H4 and DNA are shown in cartoon representation and
colored wheat, pink, cornflower blue, light green, and light blue respectively. Figure prepared
using PyMOL molecular graphics software (Schrodinger, 2011).



1.2 Histone Methylation, Methyltransferases, and Demethylases

1.2.1 Histone methylation

Histone methylation plays a key role in the regulation of important cellular processes
such as cell cycle regulation, DNA damage and stress response, development, and differentiation
(Kouzarides, 2007a, Pedersen and Helin, 2010, Nottke et al., 2009). Numerous
methyltransferases have been identified that mediate the addition of methyl groups to different
lysine and arginine residues on histones. Lysine residues can be mono-, di-, or trimethylated (mel,
me2, or me3), and arginines can be monomethylated (mel), symmetrically dimethylated (me2s),
or asymmetrically dimethylated (me2a) (Kouzarides, 2007b). The SET domain family and lysine
N-methyltransferase DOT1L methylate lysines, and the PRMT (protein arginine
methyltransferase) family methylates arginines. Accumulating information shows that many of
these enzymes are implicated in diseases such as cancers and neurological disorders, accentuating

the importance of proper histone methylation maintenance in gene regulation (Hui and Ye, 2015).

1.2.2 Lysine methylation and demethylation

Lysine methylation is a key post-translational histone modification because it is
associated with both transcriptional activation and repression, and the specific form of
methylation at specific lysine residue can be functionally important. For example, the promoter
regions of transcriptionally active genes are marked with histone H3 Lys4 (H3K4) trimethylation,
while the enhancer regions are marked with H3K4 monomethylation (Bernstein et al., 2002,
Heintzman et al., 2007, Barski et al., 2007).

Chromatin can be regulated by lysine methylation at two levels: chromosome and gene

levels (Figure 1-6). At ‘chromosome level’ of regulation, specific histone methylation can



contribute to the formation of the two general states of chromatin, heterochromatin and
euchromatin (Wozniak and Strahl, 2014). For example, methylation at H3K4 generally appears to
counteract silencing mechanisms by specifically impairing Suv39h1-mediated methylation at
H3K9, thereby preventing a major pathway of heterochromatin formation (Shilatifard, 2008). In
addition, methylation of H3K4 appears to be a global epigenetic mark in euchromatic regions and
trimethylation of H3K4 correlates with active transcription (Wozniak and Strahl, 2014).

Unlike histone acetylation, histone methylation does not alter the overall charge of the
nucleosomes. Instead, at ‘gene level’, it seems likely that histone methylation serves as marks or
binding sites that can be identified by specific proteins to facilitate downstream events resulting
in altered gene expression (Sims et al., 2003). The position of the methylated lysine within
histones H3 or H4 marks a gene to be either activated or repressed. While H3K4 methylation is
associated with transcriptionally active genes, H3K9 methylation, a mere five amino acids away,
is associated with transcriptional repression (Figure 1-6). Usually H3K4me2 and H3K4me3 both
peak at the transcription start site. It also appears that H3K4 methylation does not directly affect
transcription, but requires downstream effectors (Sims et al., 2003).

Several factors have been reported to recognize and interact with H3K4me2 and
H3K4me3. CHD1, an ATPase-dependent chromatin remodeler, recognizes H3K4me2 and
H3K4me3 with equal affinities (Flanagan et al. 2005; Sims et al. 2005). NURF, the chromatin-
remodeler complex, which has shown to stimulate transcription by facilitating preinitiation
complex formation, also selectively recognizes H3K4me2/me3 (Mizuguchi et al. 1997).
However, the mechanism of how methylation of H3K4 facilitates transcriptional activation is not
fully elucidated. It has been suggested that CHD1 and NURF may recruit additional downstream
effectors to activate transcriptional activation (Shilatifard, 2008). In addition, studies also

demonstrated that TFIID, the basal transcription factor, binds to trimethylated H3K4me3 via PHD



10
finger of TAF3 subunit (Vermeulen et al., 2007). Therefore, H3K4me3 marks play importantant

role in defining core promoter by creating a binding site for TFIID.

Previously, lysine methylation was thought to be an irreversible process until the
discovery of two enzymes capable of demethylating histone tails: lysine-specific demethylase
(LSD1) (Shi et al., 2004) and JmjC-domain containing demethylase (Tsukada et al., 2006),
confirming that lysine methylation can be dynamically regulated. Since then, a plethora of lysine
demethylases has been discovered, each one catalyzing residue- and degree-specific
demethylation of lysine residues at a specific region of the genome. For example, the Jumanji
domain protein, JARID1B, demethylates H3K4me2 and H3K4me3, while the LSD1 protein
demethylates H3K4mel and H3K4me2 in promoter regions (Hou and Yu, 2010).
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Figure 1-6. The distinct regulatory levels of chromatin formed by histone lysine methylation. The
methylation of histone lysines known to regulate individual gene regulation is shown in the upper
panel. The ‘chromosome level’ designation represents methylation of various large chromatin
domains and elements involved in basic chromatin structure. Methylation sites that function in
either transcriptional activation are showin in red and black, respectively. The telomere (Tel) and
centromere (Cen) are indicated. Dark gray boxes depict heterochromatin, and light gray boxes
depict euchromatic regions. (Figure adapted from Sims, R. J., 3rd, K. Nishioka and D. Reinberg.
"Histone Lysine Methylation: A Signature for Chromatin Function.” Trends Genet 19, no. 11
(2003): 629-39.)
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1.2.3 LSD family of histone demethylase

The LSD family, composed of two members, LSD1 (also known as KDM1A, AOF2, and
BHC110) and LSD2 (also known as KDM1B and AOF1), demethylates H3K4mel/me2. LSD1 is
enriched at promoter regions while LSD2 associates with gene bodies of actively transcribed
genes (Chen et al., 2013). The LSD family is characterized by the presence of both an amine
oxidase domain (AOD; also known as AOL) and a SWIRM (SWI3, RSC8, and Moira) domain
(Figure 1-7). The SWIRM domain is conserved in chromatin-associated proteins and is thought to
be involved in protein and complex stability and nucleosome targeting (Da et al., 2006). The
presence of the Tower domain in LSD1 and the zinc finger domain in LSD2 distinguishes the two
proteins from each other (Chen et al., 2013) (Figure 1-7). Due to the presence of different domain
architectures, each protein is able to associate with different cofactors or additional proteins that
positively stimulate the demethylase activity (Fang et al., 2013, Boyer et al., 2002). The LSD1
protein is usually found in complex with REST co-repressor proteins (COREST1-3), which
interact with LSD1 through the Tower domain, and also with the histone deacetylases 1 and 2
(HDACL1-2) (Upadhyay et al., 2014, Yang et al., 2011, Vasilatos et al., 2013). On the other hand,
the LSD2 protein, which lacks the Tower domain for interaction with the COREST proteins, binds
NPAC, a cofactor that reads the H3K36me3 mark and enhances LSD2’s activity on the

nucleosomes (Fang et al., 2013).
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Figure 1-7. Features of the LSD family. LSD1 and LSD2 have an amine oxidase-like domain
(AOL also known as AOD) and a SWIRM domain. The Tower domain is unigque to LSD1,
whereas the zinc finger (ZF) domain is unique to LSD2. (Figure from Hojfeldt, J.W., Agger, K.
and Helin, K. (2013) Histone lysine demethylases as targets for anticancer therapy. Nature

reviews. Drug discovery, 12, 917-930.)
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1.3 LSD1/CoREST Complex

1.3.1 Biological roles of LSD1

LSD1 is an essential protein that plays many different specific roles in biological
processes including development, cellular differentiation, embryonic pluripotency, and cancer
(Amente et al., 2013). The LSD1 protein occupies the promoters of a subset of developmental
genes, where it controls the levels of H3K4 methylation through its demethylase activity. LSD1
has a role in maintaining the silencing of several developmental genes in human embryonic stem
cells by regulating the critical balance between H3K4 and H3K27 methylation at their regulatory
regions (Adamo et al., 2011). Additionally, the LSD1 protein is highly expressed in
undifferentiated human embryonic stems cells and is progressly downregulated during
differentiation, suggesting its significant role in development (Whyte et al., 2012). LSD1 is also
involved in hematopoietic differentiation by controlling hemangioblast formation and generation
of hematopoietic stem cells (Kerenyi et al., 2013). Moreover, neural stem cell proliferation and
neuronal development are also regulated by LSD1. The LSD1 protein associates with COREST to
mediate the repression of neuronal-specific genes, and the disassembly of LSD1/CoREST is
required for differentiation into mature neurons (Fuentes et al., 2012). Furthermore, LSD1 is
overexpressed in many human cancers, and its inhibition reduces cancer cell growth, migration
and invasion (Lynch et al., 2012). As the importance of LSD1 in oncogenesis is increasingly

appreciated, LSD1 has emerged as a novel therapeutic target for cancer.

1.3.2 Activity of LSD1/CoREST complex

While the LSD1 protein is able to catalyze demethylation of methylated H3K4 peptides,

it is not able to catalyze the demethylation on methylated H3K4 incorporated into nucleosomes
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on its own (Yang et al., 2006, Lee et al., 2005). The catalytic activity is contained in its FAD-
dependent amine oxidase domain, and this domain is sufficient to bind to the N-terminal tail of
histone H3 (Yang et al., 2006, Chen et al., 2006, Stavropoulos et al., 2006, Forneris et al., 2007,
Yang et al., 2007). Although the catalytic site is large enough to accommodate a trimethylated
H3K4, the LSD enzymes can remove methyl groups from mono- and dimethylated, but not
trimethylated lysines (Stavropoulos et al., 2006). This is because the catalytic mechanism of the
LSD family and amine oxidases requires a protonated nitrogen in the substrates, restricting the
substrates to mono- or dimethylated lysines that have a lone electron pair on the lysine g-nitrogen
atom (Yang et al., 2006, Stavropoulos et al., 2006) (Figure 1-8a). The nucleosome specific
enzymatic activity requires COREST, which heterodimerizes with LSD1 (Lee et al., 2005, Yang
et al., 2006, Forneris et al., 2007). Interestingly, the specificity of LSD1 can be altered by its
binding partners, including CoREST, androgen receptor, and BHC80 (Lee et al., 2005, Metzger
et al. 2005, Shi et al. 2005). The LSD1 acts as a repressor when in association with COREST by
demethylating H3K4mel/me2. In contrast, the LSD1 protein works as a coactivator when in
association with androgen receptor by demethylating H3K9mel/me2 (Metzger et al. 2005).
While both the CoREST and the androgen receptor positively regulate LSD1’s function, BHC80
inhibits the LSD1-mediated demethylation in vitro, conferring negative regulation (Shi et al.,

2005).

1.3.3 Structure of LSD1/CoREST complex

The crystal structure of LSD1(171-852) and COREST(286-482) has been solved 2.6 A
resolution by Yang et al. in 2006 (Figure 1-8c). The LSD1/CoREST complex forms an elongated
structure of 150 A in length, with the LSD1 amine oxidase and SWIRM domains on one end, a

CoREST SANT2 domain on the other, and a helical linker in between formed by both LSD1 and
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CoREST (Yang et al., 2006). COREST contains two SANT domains, which are highly conserved

in many chromatin remodeling proteins and implicated in DNA binding and recognition of
histone substrates (Boyer et al., 2002). However, deletion analysis has shown that only one of the
SANT domains (SANT2) is necessary and sufficient to stimulate the LSD1’s activity towards the

nucleosome (Yang et al., 2006).
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Figure 1-8. Mechanism, domain organization, and structure of the LSD1/CoREST complex. (a)
Mechanism of LSD1-catalyzed demethylation of H3K4. (b) Domain organization of human
LSD1 and CoREST with boundaries or proteins used in crystallization in Yang et al., 2006 as
indicated with the following color schemes: SWIRM, Orange; AOD yellow; LSD1 Tower, ivory;
CoREST linker, red; and COREST SANT2, purple. The regions not shown in the structure are
colored in gray. (PDB ID: 2VID) (c) Overall crystal structure of LSD1/CoREST shown in
cartoon representation with the same color schemes in (b). The FAD cofactor is shown in stick
representation and the active site is indicated with an arrow. Figure prepared using PyMOL
molecular graphics software (Schrodinger, 2011).

The amine oxidase domain (AOD) of LSD1 contains a substrate binding lobe and a FAD
binding lobe that is packed against the SWIRM domain. The LSD1 Tower domain that protrudes

from the amine oxidase domain consists of two long helices that pack against each other in
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antiparallel orientation. The CoREST linker, which consists of a long helix and a short helix,
binds to LSD1 through this Tower domain, forming a parallel coiled coil using the long helix. On
the other hand, the short helix of the CoREST linker, which is perpendicular to the long helix,
packs against the substrate binding lobe of the AOD. The SANT2 domain of CoREST sits at the
tip of the tower domain (Figure 1-8c).

A direct interaction between the peptide substrate and the COREST protein is not
apparent in the structure of LSD1/CoREST/H3-petide complex (Yang et al., 2007, Forneris et al.,
2007). Thus, the altered specificity of the LSD1 protein by association either with the COREST
protein or androgen receptor must come from an allosteric mechanism. Although the crystal
structures of the LSD1 protein by itself and LSD1 complexed with COREST suggest that there is
no significant conformational change in LSD1 upon association with the CoREST protein, recent
studies using molecular dynamics simulation suggest for molecular flexibility of LSD1/CoREST
in solution (Baron and Vellore, 2012a). Their studies indicate that LSD1/CoREST in solution is
flexible and assumes configurations that are substantially more open or closed than the crystal
structures of LSD1/CoREST (Figure 1-9). In particular, the distance between the LSD1 SWIRM
and the COREST SANT?2 domain oscillates significantly, from ~100 A to ~129 A (distance
calculated between the center of mass of the domains). Additionally, the substrate binding pocket
is also highly dynamic, but upon H3-peptide binding, the breathing of the LSD1 pocket is
decreased, reducing its flexibility (Baron and Vellore, 2012b).

The crystal structures of the LSD1/CoREST complex bound to the H3-peptide provided
ample information on how LSD1/CoREST works on the peptide substrates (Forneris et al., 2007,
Yang et al., 2007). However, these studies do not provide insight into how LSD1/CoREST
interacts with the nucleosome, the physiological substrate. As such, biochemical and structural
studies of LSD1/CoREST on the nucleosomes are critical to fully understand LSD1/CoREST’s

function and its downstream effects and implications in diseases.
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Figure 1-9. Molecular dynamics simulation reveals molecular flexibility of the LSD1/CoREST
complex in solution. The enzyme assumes configurations substantially more open or closed than
the crystal structures of LSD1/CoREST, with the distance between the LSD1 SWIRM and the
CoREST SANT2 domain fluctuating significantly. (Figure from Baron, R. and Vellore, N.A.
(2012) LSD1/CoREST reversible opening-closing dynamics: discovery of a nanoscale clamp for
chromatin and protein binding. Biochemistry, 51, 3151-3153.)

1.3.4 Substrate binding site of LSD1/CoREST complex

Although the AOD of LSDL1 is structurally highly similar to other amine oxidases, its
binding pocket is distinctly larger and contains an acidic surface near the entrance to the active
site, which complements the basic histone tail (Chen et al., 2006, Yang et al., 2006). The crystal
structures of LSD1/CoREST complex bound to a 21-amino acid H3-peptide in which Lys4 is
substituted to Met or propargyl unit (Forneris et al., 2007, Yang et al., 2007) show an intricate
network of interactions in substrate binding site (Figure 1-10). The first 16 amino acids of H3
peptide all specifically interact with LSD1 but the electron density after Prol6 is too poorly
defined to allow model building, suggesting that the flexibility of amino acids 17-21 may be
required to allow the tail to reach the binding pocket (Forneris et al., 2007). Furthermore, the

LSD1 protein is not active toward peptides shorter than 16 amino acids, and an optimal activity
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occurs with 21-residue H3-peptide (Forneris et al., 2005). There are specific “pockets” in the
binding site of LSD1 that interact with H3 side chains including Thr6, Arg8, Lys9, and Thrl1,
and N-terminal amino group of Alal (Forneris et al., 2008) (Figure 1-10). The H3 residue Arg2 is
essential in establishing the folded conformation of H3-peptide as it is at the center of a
hydrogen-bond network. The side chain of Arg2 forms hydrogen-bonds with carbonyl oxygens of
Gly12 and Gly13, and the side chain of Ser10. These interactions specifically position the H3
Lys4 side chain in proximity to FAD for demethylation (Forneris et al., 2007).

The intricate network also explains the ability of LSD1 to read the epigenetic
modifications on H3. Phosphorylation of Ser10 abolishes the LSD1’s activity, as it disrupts the
binding geometry. Acetylation on Lys9 also decreases the binding affinity of the substrate to
LSD1 whereas methylation on Lys9 shows no effect, indicating that electrostatic interactions are
crucial in enzyme-substrate recognition (Forneris et al., 2005). Moreover, the N-terminal amino
group of Alal interacts with C-terminus of LSD1 helix 524-540, and residues Lys14-Pro16 of H3
are in contact with LSD1 helix 372-395. Even though CoREST does not take part in substrate
binding, its short helix makes extensive interactions with LSD1 helix 372-395. By maintaining
the overall architecture of the substrate binding site and interacting with nucleosome, CoREST

fine tunes LSD1’s specificity for H3K4 in nucleosomal substrates.

1.3.5 LSD1 as a therapeutic target

The LSD1 protein plays vital roles in cellular processes including neural stem cell
proliferation, DNA damage response, and cancer proliferation and progression. Several studies
indicate that LSD1 is overexpressed in variety of tumors, and recent findings demonstrate that
LSD1 plays an important role in development and maintenance of acute myeloid leukemia

(AML). Although the relationship between histone demethylation and human carcinogenesis still
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remains unclear, it has been shown that overexpression of LSD1 can cause dysregulation of
chromatin structure and gene transcription and contribute to malignant transformation of the cells
(Hayami et al., 2011). As LSD1 has emerged as an attractive therapeutic target in human cancer,
pharmacological inhibitors of LSD1 have been developed. The first irreversible inhibitor
identified was tranylcypromine (TCP) which inhibits LSD1 by binding covalently to FAD
(Schmidt and McCafferty, 2007), followed by development of a number of TCP analogs.
Recently, selective reversible inhibitors of LSD1 have been developed that differ in mode of
action from TCP derivatives (Mould et al., 2015). With a wide range of pharmacological
inhibitors in development, understanding the biology and activity of LSD1 in the context of

nucleosome, its physiological substrate, appears to be the key to further advance in therapeutics.
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Figure 1-10. Histone peptide-binding site in LSD1. Specific “pockets” important for interaction
between LSD1 and H3 peptide are emphasized in bold, and network of hydrogen bonds are
depicted in dashed lines. Histone H3 is shown in green, and “short helix” of COREST is shown in
red. (Figure from Forneris, F., Binda, C., Battaglioli, E. and Mattevi, A. (2008) LSD1: oxidative
chemistry for multifaceted functions in chromatin regulation. Trends in biochemical sciences, 33,
181-189.)
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Chapter 2

Materials and Methods

2.1 Preparation of LSD1/CoREST complexes

2.1.1 Cloning and site-directed mutagenesis

The coding regions for human LSD1A1 = LSD1(171-852) and CoRESTAI1 =
CoREST (286-482) were amplified from HeLLa cDNA (referred to as LSD1 and CoREST in the
text) and cloned into the pST50Trc transfer vectors by Song Tan. For LSD1, the modification was
made to include N-terminal Strepll-hexahistidine and transferred into the pST44 polycistronic
expression vector. The pST44 polycistronic expression system, developed in our lab, enables the
protein subunits to be coexpressed and purified as a complex in contrast to the traditional
methods where the proteins are expressed and purified individually for subsequent reconstitution
(Tan et al., 2005). The pST50Trc1-4 transfer plasmids are available for each of the four positions
in the pST44 polycistronic plasmids which harbor the corresponding restriction sites (Figure 2-1).

For mutant LSD1 or CoREST, a site-directed mutagenesis was performed on the
pST50Trc transfer vector carrying either the LSD1A1 or CORESTAL. Five ng of template
plasmid was amplified for typically 16-18 cycles in Q5 Reaction buffer supplied by New England
Biolabs containing 25 mM TAPS-HCI (pH 9.3 @ 25°C), 50 mM KCI, 2 mM MgCl;, and 1 mM
B-mercaptoethanol. DNA was added to a mix of the buffer, 2 pmol of oligonucleotide primer, 200
uM dNTPs, and 1 unit of Q5 polymerase. Following the amplification, the PCR product was
exposed to 10 units of Dpnl restriction enzyme at 37°C for 1 hour. Two pl of the digested product
was transformed into TG1 E. coli competent cells by standard transformation protocol. The

transformed cells were plated on TYE plate (1.0% bactotryptone, 0.5% yeast extract, 0.8% NacCl,
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and 1.5% agar) with 100 pg/ml ampicillin and grown at 37°C overnight. The next day, the

transformation colonies were screened by PCR screening followed by restriction digestion, which
relies on the introduction or removal of a translationally silent restriction site incorporated into
the mutagenesis oligonucleotides. Therefore, the appearance or disappearance of the particular

restriction site can be used as a marker for successful mutagenesis.

<translation cassette-»
Xbal € SD Ndel BsrGl Bglll

}\_\ coding legmy

Xbal 1 Bglll Xga' Xbal 1 Bgll

b - Bglll | ———
( psTs0Trc1-genet ) —> \

EcoRl 2 Hindl  ECORl EcoRl 5 Hindill

+ | — I 3 Hindlll - l{ Xbal Bglll EcoRl Hindill BspEl Miul
CpSTSOTrc2 -gene2 | —> ™ ‘ 1

2 4
- _ T _
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BspEl 4 Miul  BSPEl BspEl 4 Miul /
—— ———t- Miul — ———
QpSTSOTrcd -gened =

transfer plasmids

Figure 2-1. Schematic representation of pST44 polycistronic expression system. The
pST50Trc1-4 plasmids provide the translation cassettes for the 4 possible positions in the pST44
polycistronic expression vector. Specific pairs of restriction enzymes are used to subclone the
translation cassettes from the pST50Trc1- 4 plasmids into pST44 (Xbal-Bglll for cassette 1,
EcoRI-Hindlll for cassette 2, Sacl-Kpnl for cassette 3, BspEI-Mlul for cassette 4). The Xbal-
Bglll translation cassette from pST50Trcl plasmid is detailed to highlight the translational
enhancer (¢) and the Shine-Dalgarno sequence (SD) which precede the coding region (black bar
bracketed by Ndel and BsrGl sites). Restriction sites and coding regions for translation cassettes
1, 2, 3, 4 are shown in blue, green, yellow and red respectively. Transcriptional promoter and
termination signals on pST50Trc1-4 are present but not shown. All restriction sites shown are
unique. (Figure from Selleck, W. and Tan, S. (2008) Recombinant protein complex expression in
E. coli. Current protocols in protein science / editorial board, John E. Coligan ... [et al.],
Chapter 5, Unit 5 21.)

The positive colonies were grown in 100 ml of 2xTY media (1.6% bacto tryptone, 1.0%

yeast extract, and 0.5% NaCl) with 50 pg/ml ampicillin overnight. Plasmid DNA was isolated via
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the alkaline lysis method. The cell cultures were harvested by centrifugation at 3,220 x g for 5
minutes, and the cell pellet was resuspended in 5 ml of lysis buffer (50 mM glucose, 25 mM Tris-
Cl, pH 8.0, and 10 mM EDTA), followed by an addition of 10 ml of NaOH/SDS (0.2 M NaOH, 1%
SDS). The mixture was shaken vigorously and incubated on ice for 5 minutes. The prechilled 10
ml of 5 M KAc/2.5 M HAc was added to precipitate chromosomal DNA and neutralize the pH,
followed by another vigorous mixing and incubation on ice for 5 minutes. The sample was
centrifuged at 3220 x g for 5 minutes, and the supernatant was mixed with 12.5 ml of 100%
isopropanol and incubated at room temperature for 5 minutes in the 50 ml round-bottomed
polypropylene centrifuge tubes. The samples were spun at 13,000 rpm at 20°C in a Sorvall SS-34
rotor and the supernatant was poured off. The pellet was resuspended in 0.5 ml of 70% ethanol
and transferred to Eppendorf tubes, followed by centrifugation at full-speed in a microcentrifuge
for 1 minute. The supernatant was aspirated off, and the pellet was resuspended in TE (10, 50)
(10 mM Tris-Cl, pH 8.0, 50 mM EDTA), followed by an addition of 1.5 ul of 10 mg/ml RNase A
and incubation in 37°C water bath for 15 minutes. The sample was extracted with
phenol/chloroform twice, and with chloroform once to remove the remaining cellular proteins and
RNase A. The aqueous phase was loaded on to the prepared spun columns with Sephacryl S400
HR resin equilibrated in TE (10, 0.1) and centrifuged at 1,610 x g for 3 minutes. The plasmid
eluted in TE (10, 0.1).

The sequence of the plasmid was confirmed by restriction mapping and DNA sequencing.
The cassette carrying LSD1 or COREST was subcloned into a pST44 polycistronic expression

vector containing the complementary subunit.
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2.1.2 Co-expression of LSD1/CoREST complexes

Hexahistidine-tagged human LSD1A1 = LSD1(171-852) and CoRESTA1 =
CoREST(286-482) were expressed using the pST44-polycistronic expression vector (Tan et al.,
2005) in BL21(DE3)pLysS cells to produce recombinant LSD1A1/CoRESTA1 complex (referred
in the text as LSD1/CoREST). The transformed E. coli cells were plated on the TYE plate
containing 100 pg/ml ampicillin and 25 pg/ml chloramphenicol and grown at 37°C overnight.
The next day, 3-5 colonies were selected and grown in 100 ml of 2xTY media (1.6% bacto
tryptone, 1.0% yeast extract, and 0.5% NaCl) with 50 pg/ml ampicillin and 25 pg/ml
chloramphenicol at 37°C as a starter culture, until the OD600 between 0.1 and 1.0 was reached.
For large scale expression, typically 6 or 12 L of 2xTY was used, and 5 ml of the starter culture
was inoculated into each of 500 ml 2xTY media. Cultures were permitted to grow at 37°C until an
optical density of 0.2 was reached at which point the temperature was reduced to 23°C. Five
hundred pl of 0.2 M of IPTG (Isopropyl -D-1-thiogalactopyranoside) was added to induce the
expression when the OD600 was at ~ 0.8. After growing for 5 hours, the cells were centrifuged in
the SLA3000 rotor at 7,000 rpm for 5 minutes. The cell pellet was resuspended in P300-EDTA
(50 mM sodium phosphate pH 7.0, 300 mM NaCl, 1 mM benzamidine, and 5 mM f-
mercaptoethanol) at the ratio of 25 ml of P300-EDTA per 1 L of culture. The resuspended cells

were flash frozen in liquid nitrogen and stored at -20°C.

2.1.3 Purification of LSD1/CoREST complexes

The frozen cells were thawed in the 30°C water bath. The thawed whole cell extract was
sonicated with Branson Digital Sonifier (450D) at 70% power for ~7 repeats of 14 pulses (0.5

second on and 0.5 second off). The extract was incubated on ice between each round of
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sonication. The soluble extract was prepared by centrifugation of the sonicated whole cell extract
in the SS34 rotor at 18,000 rpm for 20 minutes at 4°C. The soluble extract was loaded on to Talon
(Clonthech) cobalt affinity column equilibrated with P300-EDTA (50 mM sodium phosphate pH
7.0, 300 MM NaCl, 1 mM benzamidine, and 5 mM B-mercaptoethanol) buffer at 4°C. The column
was washed with P300-EDTA with 15 mM imidazole and eluted with P300-EDTA with 100 mM
imidazole. (The LSD1/CoREST complex fractions have yellow tint due to the FAD cofactor in
the LSD1 protein. The intensity of the yellow color can also be used as a rough estimate for the
concentration of the LSD1/CoREST complex.) Fractions were analyzed by SDS-PAGE, and the
desired fractions were pooled and dialyzed against 2L of T100 (20mM Tris-Cl pH 8.0, 100 mM
NaCl, and 10 mM B-mercaptoethanol) at room temperature overnight during digestion with TEV
protease to remove the hexahistidine tag. The pool was centrifuged at 18,000 rpm for 15 minutes
in the SS34 rotor at 10°C before being loaded on to the SourceQ column (GE Healthcare). A
simple gradient was used to elute the complex, and the desired fractions were pooled based on the
SDS-PAGE results (Figure 2-2). The purity of the complex after SourceQ anion-exchange
chromatography was usually > 95%. The pooled fractions were dialyzed into 2L of H100 (10 mM
HEPES, 100 mM NaCl, and 5 mM B-mercaptoethanol) and was concentrated with Vivaspin
centrifugal concentrator (30,000 MWCO, Sartorius). Dynamic light scattering was used to check
for aggregation of the complex, and the polydispersity of the LSD1/CoREST complexes was
below 15%, indicating the sample was monodispersed. Glycerol was added to 20% w/v before the
complex was flash frozen and stored at -20°C. All mutant LSD1/CoREST complexes were

expressed and purified similarly to their wild-type versions.
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Figure 2-2. Purification of the LSD1/CoREST complex. (a) Chromatogram of LSD1/CoREST

purified over by SourceQ anion-exchange chromatography. (b) Corresponding SDS-PAGE gel of
chromatography fractions.
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2.2 Nucleosome Preparation

2.2.1 Expression of recombinant histones

The introduction of mutations into Xenopus histones was performed by site-directed
mutagenesis on the pST50Trc transfer vectors as described above. Recombinant Xenopus core

histones were prepared as described previously (Luger et al., 1999).

Expression of histones was performed using the T7 expression system in the pST50Tr
vector and grown in BL21(DE3)pLysS cells. The transformed cells were plated on TYE plates
supplemented with 100 pg/ml ampicillin and 25 pg/ml chloramphenicol and grown overnight at
37°C. The following day, 5-7 colonies were selected to inoculate 100 ml 2xTY starter culture
flasks. The starter culture was used to inoculate large scale cultures (usually 3-6 L) of 2xTY
media, and once the OD600 of 0.6-0.8 was reached, 0.5 ml of the 0.2 M IPTG was used to induce
expression. After growing for additional 3 hours, the cells were harvested by centrifugation in the
SLA3000 rotor at 7,000 rpm for 5 minutes. The cell pellets were then resuspended in T100
(20mM Tris-Cl pH 8.0, 100 mM NacCl, and 10 mM B-mercaptoethanol) (typically 150 ml of T100

for 6 L of cells), and flash frozen in liquid nitrogen and stored at -20°C.

2.2.2 Purification of recombinant histones

The frozen cells were thawed in the 30°C water bath and sonicated in 50 ml aliquots with
the Branson sonicator for 4 cycles of 10 pulses at 50% power. The extract was incubated on ice
between each round of sonication. The sonicated cell extract was transferred to 50 ml
polypropylene tubes and spun in the SS34 rotor at 18,000 rpm for 30 minutes at room

temperature. The supernatant was poured off as the pellet contains the histone proteins. The
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pellets were then resuspended in 180 ml of TRITON buffer (20 mM Tris-Cl pH 8.0, 0.5 mM

EDTA, 100 mM NaCl, 10 mM B-mercaptoethanol, 1 mM benzamidine, and 1% TRITON X-100)
to dissolve membranes and membrane-associated proteins. The resuspended sample was
centrifuged at 15,000 rpm in the SS34 rotor for 10 minutes at room temperature. The supernatant
was transferred to a flask, while the pellets were extracted tree more times with TRITON buffer.
The pellets were then resuspended in 50 ml WASH buffer (20 mM Tris-Cl pH 8.0, 0.5 mM
EDTA, 100 mM NaCl, 10 mM B-mercaptoethanol, and 1 mM benzamidine) followed by
centrifugation at 15,000 rpm in the SS34 rotor for 10 minutes at 20°C. The supernatant was
poured and aspirated off as the off-white pellet contained the histone proteins. An SDS-PAGE gel
of the samples in each step of the inclusion body prep (crude extract whole, crude extract
supernatant, TRITON whole, TRITON supernatants, and WASH whole) was run to confirm that
the histones remained in the pellet. One ml of DMSO (dimethyl sulfoxide) was added to the pellet
and incubated for 30 minutes at room temperature. After the incubation, 30 ml of TG0 (20 mM
Tris-Cl, pH 8.0, 10 mM DTT, and 7 M guanidine-HCI) was added and homogenized using the
douncer, followed by an additional addition of 20 ml of TGO. The homogenized sample was
centrifuged at 15,000 rpm in the SS34 rotor for 20 minutes at 20°C. The supernatant was loaded
on to the S300 column equilibrated with AU200 (20 mM NaAc, pH 5.2, 0.5 mM EDTA,10 mM

B-mercaptoethanol, 150 mM NaCl, 50 mM NH,CI, and 8M urea).

The fractions from the S300 chromatography were pooled based on the SDS-PAGE gel
and further purified by SourceS cation-exchange high-performance liquid chromatography
(HPLC) (GE Healthcare). The SourceS fractions were analyzed by the SDS-PAGE
electrophoresis and pooled accordingly. The concentration of the histone proteins was determined,
with typical yield of 100-150 mg for Xenopus H2A, H2B, and H3 or 60-80 mg for H4 from 6

liters of cells. The pool was dialyzed against 2 L of 5 mM [-mercaptoethanol with at least 4
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changes to remove urea. The dialyzed sample was then lyophilized in a round-bottomed flask and

the lyophilized histones were stored in -20°C until subsequent steps.

2.2.3 Alkylation of histone H3

The dimethylated histone H3 at Lys4 with methyl-lysine analog was prepared by
chemically modifying a site-directed mutagenized cysteine residue to mimic methylated H3K4
(Simon et al., 2007). In particular, the recombinant H3K4C protein was alkylated with 2-chloro-
N,N-dimethylethylamine hydrochloride (Aldrich) to produce N,N-dimethylated
aminoethylcysteine modified H3 previously shown to be recognized by H3K4 specific antibodies

(Simon et al., 2007).

Ten mg of purified and lyophilized histone H3Kc4 was dissolved in 930 ul of alkylation
buffer (1 M HEPES pH 7.8, 4 M guanidine-HCI, and 10 mM D/L methionine) and 20 ul of
freshly prepared 1 M DTT (dithiothreitol) was added, followed by an incubation at 37°C for 1
hour. All the subsequent steps were performed in the dark. Fifty pl of fresh 1 M 2-chloroethyl-
dimethylammonium chloride was added to the histone and incubated for 2 hours at room
temperature. After the incubation, 10 ul of fresh 1 M DTT was added and incubated for 30
minutes at room temperature. Second alkylation of the histone was performed by addition of 50 ul
of fresh 1 M 2-chloroethyl-dimethylammonium chloride and incubation for 2 hours in the dark at

room temperature. The reaction was quenched with 50 pl of 14.4 M B-mercaptoethanol.

The alkylated histone was loaded on to the S300 column pre-equilibrated with 5 mM j-
mercaptoethanol and the pooled fractions were lyophilized. Alternatively, the alkylated histones

were dialyzed into H100 and was purified over SourceS cation-exchange column. The pooled
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fractions were dialyzed again into 5 mM B-mercaptoethanol, lyophilized, and stored at -80°C. The

alkylation of histone H3 was confirmed by LC-MS analysis (data not shown).

2.2.4 Fluorescent labeling of recombinant histones

Histones engineered to contain site-specific cysteine mutations were expressed and
purified identically to the wild-type histones. Histone H3 mutants were created in the H3 (C110A)
background to ensure unique labeling at the engineered position.

The ~30 mg of the lyophilized histone was dissolved in 20 ml of the labeling buffer (20
mM Tris-Cl pH 7.5, 0.25 mM Tris (2-carboxyethyl)phosphine (TCEP), and 7 M guanidine-HCI)
and incubated at room temperature for at least 20 minutes. The dissolved histone was treated with
100 pl of 10 mM Oregon Green 488 maleimide dye (LifeTech) and incubated at 4°C in the dark.
After 2 hours, additional 100 ul of 20 mM Oregon Green 488 was added and incubated at 4°C in
the dark overnight. The labeling reaction was quenched by adding 50 pl of 1M DTT. An
equivalent molar amount of the complementary pair histone for either the tetramer or dimer was
added to the labeled histone and dialyzed against H100 (10 mM HEPES pH 7.5, 100 mM NacCl,
and 10 mM B-mercaptoethanol). The reconstituted tetramer or dimer was further purified by
SourceQ anion-exchange chromatography. The pooled fractions were concentrated using
Vivaspin 4, (10,000 MWCO, Sartorius) and glycerol was added 20% w/v before the sample was

flash frozen and stored in -80°C. Typical labeling efficiencies of 10-30% were observed.

2.2.5 Preparation of nucleosomal DNAs

Plasmid construct with the desired Widom 601 DNA sequence was transformed into

HB101 cells, and plated onto the TYE plate containing 100 ug/ml ampicillin. After incubation at
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37°C for ~20 hours, four colonies were restreaked onto TYE plate with 100 pg/ml ampicillin and
incubated at 37°C for ~20 hours again. Starter culture with 11 ml of 2xTY media with 50 pug/ml
ampicillin was inoculated with 3-5 colonies from the restreaked plate and grown in the 37°C
shaking incubator until the OD600 was between 0.1 and 1.0. Large scale expression was typically
performed with 12 L of TB (Terrific Broth) media. Two ml of the starter culture was used to
inoculate each 450 ml of TB media with 50 ml of salt solution and 50 pg/ml ampicillin. Cells
were grown for ~22 hours in 37°C shaking incubator until the OD600 plateaued ~10, and were
harvested by centrifugation with SLA3000 rotor at 7,000 rpm at room temperature. The cells
were stored as pellets in 6 x 500 ml centrifuge bottles at -20 °C.

The frozen cells were thawed by the addition of 50 ml of LYSIS buffer (25 mM Tris-Cl
pH 8.0, 10 mM EDTA, and 50 mM glucose) and incubation in the 30°C water bath. The cells
were resuspended, and 120 ml of NaOH/SDS solution (0.2 M NaOH and 1% SDS) was added to
each bottle. The cells were mixed by vigorous shaking of the bottles and incubated on ice for 10-
20 minutes. Ninety ml of prechilled 5 M KAc/2.5 M HAc was added to each bottle and shaken
vigorously, followed by an incubation on ice for 20 minutes. After the incubation, the suspension
was centrifuged at 10,000 rpm in the SLA-3000 rotor for 5 minutes at 4°C. Next, the supernatant
was filtered through Miracloth and a large scintered glass funnel into a 2 L Erlenmeyer flask. The
resulting yellow supernatant was transferred into a 4 L beaker and 850 ml of isopropanol was
added and mixed with the supernatant. After 15 minutes of incubation at room temperature, the
sample was centrifuged at 10,000 rpm for 30 minutes at 20°C. The supernatant was poured and
aspirated off, and the pellets were rinsed with 70% ethanol and air dried for 10 minutes. The
pellets were then resuspended in a total of 60 ml TE (10, 50, pH 8.0) and transferred to three 50
ml Falcon tubes. The suspension was treated with a total of 120 ul of 10 mg/ml RNase A and
incubated at 37°C for 45 minutes. Additional 60 pl of RNase A solution was added, followed by

incubation at 37°C for 45 minutes. Each suspension was extracted with 20 ml of phenol
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(equilibrated with TE) by vortexing for 30 seconds two times with 2-minute interval in between.
The suspension was centrifuged at 3,220 x g for 15 minutes at 20°C. The phenol extraction was
repeated once more, followed by two chloroform extractions. The aqueous phase from the
chloroform extraction was distributed between two 50 ml polypropylene centrifuge tubes. To
each tube, TE (10, 50, pH 8.0) was added to a final volume of 30 ml and subsequently, 4.5 ml of
5 M NaCl and 3.42 g of PEG 6000 were added. The samples were mixed at 37°C for 5 minutes
and incubated on ice for 30 minutes. The samples were centrifuged at 15,000 rpm in the SS34
rotor for 10 minutes at 4°C. The supernatant was poured and aspirated off, and the pellets were
dissolved in a total of 30 ml TE (10,1, pH 8.0) and distributed between two 50 ml Falcon tubes.
The suspension was extracted with an equal volume of chloroform two times. The aqueous phase
was transferred into the 50 ml polypropylene tubes and mixed with 0.1 volumes of 3 M NaAc pH
5.2 and 2.5 volumes of 95% ethanol and centrifuged at 15,000 rpm in the SS34 rotor for 20
minutes at 20°C. The supernatant was poured off and the pellet was resuspended in ~10 ml of TE
(10, 0.1, pH 8.0) to give ~10 mg/ml plasmid DNA.

The plasmid was digested with ECORV restriction enzyme in buffer containing 50 mM
Tris-Cl pH 7.6, 100 mM NaCl, 10 mM MgCl,, and 1 mM DTT with 1 mg/ml EcoRV. The digest
was performed in the 37°C water bath overnight. The undigested sample was saved prior to
EcoRV addition. After confirming that the plasmid was completely digested by running the
undigested and digested samples on a native PAGE (10% acrylamide, 40:1 acrylamide:
bisacrylamide, 0.5x TBE), the vector-derived DNA was precipitated by addition of 0.154 volume
of 50% PEG 6000 and 0.128 volume of 5 M NaCl. After incubation on ice for 1 hour, the samples
were centrifuged at 15,000 rpm in the SS34 rotor for 20 minutes at 4°C. The supernatant, which
contained the desired nucleosomal DNA, was transferred to a 50 ml Falcon tubes, followed by an
addition of 2.5 volumes of absolute ethanol. The sample was incubated at room temperature for

15 minutes and centrifuged at 15,000 rpm in the SS34 rotor for 20 minutes at 20°C. The



41

supernatant was poured and aspirated off and the pellet was air dried until there was no more
ethanol visible. The pelleted DNA was resuspended with TE (10, 0.1) to produce about 10 mg/ml
DNA, and the concentration of DNA was quantified. The nucleosomal DNA was further purified
by SourceQ anion-exchange high-performance liquid chromatography. The fractions were
analyzed by a native PAGE. The desired fractions were pooled, added with 2.5 volumes of
absolute ethanol, and incubated at room temperature for 15 minutes. After the incubation, the
sample was transferred into a 50 ml polypropylene tube and centrifuged at 15,000 rpm in the
SS34 rotor for 15 minutes at 20°C. The centrifugation was done multiple times in the same
polypropylene tube. After the last centrifugation, the supernatant was removed by aspiration, and
the pellet was air dried until there was no more ethanol visible. The DNA pellet was then
resuspended in TE (10,0.1) to give a final concentration of about 10 mg/ml and aliquoted into the

1.5 ml Eppendorf tubes for storage at -80°C.

2.2.6 Nucleosome reconstitution and purification

The histone dimer or tetramer was reconstituted and refolded from the individual core
histones and then purified over a SourceS cation-exchange column. All DNAs used for
nucleosome reconstitution containing the Widon 601 positioning sequence with variable lengths
of DNA extensions were expressed and purified as described above (Dyer et al., 2004).
Nucleosomes were reconstituted by mixing histone H2A/H2B dimer, the histone H3/H4 tetramer,
and Widom 601 nucleosome DNA at the molar ratio of 2:1:1 for mononucleosomes, and 4:2:1 for
dinucleosomes in RB-high buffer (10 mM Tris-Cl pH 7.5, 1 mM EDTA, 1 mM DTT, and 2 M
KCI). The reconstituted samples were dialyzed against RB-low buffer (10 mM Tris-Cl pH 7.5, 1
mM EDTA, 1 mM DTT, and 250 mM KCI) (350 mM KCI was used instead of 250 mM KCI for

dinucleosomes) by a peristaltic pump. The reconstituted nucleosomes were further purified by
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SourceQ anion-exchange HPLC. The desired fractions were pooled and dialyzed into NCP
storage buffer (10 mM potassium cacodylate pH 6.5 and 0.1 mM EDTA) followed by
concentration with Vivaspin centrifugal concentrator (10,000 MWCO, Sartorius). The quantitated

nucleosomes were stored at 4°C.
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2.3 Biochemical Characterization of LSD1/CoREST/Nucleosome Complex

2.3.1 Amplex UltraRed demethylase assay

Nucleosome substrates used in this assay contained a methyl-lysine analog of
dimethylated H3K4. LSD1/CoREST activity on nucleosomes with various DNA lengths was
measured by a peroxidase-coupled assay, which monitors hydrogen peroxide production
(Forneris et al., 2005). Amplex® UltraRed (Invitrogen), which is colorless and nonfluorescent,
produces highly fluorescent resorufin upon oxidation (Zhou et al., 1997). The 100 pl reactions in
a 96-well microplate (Greiner) were initiated by the addition of 10 ul of 500 nM LSD1/CoREST
solution to reaction mixtures (90 pl) consisting of 20 mM HEPES-NaOH (pH 7.5), 50 mM NacCl,
10 uM Amplex® UltraRed, and 0.76 pM horseradish peroxidase. Fluorescence changes were
monitored with excitation at 530 nm and emission at 590 nm using a BioTek Synergy H4 Hybrid
Multi-Mode Microplate Reader. The initial velocity values were fitted to the Michaelis—Menten
equation using GraphPad Prism software to determine Vmax and ke Values. At 50, 150 and 200
nM of the limiting nucleosome substrates, these initial velocity values were determined using
fluorescence data up to when 26%, 25% and 13% of 147 bp nucleosomes were consumed
respectively. The equivalent percentages were 38%, 31% and 25% for 157 bp nucleosomes; 13%,

19% and 17% for 165 bp nucleosomes and 57%, 34% and 32% for 185 bp nucleosomes.

2.3.2 Demethylase assay by Western Blot

Nucleosome substrates containing the methyl-lysine analog of dimethylated H3K4 were
diluted in the demethylase reaction buffer containing 20 mM HEPES pH 7.5 and 50 mM NaCl at
0.2 uM concentration unless otherwise stated. An aliquot of the sample was saved prior to

addition of LSD1/CoREST enzyme. LSD1/CoREST complex was added to a final concentration
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of 0.2 uM and mixed by gentle pipetting. Assays were quenched with equivalent volumes of
SDS-PAGE gel loading dye at desired time points.

The demethylase activity of the LSD1/CoREST enzyme with various nucleosome
substrates was evaluated as follows: samples with different nucleosome substrates at various time
points were run on the 18% SDS-PAGE gel. The gel was soaked in 30 ml of the transfer buffer
(25 mM Tris-Cl pH ~8.3, 192 mM glycine, 20% methanol, and 1% SDS) for ~3 minutes. The
transfer buffer included 1% SDS to assist in the transfer of histones to the nitrocellulose
membrane (GE Healthcare). The nitrocellulose membranes were prewetted in the transfer buffer
as well. The nitrocellulose membrane was layered with the SDS-PAGE gel, sandwiched between
the blotting papers and fiber pads. Blotting was performed at 100 V for 60 minutes in the cold
room with constant stirring. After the transfer, the nitrocellulose membrane was equilibrated in 30
ml of TBS buffer (25 mM Tris-Cl pH 8.0, and 150 mM NaCl) at room temperature for 5 minutes.
The nitrocellulose membrane was blocked by incubating in the preincubation buffer (25 mM
Tris-Cl pH 8.0, 150 mM NacCl, and 2% nonfat dry milk) for 30 minutes at room temperature. The
membrane was washed twice in 50 ml of TTBS (25 mM Tris-Cl pH 8.0, 150 mM NaCl, and 0.05%
Tween 20) for 5 minutes each to remove excess preincubation buffer. The washed membrane was
incubated in 10 ml of TTBS buffer containing 2 ul of rabbit antibody for H3K4me2 on the rocker
at room temperature for 1 hour. The membrane was washed three times for 5 minutes in 50 ml of
TTBS and incubated in 20 ml of TTBS with 2ul of secondary antibody (donkey anti-rabbit
antibody conjugated to horseradish peroxidase) on a rocker at room temperature for 1 hour. The
membrane was washed again three times for 5 minutes in 50 ml of TTBS. The ECL detection
solution 1 and 2 were mixed in 1:1 ratio and pipetted onto the protein side of the membrane. After
one minute, the membrane wrapped in Saranwrap was exposed to film, typically for 10-20

seconds.
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2.3.3 HI-FI nucleosome binding assay

LSD1/CoREST’s interaction with nucleosomes of different DNA lengths was measured
by the HI-FI (high-throughput interactions by fluorescence intensity) procedure as described
(Hieb et al., 2012, Winkler et al., 2012).

A 384-well microplate (VWR) was passivated by filling all wells with 1% Hellmanex
solution using a wash bottle and incubating for 20 minutes at room temperature. The Hellmanex
solution was discarded and all wells were thoroughly rinsed with MiliQ water four to five times.
Next, 1 M KOH was used to fill all the wells using a wash bottle, and the plate was incubated for
20 minutes. The 1 M KOH solution was discarded from the plate and the plate was rinsed with
MiliQ water four to five times. The plate was dried overnight under an exhaust hood. Next, 100
ul of a solution containing 2% 1,7-dichlorooctamethyltetrasiloxane and 98% heptane was added
to each well of the microplate using a multichannel pipette and incubated for 1 minute. The plate
was processed in sections to ensure consistent incubation times. The organic solution was
discarded from the plate and all wells were rinsed with MiliQ water thoroughly four to five times.

Site-specific Oregon Green 488 labeled nucleosomes were diluted from a stock
concentration into a single dilution of two-fold over the final concentration used in the assay
(typically 0.2-20 nM) in the HI-FI buffer (20 mM Tris—HCI, pH 7.6, 5 mM DTT, 5% glycerol,
0.01% NP40, 0.01% 3-CHAPS ([(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate),
100 pg/ml BSA (bovine serum albumin), 2 mM EDTA (ethylenediaminetetraacetic acid), and
either 50 or 75 mM NaCl). A titration series of LSD1/CoREST of 14 different concentrations
ranging from 0.5 nM to 40 uM (2x final concentration) were prepared in the same HI-FI buffer.
Twenty 20 pl of the LSD1/CoREST titration series was added into each microplate well.
Typically, 0 uM LSD1/CoREST samples were included in the first and the last wells. The same

amount of the labeled nucleosome was added to each well. The plate was spun down at 500 rpm
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for 1 minute in the tabletop centrifuge, vortexed for 2 minutes, and incubated at room temperature
for ~15 minutes before the scan. Fluorescence was monitored with excitation at 488 nm and
emission at 526 nm by Typhoon 9410 scanner (GE Healthcare). Typically the assays were
performed at least two times and the dissociation constants were determined using the single
binding isotherm equation 11.1 in Winkler et al. Initial experiments indicated Hill coefficients of
1.18,1.08, 1.01 and 0.98 for 147, 157, 181 and 207 bp nucleosomes, respectively at 50 mM

NaCl, and therefore used a Hill coefficient of 1.0 was used for subsequent analysis unless
otherwise stated.

I selected nucleosome positions H3 K27C and H3 A21C based on the largest
fluorescence changes using near saturating concentrations of LSD1/CoREST at 50, 75 and 100
mM NaCl (Figure 3-3). | observed reduced fluorescence change with increasing
extranucleosomal DNA from 147 to 157 to 181 bp for nucleosomes labeled on H2A T10C and
H2B K20C, but the reverse for nucleosomes labeled on H3 A21C and H3 K27C. These findings
are consistent with the probes on H2A T10C and H2B K20C detecting nonspecific binding of
LSD1/CoREST to the nucleosome, binding that is reduced at higher stringency conditions of

increased NaCl concentrations.

2.3.4 HI-FI stoichiometry assay

Stoichiometric measurements were performed with 805 nM of 181 bp nucleosome
labeled on H3 A21C at 100 mM NaCl. The nucleosomes were titrated with LSD1/CoREST at a
ratio of 0.1:1 to 5:1 [LSD1/CoREST]:[nucleosome]. The two linear phases of the plot of
normalized fluorescence change versus concentration ratio were each fit with a line. The binding
stoichiometry corresponds to the concentration ratio at the intersection between the two linear

phases of the plot (Hieb et al., 2012, Winkler et al., 2012).
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2.3.5 Photocrosslinking assay

The following protocol was kindly provided by Blaine Bartholomew.

2.3.5.1 Synthesis of photoreactive phosphorothioate DNA probes

A series of 36 photoreactive phosphorothioate DNA probes were synthesized as
described earlier (Persinger et al., 1999) to scan LSD1/CoREST interactions with 147 bp of
nucleosomal DNA and approximately 35 bp of linker DNA from the edge of the nucleosome. Of
these 36 probes, 10 were positioned in the extranucleosomal DNA and the remaining 26 were
positioned every 5 bp in the nucleosomal DNA with the photocrosslinker either facing towards or
away from the histone octamer. Eighteen to twenty-mer oligonucleotide primers complementary
to these 36 positions in the extranucleosomal and nucleosomal DNA were commercially
synthesized with a phosphorothioate moiety incorporated between the third and fourth
nucleotides from the 5’ end. The oligonucleotide primers were incubated at 25°C for 1 hour with
APB (p-azido phenacyl bromide) in the dark to attach the photocrosslinker to the
phosphorothioate moiety through a 7 A tether. Chemically synthesized phosphorothioate
oligonucleotides exist as a racemic mixture and therefore allowed the conjugated
photocrosslinker to project towards both major and minor grooves of DNA.

The template DNA for photoreactive probe synthesis was prepared by digestion of the
plasmid p159-1-G4 27-Xbal with Ndel, incorporating biotinylated nucleotides, Bio-14-dATP
(Invitrogen) and Bio-11-dUTP (Enzo) with Klenow exo™ DNA polymerase, and HindlIll digestion
followed by immobilizing the biotinylated DNA on Dynabeads M-280 Streptavidin (Invitrogen).

Non-biotinylated DNA strand was removed by denaturation with 0.1 M sodium hydroxide. The
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bead-bound single-stranded template DNA was dephosphorylated with calf intestinal alkaline
phosphatase and employed for photoreactive probe synthesis.

The APB modified oligonucleotides generated earlier were 5’-end radiolabeled and
annealed to the single stranded template. The annealed oligonucleotides were extended by T4
DNA Polymerase in presence of all four dNTPs, and also T4 DNA ligase and ATP added
simultaneously to the reaction to seal the nicks after extension. Two hundred and twenty-three
base pairs photoreactive phosphorothioate DNA probes were released from the beads by digestion

with EcoRl restriction enzyme.

2.3.5.2 Synthesis of photoreactive nucleosomes

Nucleosomes (34N42) containing the 601 positioning sequence (Lowary and Widom,
1998) flanked by 34 and 42 bp of extranucleosomal DNA were assembled separately in the dark
with the 36 different photoreactive DNA probes, salmon sperm carrier DNA and
recombinant Xenopus laevis histone octamer at 30°C by stepwise salt dilution from 2 M to 280
mM NaCl and analyzed by 4% (35:1 acrylamide to bisacrylamide) native polyacrylamide gel

electrophoresis.

2.3.5.3 Site-specific DNA photoaffinity crosslinking

Each of the 36 different 34N42 photoreactive and radiolabeled nucleosomes (100 nM)
were separately incubated with or without LSD1/CoREST (860 nM) at 30°C for 30 min ina 12.5
ul reaction containing 20 mM HEPES—-NaOH (pH 7.8), 3 mM MgCl2, 6% (v/v) glycerol, 95 mM
NaCl and 0.1 pg/ul BSA. Nucleosome binding by LSD1/ CoREST was assessed by loading 2 ul

of the binding reaction on a 4% (79:1 acrylamide to bis-acrylamide) native polyacrylamide gel.
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Remaining binding reactions were then subjected to 2 min UV irradiation (310 nm, 2.65 mW/cm?,
at the distance of 8 cm) to crosslink protein subunits in close vicinity of the photocrosslinker with
radiolabeled DNA followed by digestion with 4.6 units of DNase | (Ambion) at 30°C for 15 min.
SDS was added to a final concentration of 0.4% and samples heated at 90°C for 3 min. Heating in
the presence of SDS released DNA from the histone octamer. The crosslinked protein-DNA
samples were cooled on ice, brought to room temperature, supplemented with 1 mM zinc acetate
and further digested with 20 units of S1 nuclease (USB) at 30°C for 15 min. Digestion with
DNase | and S1 nuclease removed excess DNA to reduce altering the mobility of crosslinked
protein subunits on SDS-PAGE. The nuclease digested samples were analyzed by 4-20%
gradient Tris—glycine SDS-PAGE followed by Western transfer on a nitrocellulose membrane at
80 V for 6 hours at 4°C. The LSD1 and CoREST subunits crosslinked at different positions in
the nucleosomal and extranucleosomal DNA were visualized by autoradiography by exposing the

membrane to a screen and scanning it using a phosphorimager (Fuji).

2.3.6 Ubiquitylation assay

Ubiquitylation assays were performed by mixing 1 uM nucleosome or dinucleosome, 4
1M ubiquitin, 30 nM Ubal (E1), 375 nM UbcH5c (E2), and 375 nM Ring1B(2-116)-Bmil(2—
109) (E3) in 50 mM HEPES, pH 7.5, 75 mM NaCl, 1 mM DTT, 10 mM ZnSO4, 2mM MgCI2,
and 3mM ATP. Assay samples were placed in a 30°C water bath for 12 hours, after which the
assays were quenched with equivalent volumes of SDS-PAGE gel loading dye and boiled for 5
minutes. The assay samples were separated by SDS-PAGE using 18% gels and stained with

Coomassie brilliant blue for visualization.
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2.4 Structural Characterization of LSD1/CoREST/Nucleosome Complex

2.4.1 Reconstitution of LSD1/CoREST/nucleosome complex

The LSD1/CoREST complex was reconstituted with nucleosomes prepared with 601
DNA of various lengths at a 2.5-3.4:1 enzyme:substrate ratio in 10 mM Tris-Cl pH 7.5, 75 mM
NaCl, and 1 mM DTT. In particular, the LSD1/CoREST complex was added to nucleosome in
four separate equimolar additions with 5 minute interval at room temperature. The solution was
mixed by gentle pipetting after each addition. The complex was purified by Superdex 200
increase 10/300 column (GE Healthcare) in the reconstitution buffer supplemented with 0.1 mM
phenylmethylsulphonyl fluoride (PMSF). In most cases, the chromatographic peak of
LSD1/CoREST/nucleosome complex was sharp and symmetric, indicating that the complex was
homogenous and apt for crystallization (McGinty et al., 2016). The peak of the unbound
LSD1/CoREST was also present behind the LSD1/CoREST/nucleosome peak, which resulted
from the excess LSD1/CoREST complex added in reconstitution. The Azso/Azgo ratio was plotted
and a flat line across the LSD1/CoREST/nucleosome complex peak indicated that the complex is
homogeneous and saturated (McGinty et al., 2016). In addition, the Asgs was monitored during
the run as the FAD cofactor in LSD1 absorbs at 498 nm, and alignment of the Asgs peak could
serve as another way to assess the quality of the LSD1/CoREST/nucleosome complex.

Fractions were further analyzed by the SDS-PAGE and the desired fractions were pooled
(typically 2-3 fractions of 0.4 ml/fraction). Additional 0.1 mM PMSF was added to the pool to
minimize proteolysis of the complex and the pooled fractions were concentrated to ~10 mg/ml by
Vivaspin 4 (10,000 MWCO, Sartorius) centrifuge concentration device. The concentration was
calculated based the absorption at 260 nm of nucleosomal DNA in 0.2N NaOH. In most cases,

the purified LSD1/CoREST/nucleosome complex was used immediately for crystallization trials.
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2.4.2 Crystallization of LSD1/CoREST/nucleosome complex

Crystallization screens were performed in modified microbatch by combining 1 pl of the
concentrated LSD1/CoREST/nucleosome complex with 1 ul of screening solution, overlayed by
70 ml Al’s oil [1:1 mixture of silicon oil (Clearco) and mineral oil (Fisher)] at either 4 or 21°C in
96-well microtitre plates. The screens contain solutions of the buffer with a range of pH (5.0 —
8.5), various monovalent ions of different concentrations (75 mM, 100 mM, and 150 mM), and
precipitant of a range between 2-15% (typically PEG2000-MME was used). A fraction of
solutions also contained divalent ions at millimolar concentrations.

The crystal screen trials were observed after 3, 7, 14, and 30 days after setup under the
microscope. Crystals that grew in three dimensions with birefringence and sharp edges were
optimized by varying the pH, salt concentration, and precipitant amount around the condition that

produced the initial crystals. Optimization typically resulted in larger crystals.

2.4.3 Postcrystallization treatment

Postcrystallization soaks were performed to improve diffraction properties of crystals.
First, a crystallization base soaking solution in which the crystal is stable was determined. This
solution typically contained the buffer with the same pH, equivalent salt concentration, and 1.25 —
1.5 fold higher concentration of precipitant than the solution of the crystal drop. Crystals were
transferred into the base solution with loops and observed for signs of dissolving or cracking,
which was an indication that the base solution was inappropriate. Then the crystals were
transferred to drops with gradually increasing concentration of the cryoprotectant and dehydration
agent. Various cryoprotectants and dehydration agents were explored, including

methylpentanediaol (MPD), glycerol, PEG400, PEG550-MME, PEG600, and PEG750-MME.
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Typically the crystals were soaked to a final concentration of 20% or 24% in 4% increments for
10 minutes either in the 4°C cold room or at room temperature. In some cases, a combination of
cryoprotectants and dehydration agents was used (i.e. 20% PEG400 + 10% glycerol or 10% MPD
+ 20% glycerol). After the final soak, crystals were flashed cooled by plunging into liquid

nitrogen.

2.4.4 Data collection and structural determination

Diffraction data were collected at Advanced Photon Source’s NE-CAT beamline 24-1D-E
or 24-1D-C. Data were processed using XDS and Scala (Kabsch, 2010, Evans, 2006), and the
structure was solved by molecular replacement with Phaser (McCoy et al., 2007). Molecular
replacement was performed with combinations of polyalanine versions of search models: one
NCP with 145 bp Widom 601 DNA (PDB ID: 3LZ0) and two LSD1/CoREST complex (PDB ID:
2VID) in the case of the dinucleosome substrate model, and one NCP with 145 bp Widom601
DNA (PDB ID: 3LZ0) and one LSD1/CoREST complex (PDB ID: 2VID) as two segments in the
case of the mononucleosome substrate model. All molecular graphics were prepared with

PyMOL software (Schrodinger, 2011).
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Chapter 3

Extranucleosomal DNA enhances the activity of the LSD1/CoREST histone
demethylase complex

Work presented in this chapter is a part of the published manuscript “Kim, S.A.,
Chatterjee, N., Jennings, M.J., Bartholomew, B. and Tan, S. (2015) Extranucleosomal DNA
enhances the activity of the LSD1/CoREST histone demethylase complex. Nucleic acids research,

43, 4868-4880.”

3.1 Abstract

Lysine-specific demethylase 1 (LSD1) is a FAD-dependent amine oxidase that regulates
transcription by removing methyl groups from mono- and dimethylated lysine 4 of histone H3
(H3K4). LSD1 plays vital roles in cellular processes including neural stem cell proliferation,
DNA damage response, and cancer proliferation and progression. LSD1 itself can only act on
peptide substrates, but the association with its corepressor protein COREST endows LSD1 with
the ability to demethylate nucleosomal substrates. Although the previously reported crystal
structure of LSD1 in complex with COREST and H3-peptide substrate shows an intricate network
of interactions between the substrate and LSD1, the mechanism by which LSD1/CoREST binds
to and acts on nucleosomes remains largely unknown.

I have measured the catalytic activity and binding affinities of LSD1/CoREST on
nucleosomes containing extranucleosomal DNA of different lengths. To my knowledge, this is
the first time that Kinetic analysis and dissociation constant measurements of LSD1/CoREST
have been performed on nucleosomes. My studies of LSD1/CoREST’s enzyme activity and
nucleosome binding show that extranucleosomal DNA dramatically enhances the activity of

LSD1/CoREST, and that LSD1/CoREST binds to the nucleosome as a 1:1 complex.
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Photocrosslinking experiments performed by Nilanjana Chatterjee in collaboration with Blaine
Bartholomew’s group further indicate both LSD1 and CoREST subunits are in close contact with
DNA around the nucleosome dyad as well as extranucleosomal DNA. These results suggest that
the LSD1/CoREST interacts with extranucleosomal DNA when it productively engages its

nucleosome substrate.
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3.2 Introduction

Lysine-specific demethylase 1 (LSD1) regulates transcription by removing methyl groups
from mono- and dimethylated Lys of histone H3. LSD1’s catalytic activity is contained in its
FAD-dependent amine oxidase domain, and this domain is sufficient to bind to the N-terminal tail
of histone H3 (Yang et al., 2006, Chen et al., 2006, Stavropoulos et al., 2006, Yang et al., 2007).
While the LSD1 protein is able to catalyze demethylation of methylated H3K4 peptides, it is not
able to catalyze the demethylation on methylated H3K4 incorporated into nucleosomes (Yang et
al., 2006, Lee et al., 2005). The nucleosome specific enzymatic activity requires an additional
protein, COREST, which heterodimerizes with LSD1. The LSD1/CoREST complex forms an
elongated structure with the LSD1 amine oxidase and SWIRM domains on one end, a COREST
SANT domain on the other, and a helical linker in between formed by both LSD1 and COREST
(Yang et al., 2006) (Figure 1-8c). The catalytic activity and H3 peptide binding properties of
LSD1 and the LSD1/CoREST complex are relatively well understood due to extensive
biochemical and structural studies (Hou and Yu, 2010, Culhane and Cole, 2007). In contrast, we
possess little information regarding LSD1/CoREST’s interactions with the nucleosome, its
physiological substrate. In this chapter, | describe the published results of LSD1/CoREST’s
catalytic and binding activities on nucleosome substrates. | find that the LSD1/CoREST complex
is catalytically more active and binds more tightly to nucleosomes containing extranucleosomal
DNA. Furthermore, photocrosslinking studies suggest that LSD1/CoREST may bind to
nucleosomal DNA around the nucleosomal dyad and on extranucleosomal DNA one to two

helical turns beyond the end of the nucleosome core particle.
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3.3 Results

3.3.1 Steady state kinetic activity suggest a role for extranucleosomal DNA

My studies of LSD1/CoREST lysine demethylase activity on nucleosome substrates
(MW > 200 kDa) required a more sensitive peroxidase assay than used previously with peptide
substrates (MW = 2-3 kDa) (Stavropoulos et al., 2006, Forneris et al., 2005) due to the nearly
100 fold difference in substrate molecular weight. | therefore used a fluorescence-based
demethylase assay developed by Matt Jennings, my predecessor on the LSD1 project. This assay
employs the reagent Amplex UltraRed which is converted to the highly fluorescent resorufin
dependent on hydrogen peroxide produced during lysine demethylation (Culhane et al., 2010)
(Figure 3-1a). Recombinant nucleosome core particles containing a methyl-lysine
(aminoethylcysteine) analog of dimethylated H3 Lys 4 (H3Kc4) was reconstituted with 147 bp of
the Widom 601 nucleosome positioning sequence. Since the 601 nucleosome core particle
encompasses 145 bp of DNA (Makde et al., 2010, Vasudevan et al., 2010), this 147 bp 601
nucleosome core particle includes one additional base pair on either end of the central core
particle, i.e. the 147 bp sequence constitutes a 1N1 positioning sequence where N represents the
central 145 bp 601 nucleosome core particle sequence. My data from this assay appear to follow
Michaelis-Menten kinetics. My results showed that LSD1/CoREST demethylates H3K 4me2 147
bp nucleosomes with a ke 0f 0.315 min and a K, of 339 nM (Figure 3-1b, Table 3-1). This
represented a slower turnover than LSD1 protein (without COREST) on a 21 amino acid
H3K4me2 peptide (Keat = 8.1 mint) or LSD1/CoREST on a 21 amino acid H3K4me1l peptide
(Keat = 7.4 min™t), and a smaller K, than LSD1 or LSD1/CoREST (4.2 uM for LSD1 with
H3K4me2 peptide, 5.1 uM for LSD1/CoREST with H3K4mel peptide) (Forneris et al., 2007,

Forneris et al., 2005). These peptide studies were performed using methylated lysine residues,
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whereas my nucleosomes studies employed methylated aminoethylcysteine analogs of lysine. I do
not expect the methylated aminoethylcysteine analogs to affect enzyme kinetic values
significantly as it is structurally and chemically similar to lysine, only slightly lengthening the
side chain by ~0.28 A (Simon et al., 2007).

Considering the comparatively lower ke of LSD1/CoREST on the 147 bp nucleosome
substrate, the effect of lengthening the extranucleosomal DNA on the activity of the enzyme was
examined. Nucleosomes containing the same preparation of histone H3K4me2 methyl-lysine
analog were prepared, now with 157 (6N6), 165 (10N10) and 185 bp (20N20) nucleosomal DNA.
In each case, the extranucleosomal DNA was extended symmetrically from the central 145 bp
601 sequence. While the enhanced catalytic activity had been suggested in previous experiments
performed by Matt Jennings, it is the first time that the kinetic constants for nucleosomes with
different DNA lengths were determined. I observed a slight increase in kes to 0.392 min™* for the
157 bp nucleosome substrate, and an apparent three-fold decrease of K, (107 nM) (Figure 3-1b,
Table 3-1).

Unfortunately, | was unable to reliably measure the activity using LSD1/CoREST
enzyme concentrations or nucleosome substrate concentrations below 50 nM due to poor signal to
noise ratios. Since steady state kinetics may not apply under these conditions due to significant
concentrations of enzyme-substrate complex present, the concentration of unbound substrate is
likely to be overestimated here. Consequently, this measured K, probably represents an upper
limit. More significant changes in ke were observed using nucleosomes with even longer DNA
fragments. The 165 bp (10N10) nucleosomes which extend the DNA by 9 bp on each side
compared to the 147 bp substrate increase ke almost 2-fold (0.717 min~* versus 0.315 min™?)
while the 185 bp (20N20) nucleosomes increase ke more than 5-fold over the 147 bp

nucleosomes (1.73 min™t) (Figure 3-1b, Table 3-1). The longer DNA also further decreased
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the K to less than 40 nM for both the 165 and 185 bp nucleosomes, with the same caveat for the

157 bp nucleosomes that these values may be overestimated.
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Figure 3-1. Kinetic analysis of LSD1/CoREST demethylase on nucleosome substrates. (a)
Schematic of Amplex Ultrared based fluorescence LSD1/CoREST demethylase assay. The
hydrogen peroxide generated in the histone demethylase assay drives the horseradish peroxidase
catalyzed conversion of Amplex UltraRed to the highly fluorescent resorufin molecule. (b)
Michaelis—Menten analysis of LSD1/CoREST demethylase activity on nucleosomes with
symmetrical extranucleosomal DNA. Kinetic data for 147 bp (1N1), 157 bp (6N6), 165 bp
(10N10) and 185 bp (20N20) are shown in yellow, blue, green and red, respectively. Each data
point was measured at least three times.
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DNA length | DNA format Kcat (Mint) Km (M) Keat/Km (M1s71)
147 1+ 145+1 0.315 £ 0.022 339 + 60x 10° 1.6 x 10*
157 6+ 145 +6 0.392 + 0.019 107 + 20x 10° 6.1 x 10*
165 10+ 145+10 0.717 £ 0.031 36.8 + 10x 10° 3.3x10°
185 20+ 145+20 1.73x 0.049 32.3 +6.5x 10° 8.9 x 10°

Table 3-1. Kinetic constants for LSD1 complex using nucleosome substrates containing different
linker DNA lengths.

The concomitant increase in ke and decrease in K, results in a higher kea/Knm specificity
constant for nucleosomes with longer extranucleosomal DNA. These results suggest specificity
constants of 1.6 x 104, 6.1 x 10%, >3 x 10° and >9 x 10° M* s™* for nucleosomes containing 147,
157, 165 and 185 bp, respectively (Table 3-1). It is worth noting that because the same
preparation of histone H3 modified with the K4 methyl-lysine analog was used to reconstitute
each nucleosome, it is unlikely that these differences in the specific constants reflect differences
in amount of methyl-lysine modification. Moreover, since the Ky, determined for the 157, 165 and
185 bp substrates may be overestimates, the specificity constants for these substrates could be
even higher. Thus, it appears that LSD1/CoREST is significantly more efficient on nucleosomes

containing extranucleosomal DNA.

3.3.2 LSD1/CoREST binds more tightly to nucleosomes with extranucleosomal DNA

Since my steady state kinetics studies indicated that LSD1/CoREST was more efficient
on nucleosomes with extranucleosomal DNA, I next compared LSD1/CoREST's ability to bind to
nucleosomes with different lengths of extranucleosomal DNA. | employed the HI-FI nucleosome
binding assay developed by Luger et al. (Hieb et al., 2012, Winkler et al., 2012) to measure the
affinity of LSD1/CoREST for its nucleosome target. In this assay, one detects the quenching of a

fluorescent dye installed on the nucleosome due to the binding of the chromatin protein to the
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nucleosome. This requires the dye to be located on a nucleosome position that is close enough to
the chromatin protein to be detected without interfering with binding.

To scout for suitable nucleosome positions, histones containing Cys substitution at nine
histone positions across the nucleosome surface were prepared: H2A Thrl10, Asp72, Glu91,
Ser113; on H2B Lys20, Ser120; on H3 Ala21, Lys27; and on H4 GIn27 (Figure 3-2). The Oregon
Green 488 maleimide was conjugated to the individual Cys mutant histone protein, and each
fluorescently labeled histone was then reconstituted into recombinant nucleosomes. | tested these
fluorescently labeled nucleosomes in binding experiments with LSD1/CoREST complex at 50
mM NaCl and found little or no (<10%) change in fluorescence for nucleosomes labeled on H2A
E91C, H2A S113C and H4 Q27C, suggesting that these positions are either located far away from
LSD1/CoREST or alternatively, that fluorescent labeling at these positions inhibits binding of
LSD1/CoREST to the nucleosome. Nucleosomes labeled on H2A T10C, H2A D72C, and H2B
S120C produced measurable fluorescence changes (between 10 and 15%) when mixed with
LSD1/CoREST complex. However, incubation of LSD1/CoREST with nucleosomes labeled at
H2B K20C, H3 A21C, and H3 K27C resulted in large changes (>15%) in fluorescence. The
fluorescent changes for nucleosomes labeled at H3 A21C and H3 K27C were particularly
dramatic, with changes of 30-60% detected (Figure 3-3), more than the minimum of 10%
recommended for quantitative studies (Winkler et al., 2012).

| selected the H3 K27C position to use in my LSD1/CoREST nucleosome binding assay.
Nucleosomes labeled on H3 K27C (Figure 3-4a) were titrated with 5 nM to 10 uM
LSD1/CoREST, and the normalized fluorescence change plotted as a function of the
LSD1/CoREST concentration. | performed each titration at least three times in separate
experiments using fresh dilutions of the LSD1/CoREST complex. The data in Figure 3-4 and
Table 3-2 demonstrate that | was able to obtain reproducible results with typical standard

deviations of 15% or less.
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Figure 3-2. Fluorescence positions on the nucleosome affected by LSD1/CoREST binding.
Oregon Green 488 was conjugated site-specifically to histones engineered with unique cysteines,
reconstituted with appropriate histones and Widom 601 147 bp DNA and used in fluorescence
quenching nucleosome binding experiments. The results are mapped on the space filling
representation of the 1.9 A crystal structure of the nucleosome core particle (PDB code 1KX5).
Nucleosomes labeled on H2B K20, H3 A21, and H3 K27 showed >15% fluorescence quenching
upon LSD1/CoREST binding (side chains shown in red), nucleosome labeled on H2A T10, H2A
D72, and H2B S120 produced 10-15% fluorescence quenching (purple residues) while
nucleosomes labeled on H2A E91, H2A S113 and H4 Q27 produced less than 10% fluorescence
guenching (blue residues). The four H2A residues in the nucleosome acidic patch, E61, E64,
D90, and E92, are shown in yellow. Figure prepared by Song Tan using PyMOL molecular
graphics software (Schrodinger, 2011).
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Figure 3-3. Fluorescence change for 147, 157, and 181 bp nucleosomes labeled on H2A T10C,
H2B K20C, H3 A21C, and H3 K27C in the presence of near saturating concentrations of
LSD1/CoREST at 50, 75 and 100 mM NacCl.
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Figure 3-4. Extranucleosomal DNA increases nucleosome binding affinity of LSD1/CoREST. (a)
Purified recombinant nucleosome core particles used for nucleosome binding assay as separated
on native 10% acrylamide gel and visualized by ethidium bromide staining. (b) Binding curves
for LSD1/CoREST interacting with 147 (yellow), 155 (blue) and 181 bp (pink) nucleosomes
fluorescently labeled on H3 K27C. Three or more binding curves for individual experiments were
performed for each nucleosome, with typical standard deviations of 15% of less for the calculated
dissociation constants. The dashed vertical lines correspond to the calculated dissociation
constants for each respective binding curve. (c) Equivalent binding curves for LSD1/CoREST
interacting with 185 (red) and 207 bp (green) nucleosomes. LSD1/CoREST binds more weakly to
the 207 bp nucleosomes compared to the 185 bp nucleosomes despite the longer
extranucleosomal DNA. (d) Summary of dissociation constants for 13 nucleosomes containing
147-207 bp symmetrically positioned DNA. The standard deviations from three or more
measurements are shown as vertical bars for each data point.
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DNA length histones DNA format Ka (M) relative to
147 bp
147 WT 1+ 145+1 1641 + 211 1.0
151 WT 3+ 145+3 716 + 100 2.3
155 WT 5+ 14545 419 + 23 3.9
157 WT 6+ 145 +6 470 + 64 3.5
159 WT 7+ 145+7 236 + 40 7.0
161 WT 8+ 145+8 232 + 29 7.1
163 WT 9+ 145+9 237 + 22 6.9
165 WT 10+ 145+10 205 + 26 8.0
169 WT 12+ 145+12 282 + 68 5.8
177 WT 16+ 145+16 214 + 35 7.7
181 WT 18+ 145+18 100 + 27 16.2
185 WT 20+ 145+20 135 + 27 12.1
207 WT 31+ 145+31 263 + 27 6.2
151L WT 5+ 145+1 718 + 31 2.3
161L WT 15+ 145+ 1 406 + 52 4.0
177L WT 31+ 145+ 1 769 + 174 2.1
177 acidic 16+ 145+16 98 + 27 16.7
patch
mutation

Table 3-2. Dissociation constants for LSD1 complex binding to nucleosomes with different
length linker DNA

| determined that LSD1/CoREST binds 147 bp nucleosomes with a dissociation constant
of 1.64 uM (Figure 3-4b, Table 3-2). To analyze the effect of extranucleosomal DNA on
LSD1/CoREST binding, nucleosomes fluorescently labeled on H3 K27C were prepared using
nucleosomal DNA lengths from 151 to 207 bp, each extended symmetrically about the central
601 bp sequence (Figure 3-4a). Extending the 147 bp DNA fragment by just 2 bp on either side to
151 bp (3N3) resulted in a Kq of 716 nM or ~2x greater affinity (Figure 3-4b, Table 3-2). Adding
an additional 2 bp on either side produced a 155 bp nucleosomal DNA (5N5) and almost a 2-fold
decrease in Kq to 419 nM, while the 159 bp DNA (7N7) further reduced the dissociation constant
to 236 nM or almost seven times greater affinity compared to the 147 bp nucleosomes. Extending
the DNA from 159 to 177 bp did not produce significant changes in the dissociation constant. |

did observe a reproducible reduction in the Kq with 181 bp nucleosomes to 100 + 27 nM
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(Figure 3-4b, Table 3-2), while LSD1/CoREST bound 185 and 207 bp nucleosomes with

dissociation constants of 135 + 27 and 263 + 27 nM, respectively (Figure 3-4c, d, Table 3-2).

| validated the observation that extranucleosomal DNA increases the affinity of
LSD1/CoREST using nucleosomes labeled on H3 A21C, the other labeling position that
produced large changes in fluorescence upon LSD1/CoREST binding. | observed the same trend
of increased binding affinity from 147 to 157 bp to 181 bp, but not the decreased binding affinity
with 207 bp nucleosomes (Table 3-2 and Supplementary Figure 3-1). Surprisingly, the measured
apparent dissociation constants using nucleosomes labeled on H3 A21C were ~20-fold lower
than using nucleosomes labeled on H3 K27C. The simplest explanation is that the fluorescent
probe installed on H3 K27C inhibits LSD1/CoREST binding, or the probe installed on H3 A21C
enhances LSD1/CoREST binding, or some combination of the two occurs. While the precise
dissociation constants presented here should therefore be viewed with some skepticism,
consistent trends in my results establish an important role of extranucleosomal DNA for

LSD1/CoREST binding to the nucleosome.

3.3.3 LSD1/CoREST prefers nucleosomes with extranucleosomal DNA on both sides of the
nucleosome

To examine the possibility that LSD1/CoREST interacts with extranucleosomal DNA on
only one side of the nucleosome, | assayed binding to nucleosomes containing extranucleosomal
DNA extensions on one side of our standard 147 bp nucleosomes (Figure 3-5a, Table 3-2). The
151L nucleosomes (5N1) extends the DNA by 4 bp on the left side and decreases the Kq from
1641 to 718 nM, similar to the 716 nM dissociation constant observed for the symmetrical 151 bp
nucleosome of the same DNA length. However, adding an additional 10 bp on the left side (161L

= 15N1) further decreases the Kq to 406 nM versus 232 nM for the symmetrical 161 bp
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nucleosomes. These results suggest that LSD1/CoREST requires extranucleosomal DNA on both
sides of the nucleosome for maximal binding.

Surprisingly, extending the nucleosomal DNA an additional 16 bp in the 177L (31N1)
nucleosomes increased the Kq to 769 nM, or slightly weaker affinity than the 151L (5N1)
nucleosomes despite a substantially longer extranucleosomal DNA (Figure 3-5a, Table 3-2). This
decreased affinity mirrors the result for the symmetrical 207 bp nucleosomes (31N31) which
bound LSD1/CoREST less tightly than the symmetrical 181 or 185 bp nucleosomes. A possible

interpretation of these results is discussed below.

3.3.4 Stoichiometry of LSD1/CoREST binding to the nucleosome

I have determined the stoichiometry of LSD1/CoREST binding to the nucleosome using
the HI-FI stoichiometry assay described by Winkler et al. (Winkler et al., 2012). LSD1/CoREST
was titrated with the high affinity 181 bp symmetrically positioned nucleosomes fluorescently
labeled on H3 A21C. | used H3 A21C label position instead of H3 K27C because of the higher
binding affinity detected with this position, which allowed me to determine the stoichiometry of
LSD1/CoREST binding to 181 bp nucleosomes at 100 mM NaCl where nonspecific binding to
the nucleosome is reduced. The concentration of the labeled nucleosome is kept at ~5-fold above
the experimentally determined dissociation constant so that any titration of LSD1/CoREST
complex results in immediate binding as indicated by the pink data points (Figure 3-5b). Binding
continues until all available binding sites on the nucleosome are saturated, resulting in the
flattening of the fluorescence. The plot of normalized fluorescence change as a function of the
LSD1/CoREST:nucleosome concentration ratio shows data that can be fit with two lines which
intersect at a binding ratio of 0.972 or ~1.0 (Figure 3-5b). Therefore I conclude that

LSD1/CoREST binds to the 181 bp nucleosome with a 1:1 stoichiometry. This is consistent with
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the recent determination by SAXS that LSD1/CoREST binds to 146 bp nucleosome core particles

as a 1:1 complex (Pilotto et al., 2015).
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Figure 3-5. Effect of extranucleosomal DNA on one side of the nucleosome on binding affinity
to LSD1/CoREST and stoichiometry of LSD1/CoREST binding to the nucleosome. (a) Binding
curves for LSD1/CoREST interacting with 147 (1N1, yellow), 151L (5N1, blue), 161L (15N1,
green) and 177L (31N1, red) nucleosomes fluorescently labeled on H3 K27C. Three or more
binding curves for individual experiments were performed for each nucleosome. The dashed
vertical lines correspond to the calculated dissociation constants for each respective binding
curve. (b) Stoichiometry plot for LSD1/CoREST binding to 181 bp nucleosomes fluorescently
labeled on H3 A21C. LSD1/CoREST wias titrated with a fixed concentration of nucleosomes and
the normalized fluorescence change plotted as a function of the ratio of [LSD1/CoREST] to
[nucleosomes]. The plot indicates a stoichiometry ratio 0.972 LSD1/CoREST molecules per
nucleosome.

3.3.5 Photocrosslinking studies of LSD1/CoREST on nucleosome

The steady state Kinetics and nucleosome binding assays suggest that LSD1/CoREST
interacts with extranucleosomal DNA. These results were consistent with the photocrosslinking
studies performed by Blaine Bartholomew and colleagues prior to my biochemical studies. The
photocrosslinking studies provide insights into which subunit of the LSD1/CoREST complex is
in close proximity to nucleosomal DNA. In this study, they used a library of 38 nucleosomes each

containing a photoactivatable crosslinking group incorporated along the DNA phosphate
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backbone close to a radiolabel (Hota and Bartholomew, 2012). Each nucleosome contained the
same 221 bp DNA sequence with the 145 bp 601 nucleosome positioning sequence located
between a 34 bp extension on one side, and 42 bp on the other (34N42). The library consists of
nucleosomes with an aryl azide photoreactive group incorporated approximately every 5 bp
within the central 145 bp and every 3 bp in the extranucleosomal DNA. The LSD1/CoREST
complex was incubated with each nucleosome, exposed to UV irradiation to crosslink the
appropriate protein subunit to the DNA, treated with nucleases to remove excess DNA, separated
by SDS-PAGE and visualized by autoradiography (Figure 3-6). As expected, crosslinks to the
histone proteins are detected at many positions within the nucleosome core. In addition,
crosslinks to both LSD1 and CoREST proteins are detected at three distinct positions. Strong
crosslinks to CoOREST and weaker crosslinks to LSD1 are observed near the nucleosome dyad,
while some crosslinks are observed ~30-40 bp on one side of the dyad corresponding to the
opposite edge of the nucleosome core particle relative to the dyad.

The strongest crosslinks to both LSD1 and CoREST occur on the extranucleosomal
DNA. CoREST crosslinks strongly to extranucleosomal DNA approximately one helical turn
from the end of the nucleosome core particle and more weakly one turn beyond. LSD1 also
crosslinks to these locations, but with reversed intensities (stronger to DNA two helical turns
from nucleosome core particle end, weaker to DNA one turn from core particle end). When
modeled on the three-dimensional structure of the nucleosome, the LSD1 and CoREST crosslinks
to the nucleosomal dyad and extranucleosomal DNA align to create a potential contiguous

interaction surface or face (Figure 3-7).
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Figure 3-6. Photocrosslinking of LSD1/CoREST to site-specifically labeled nucleosomes. (a)
Autoradiograph of SDS-PAGE gel shows LSD1 and CoREST subunits crosslinked to
nucleosomes site-specifically modified with an aryl azide photoreactive group from —102 to —17
bp from the nucleosome dyad. The base pair positions from the dyad are shown in gray, while the
base pair positions from the 145 bp nucleosome core particle end are shown in black above the
autoradiograph. The migration of LSD1, CoREST and histone proteins are shown on the left. (b)
Equivalent autoradiograph for photocrosslinking of LSD1/CoREST to nucleosomes site-
specifically modified with a photoreactive group from —17 to +68 bp from the nucleosome dyad.
Experiment performed by Nilanjana Chatterjee, a former member of Blaine Bartholomew
laboratory.

3.3.6 LSD1/CoREST does not employ an arginine anchor to interact with the nucleosome
acidic patch

Crystal structures of four chromatin proteins (the RCC1 chromatin factor (Makde et al.,
2010), the Sir3 silencing protein (Armache et al., 2011), the Polycomb PRC1 ubiquitylation
complex (McGinty et al., 2014), and SAGA deubiquitylation (DUB) module (Morgan et al.,

2016)) and two peptides (the herpesviral LANA peptide (Barbera et al., 2006) and a CENP-C



72

centromeric peptide (Kato et al., 2013)) bound to the nucleosome have been determined to date.
All six structures share a common ‘arginine anchor’ motif where the chromatin protein or peptide
inserts an arginine side chain into an acidic patch on the histone dimer surface of the nucleosome
(Figure 1-5) formed by H2A residues Glu61, Glu64, Asp90 and possibly Glu92 (locations shown
in Figure 3-2). Given this common use of the arginine anchor as a nucleosome recognition motif,
| asked if LSD1/CoREST would also interact with this nucleosome acidic patch. A recombinant
nucleosome containing the H2A E61A, E64A, D90A, E92A quadruple mutation, H3
fluorescently labeled on K27C, and 177 bp of 601 DNA (16N16) was prepared and tested in the
HI-FI binding assay. This acidic patch quadruple mutation eliminated binding and catalytic
activity of the PRC1 ubiquitylation complex with the nucleosome (McGinty et al., 2014). The
results showed that LSD1/CoREST binds the 177 bp nucleosome containing H2A
E61A/E64A/DI0A/EI2A mutations with 98 + 27 nM dissociation constant, similar to the
equivalent non-mutated nucleosome with 181 bp DNA and ~2-fold higher affinity than to
equivalent non-mutated nucleosomes with 177 bp DNA (Table 3-2). This result indicates that
LSD1/CoREST does not make critical interactions to the nucleosome acidic patch, nor does it
employ an arginine anchor. In fact, it appears that the acidic patch partially inhibits binding of

LSD1/CoREST to the nucleosome.
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crosslinked to LSD1

crosslinked to COREST
crosslinked to LSD1 & CoOREST
weakly or not crosslinked

Figure 3-7. Photocrosslinking results mapped onto the structure of the nucleosome core particle.
The molecule shown contains the histone octamer from the 1.9 A structure of the nucleosome
core particle to show the extent of the histone tails (PDB ID: 1KX5), the DNA from the 2.5 A
structure of the 601 nucleosome core particle to show the 145 bp nucleosomal DNA (PDB ID:
3LZ0), and 31 bp of modeled B-form extranucleosomal DNA. Positions along the phosphate
backbone crosslinked to LSD1, CoREST, and both LSD1/CoREST are shown in green, blue and
red and labeled with the base pair position from the nucleosome dyad, while positions with little
or no crosslinking are shown in light blue. Figure prepared by Song Tan using PyMOL molecular
graphics software (Schrodinger, 2011).
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3.4 Discussion

My results show that extranucleosomal DNA increases both the catalytic activity of the
LSD1/CoREST complex on nucleosome substrates as well as nucleosome substrate binding
affinity. These findings indicate that LSD1/CoREST interacts with extranucleosomal DNA
beyond the nucleosome core particle and that these interactions positively influence the histone

demethylase activity of the complex.

My enzymatic and binding studies in addition to Blaine Bartholomew group’s
photocrosslinking studies suggest that LSD1/CoREST binds productively to the nucleosome near
the nucleosome dyad, as well as to approximately 20 bp of extranucleosomal DNA extending
from the end of the nucleosome core particle. | observed maximal binding to 181 bp symmetric
nucleosomes, containing 18 bp extranucleosomal DNA on each end. Blaine Bartholomew and
colleagues’ data also detected crosslinking of LSD1 and CoREST to extranucleosomal DNA ~10
and 20 bp from the nucleosome core particle, as well as to DNA around the nucleosome dyad.
Altogether these results highlight the role of extranucleosomal DNA in directing LSD1/CoREST
activity. Furthermore, | identified only three histone positions where LSD1/CoREST binding
significantly quenched fluorescence of the probes incorporated into nucleosomes (H2B K20, H3
A21, and H3 K27). In contrast, modest or no change in fluorescence was detected at the six other
histone positions examined, many on the histone face of the nucleosome. I also found that that the
histone dimer quadruple acidic patch mutation does not adversely affect LSD1/CoREST binding
to the nucleosome. Therefore, it appears likely that LSD1/CoREST interacts with the nucleosome
primarily through interactions with nucleosomal DNA around the nucleosome dyad and with

extranucleosomal DNA.

However, | also detected the fluorescence changes using nucleosomes labeled at the H2A

T10C and at H2B K20C positions at the H2A T10C and at H2B K20C positions located away
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from the nucleosome dyad (Figure 3-2) and crosslinking to nucleosomal DNA at —33 and +42 bp
from the nucleosome dyad (Figure 3-6). It is likely that these interactions reflect nonspecific
binding of LSD1/CoREST to nucleosomal DNA because these interactions are weakened by
increased salt concentrations even in the presence of extranucleosomal DNA (Figure 3-3). In the
absence of extranucleosomal DNA required for the preferred binding mode of LSD1/CoREST on
the nucleosome, LSD1/CoREST might bind nonspecifically to nucleosomal DNA producing a
modest change in fluorescence at the H2A T10C label close to nucleosomal DNA. Increasing the
salt concentration in the absence of extranucleosomal DNA reduces this nonspecific binding. The
decrease is further amplified in the presence of extranucleosomal DNA as the preferred
LSD1/CoREST binding mode, to DNA around the nucleosome dyad and extending from the
nucleosome core particle, is favored. This interpretation is also consistent with a study which
showed that LSD1/CoREST binds DNA nonspecifically possibly through the CoOREST SANT

domain (Pilotto et al., 2015).

I propose that LSD1/CoREST binds as a 1:1 complex to the nucleosome core particle as
well as to extranucleosomal DNA to position the LSD1 amine oxidase domain for catalysis with
the histone H3 N-terminal tail. This would explain my nucleosome binding and crosslinking
results as well as our enzymatic assays showing that extranucleosomal DNA increase catalytic
activity of the LSD1/CoREST complex. Pilotta et al. have proposed that LSD1/CoREST may
scan nucleosomal DNA via nonspecific DNA binding (Pilotto et al., 2015), and | extend this
concept to suggest additional interactions with extranucleosomal DNA may position
LSD1/CoREST for appropriate binding of histone H3 tail and subsequent catalysis.

My nucleosome binding studies showed increased binding affinity when the nucleosome
core particle is symmetrically extended with extranucleosomal DNA up to 181 bp (18N18), but

extensions to 185 bp (20N20) and 207 bp (31N31) led to an unexpected decrease in binding
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affinity when nucleosome labeled on H3 K27C were used. Similarly, lengthening nucleosomes on
one side from 147 bp (1N1) to 151L (5N1) to 161L (15N1) increased binding affinity, but the
further extension to 177L (31N1) decreased binding affinity back to the level of 151L. This
decrease in binding affinity occurred despite close contact with extranucleosomal DNA observed
in our photocrosslinking experiments 10-20 bp from the central 145 bp nucleosome core particle.
Several explanations could account for these observations. It is possible that LSD1/CoREST
bends or distorts extranucleosomal DNA beyond 181 bp of symmetrically extended nucleosome
DNA and that such DNA distortions expend binding energy. It is also possible that the
LSD1/CoREST protein complex undergoes conformational changes to engage undistorted
extranucleosomal DNA. Another possible explanation is that a second LSD1/CoREST could bind
to the extranucleosomal DNA in such a way that competes with LSD1/CoREST detected by the
installed fluorescent probe. I currently cannot distinguish between these possibilities and | do not
have an explanation for the essentially unchanged apparent dissociation constant for 207 versus
181 bp nucleosomes when nucleosomes labeled on H3 A21C were used (Supplementary Figure

3-1).

My biochemical analysis provides only very low resolution information for how
LSD1/CoREST binds to its nucleosome substrate. Nevertheless, it seems likely that both LSD1
and CoREST subunits interact with the nucleosomal DNA near the nucleosomal dyad as well as
with extranucleosomal DNA, presumably to position LSD1's catalytic domain to bind to and act
on the H3 N-terminal tail. Further investigations, particularly structural studies, should help
determine precisely how the various domains and regions of the LSD1 and CoREST proteins

interact with elements of the nucleosome to achieve appropriate positioning for catalysis.
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3.5 Supplementary Figures
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Supplementary Figure 3-1. Summary of dissociation constants for nucleosomes containing 147
bp, 157bp, 181 bp and 207 bp symmetrically positioned DNA labeled on H3A21C. The standard
deviations from three or more measurements are shown as vertical bars for each data point.
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Chapter 4

Structural Characterization of LSD1/CoREST/Nucleosome Complex by X-
ray Crystallography

4.1 Abstract

Lysine-specific demethylase 1 (LSD1) is a FAD-dependent amine oxidase that regulates
transcription by removing methyl groups from mono- and dimethylated Lys of histone H3. Its
corepressor protein COREST enhances and fine-tunes LSD1’s activity and specificity on the
nucleosome substrates to repress transcription. | have shown that extranucleosomal DNA
enhances the affinity and catalytic activity of LSD1/CoREST complex towards nucleosomes, but
we still lack structural information regarding LSD1/CoREST’s interaction on nucleosomes with
extranucleosomal DNA.

I have crystallized LSD1/CoREST in complex with the nucleosome and | have used these
crystals to determine the molecular replacement solutions of LSD1/CoREST on 161 (8N8) and
189 bp (22N22) nucleosome crystal structures at 7.2 A and 5.3 A resolutions respectively. The
structure of LSD1/CoREST on the 161 bp nucleosome suggests the possibility that
LSD1/CoREST uses a dinucleosome substrate, whereas the structure of LSD1/CoREST on 189
bp nucleosome suggests that the complex uses a mononucleosome with extranucleosomal DNA
as the substrate. The LSD1 AOD in the dinucleosome substrate model engages the nucleosomal
DNA whereas LSD1 AOD in the mononucleosome substrate model makes contacts with
extranucleosomal DNA. However, both models show that the COREST SANT?2 binds on the

nucleosome disk face and that N-terminus of CORESTA1 makes contacts with extranucleosomal
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DNA. Even though a higher resolution structure is required to visualize specific residues involved
in the interaction, my structures already provide novel insights into how LSD1/CoREST engages

the nucleosome with DNA extensions.
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4.2 Introduction

Currently, there is a wealth of information regarding how the LSD1/CoREST complex
binds the H3-peptide. The crystal structures of LSD1/CoREST/H3-peptide ternary complex
revealed the various contacts made between the LSD1’s active site and its peptide substrate
(Forneris et al., 2007, Yang et al., 2007). In addition, previous structural and biochemical studies
have shown that the H3 tail has to be stripped of other posttranslational modifications in the first
16 amino acids for its optimal interaction with LSD1 (Forneris et al., 2005, Forneris et al., 2007).
However, only hypothesized models exist for how LSD1/CoREST complex engages the
nucleosomes (Figure 4-1) (Yang et al., 2006, Pilotto et al., 2015). Yet, none of these models has
taken the role extranucleosomal DNA into the account. Their models propose that the COREST
SANT?2 domain interacts with the nucleosomal DNA, and the catalytic LSD1 amine oxidase
domain is positioned close to DNA gyres where H3 tail exits the nucleosome (Figure 4-1).
However, since extranucleosomal DNA dramatically increases the catalytic activity and binding
affinity of LSD1/CoREST on nucleosomes (Kim et al., 2015), further investigation, particularly
structural studies with nucleosomes containing extranucleosomal DNA, will be necessary to fully
elucidate the mechanism of LSD1/CoREST on nucleosomes.

Before the binding studies of LSD1/CoREST complex on nucleosomes with
extranucleosomal DNA were performed, attempts to crystallize LSD1/CoREST on 147 bp
nucleosome were made by other members of the laboratory without success. My activity and
binding studies of LSD1/CoREST on nucleosomes with various DNA lengths established the
importance of extranucleosomal DNA for the complex’s interaction and function on the
nucleosome. Therefore, | pursued crystallization of LSD1/CoREST on nucleosomes with various

lengths of extranucleosomal DNA, which are better substrates for LSD1/CoREST. In addition, |
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explored different truncations and orthologs of LSD1/CoREST for crystallization, in hope of
enhancing crystallization and/or diffraction properties.

After extensive crystallization screens of 33 different LSD1/CoREST/nucleosome
complexes, | was able to grow crystals of LSD1/CoREST on 159 (7N7), 161 (8N8), 163 (9N9),
189 (22N22), and 193 bp (24N24) nucleosomes either containing WT histones or H3 with K4M
mutation. Four of them diffracted between 5.3-8.9 A resolutions, which allowed me to determine
the molecular replacement solutions to the crystal structures. Although side chains and loop
regions in my structures cannot be placed with confidence, my models provide insights into how

each domain of LSD1/CoREST interacts with different regions of the nucleosome.
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CoREST

Figure 4-1. Currently existing hypothesized models of LSD1/CoREST on the nucleosome. (a)
Yang’s theoretical model of LSD1/CoREST on nucleosome core particle. (Figure 7 from Yang,
M., Gocke, C.B., Luo, X., Borek, D., Tomchick, D.R., Machius, M., Otwinowski, Z. and Yu, H.
(2006) Structural basis for COREST-dependent demethylation of nucleosomes by the human
LSD1 histone demethylase. Molecular cell, 23, 377-387.) (b) Pilotto’s model of LSD1/CoREST
on nucleosome containing 146 bp of Widom 601 DNA based on SAXS data. (Figure 5¢ from
Pilotto, S., Speranzini, V., Tortorici, M., Durand, D., Fish, A., Valente, S., Forneris, F., Mai, A.,
Sixma, T.K., Vachette, P. et al. (2015) Interplay among nucleosomal DNA, histone tails, and
corepressor COREST underlies LSD1-mediated H3 demethylation. Proceedings of the National
Academy of Sciences of the United States of America, 112, 2752-2757.)
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4.3 Results

4.3.1 Reconstitution of LSD1/CoREST/nucleosome complex

4.3.1.1 LSD1/CoREST complex constructs and orthologs

The human LSD1/CoREST construct used in my activity and binding studies in the
previous chapter is the same construct that successfully crystallized to 2.6 A resolution by Yang
et al (Yang et al., 2006). Even though this construct contains LSD1(171-852) and CoREST(286-
482), the electron density permitted structure determination of LSD1(171-836) and CoREST(308-
440). The C-terminal 16 residues of LSD1, and N-terminal 22 residues and C-terminal 42
residues of COREST were missing in this 2006 crystal structure. These missing regions
conceivably represent flexible loops that yielded poor electron density. As the presence of
flexible regions can inhibit macromolecular crystallization (Rhodes, 2006), it is worth exploring
constructs removing these flexible regions for the crystallographic purpose. In particular, |
focused on the CoREST subunit and tested whether deletions in the N-terminus or C-terminus of
CORESTAL (hereafter referred to CORESTA2 = COREST(308-482) and CoRESTA3 =
CoREST (286-440) respectively) affect binding of LSD1/CoREST on the nucleosomes. The HI-FI
nucleosome binding studies at 75 mM NaCl (the salt concentration at which reconstitution of
LSD1/CoREST/nucleosome complex was performed for crystallization) showed that
LSD1/CoRESTA?2 binds to 157 (6N6) and 181 bp (18N18) nucleosomes with 2-fold lower
affinity compared to LSD1/CoREST (Figure 4-2, Table 4-1), suggesting that the COREST
residues 286-307 play a role in binding to nucleosome. On the other hand, the binding affinity of

LSD1/CoRESTA3 on the 157 and 181 bp nucleosomes did not change significantly (Figure 4-2,
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Table 4-1). Therefore, LSD1/CoRESTA3 was used in crystallization trials, in addition to the

LSD1/CoREST construct.
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Figure 4-2. Effect of deleting residues in the N- or C-terminus of COREST on the binding affinity
for nucleosomes. (a) Binding curves for LSD1/CoREST (orange), LSD1/CoRESTA2 (pink), and
LSD1/CoRESTA3 (blue) interacting with 157 bp nucleosomes fluorescently labeled on H3 K27C
at 75 mM NacCl. The dashed vertical lines correspond to the calculated dissociation constants for
each respective binding curve. (b) Equivalent binding curves for LSD1/CoREST (red),
LSD1/CoRESTA2 (purple), and LSD1/CoRESTA3 (green) interacting with 181 bp nucleosomes.

LSD1/CoREST CoREST DNA length Ka (nM) relative to
(bp) LSD1/CoREST

LSD1/CoREST 286-482 157 862 + 27 1.0
LSD1/CoRESTA2 308-482 157 1681 + 334 2.2
LSD1/CoRESTA3 286-440 157 712 0.95

LSD1/CoREST 286-482 181 392 + 31 1.0
LSD1/CoRESTA2 308-482 181 844 + 179 1.9
LSD1/CoRESTA3 286-440 181 373 0.83

Table 4-1. Dissociation constants for different LSD1/CoREST complex constructs binding to 157
bp (6N6) and 181 bp (18N18) nucleosomes

Orthologs can also be used to enhance crystallization of proteins when an organism of
choice fails to crystallize or the crystals are not suitable for structure determination
(Andrykovitch et al., 2003). The amino acid sequences should be similar enough that the

orthologs share the same fold, but different enough so that they may pack differently in crystals
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and potentially diffract to higher resolution. In the case of the RCC1/nucleosome complex,
crystals with human RCC1 produced poor diffraction and crystals with yeast RCC1 (Srm1l)
produced nonisotropic diffraction to ~ 7 A. On the other hand, crystals grown with Drosophila
RCC1 (Bj1) yielded diffraction data to 2.9 A resolution (Makde et al., 2010, Makde and Tan,
2013). Our lab has constructed expression plasmids for human, zebrafish, C. elegans, Drosophila,
and Xenopus LSD1/CoREST complexes. However, only the human and the zebrafish orthologs
could be expressed and purified in large quantities. | have put most of my efforts into the human
LSD1/CoREST complex, but also worked with the zebrafish ortholog with similar extents as the

human complex [zLSD1(176-867) and zCoREST(230-458)] in my crystallization studies.

4.3.1.2 Nucleosomes with various DNA lengths

My nucleosome binding studies of LSD1/CoREST demonstrated that extranucleosomal
DNA enhances the interaction of LSD1/CoREST on the nucleosomes and the optimal binding
affinity was observed with the 181 bp (18N18) nucleosomes (Figure 3-4d). | initially decided to
set up crystallization trials of the LSD1/CoREST/nucleosome complex with Widom 601
nucleosome positioning sequence that varies in length from 155 bp (5N5) to 177 bp (16N16),
which produced high enough binding affinity for stable complex formation. My rationale was that
while the 147 bp nucleosome is not the ideal substrate for LSD1/CoREST complex, nucleosomes
with longer DNA length would have an extra DNA bp on either or both sides of the nucleosome
that is not bound by the protein and can hinder crystallization. I initially began crystallization
trials with 155 (5N5), 157 (6N6), 159 (7N7), 161 (8N8), 163 (9N9), 165 (10N10) and 177 bp
(16N16) nucleosomes. Later crystallization studies were performed using 185 (20N20), 189
(22N22), and 193 bp (24N24) mononucleosomes, and 305 (N16N), 306 (N16N), 321 (8N16N7),

and 322 bp (8N16N8) dinucleosomes. In particular, nucleosomes with DNA lengths varied by 2
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bp, or 1 bp on either side of the nucleosome were used because previous crystal structures of the
nucleosome bound with protein factors have demonstrated that DNA ends are important for
crystal packing. Additionally, DNA ends can also mediate crystal contacts with the chromatin
factors and even one base pair of DNA can determine whether the end of the nucleosomal DNA

makes a crystal contact or not (Makde and Tan, 2013).

4.3.1.3 Nucleosome with H3 K4M mutation increases binding affinity for LSD1/CoREST

Forneris et al. have shown that a 21-amino acid H3-peptide bearing K4M mutation led to
a ~30-fold increase in binding affinity for LSD1/CoREST compared to the wild-type peptide
(Forneris et al., 2007). To examine if this phenomenon holds true in the context of the
nucleosome substrates, a recombinant nucleosome containing the H3 K4M mutation and 181 bp
(18N18) of Widom 601 DNA was prepared and tested in the HI-FI binding assay at 75 mM NacCl.
Note that this particular HI-FI binding study was performed with the unlabeled nucleosome and
the LSD1/CoREST complex that was site-specifically labeled at COREST V415C. The CoREST
residue Val 415 was chosen as the labeling position because its location in the SANT2 domain
suggests the likelihood that it is in the close proximity to interaction site. The binding affinities of
the labeled LSD1/CoREST towards the nucleosomes of various DNA lengths follow the same
trend as when the HI-FI probe is on the nucleosome (Supplementary Figure 4-1). The results
showed that LSD1/CoREST binds the 181 bp nucleosome containing H3 K4M mutation with <
1.9 nM dissociation constant, ~40-fold higher affinity than to equivalent non-mutated
nucleosomes with 181 bp DNA (78.1 + 0.8 nM) (Figure 4-3). Previously, the peptide with H3
K4M mutation was successfully used for co-crystallization with LSD1/CoREST and allowed for

structure determination of the peptide in the substrate binding site of LSD1/CoREST (Forneris et
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al., 2007). Therefore, recombinant nucleosomes containing the H3 K4M mutation and desired

lengths of Widom 601 DNA were prepared for crystallization studies.
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Figure 4-3. Effect of mutating Lys4 to Met4 in histone H3 in the nucleosome on the binding
affinity to LSD1/CoREST. Binding curves for LSD1/CoREST interacting with wild-type
(yellow) and H3 K4M (blue) nucleosomes at 75 mM NaCl. The dashed vertical lines correspond
to the calculated dissociation constants for each respective binding curve.
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Figure 4-4. Reconstitution of LSD1/CoREST/nucleosome at 100 mM and 75 mM NacCl. Size
exclusion chromatograms of LSD1/CoREST complexed with 159 bp (7N7) nucleosomes at (a)
100 mM and (b) 75 mM NaCl. Corresponding SDS-PAGE gel of size exclusion chromatography
fractions at (c) 100 mM and (d) 75 mM NacCl.
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4.3.1.4 Optimization of salt concentration in reconstitution buffer

In Chapter 3, | have suggested that LSD1/CoREST might bind nonspecifically to
nucleosomal DNA at 50 mM salt concentration. This nonspecific binding of LSD1/CoREST to
DNA was detected by fluorescence change using nucleosomes labeled at H2A T10C and H2B
K20C in my studies (Figure 3-2) and also by DNA binding studies by Pilotto et al (Pilotto et al.,
2015). It is imperative that these interactions are reduced for crystallization as monodispersity and
homogeneity of the sample is key to successful crystallization (Rhodes, 2006). | have shown that
the nonspecific binding of LSD1/CoREST to the nucleosomes is weakened by an increased salt
concentrations (Figure 3-3). Therefore, salt concentrations of 75 and 100 mM were tested for
analytical reconstitution and purification of LSD1/CoREST/nucleosome complex by size
exclusion chromatography. The results showed that LSD1/CoREST dissociates from the 159 bp
(7N7) nucleosome in buffer containing 100 mM NaCl (Figure 4-4a, c). On the other hand,
LSD1/CoREST/nucleosome successfully reconstituted and eluted from the size exclusion column
as a sharp, symmetric peak in the reconstitution buffer containing 75 mM NaCl (Figure 4-4b, d). |

therefore used the buffer containing 75 mM NacCl for reconstitution and crystallization studies.

4.3.1.5 LSD1/CoREST is successfully reconstituted on nucleosomes with various DNA lengths

The human LSD1/CoREST complex was reconstituted with 21 different nucleosomes
(Table 4-2), the human LSD1/CoRESTA3 was reconstituted with 4 different nucleosomes (Table
4-3), and the zebrafish LSD1/CoREST was reconstituted with 8 different nucleosomes (Table 4-
4), totaling 33 different LSD1/CoREST/nucleosome complexes of various constructs and
orthologs. Reconstitution was performed in buffer containing 10 mM Tris-Cl pH 7.5, 75 mM

NaCl, and 1 mM DTT at room temperature and the reconstituted complexes were purified over
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DNA length Histones DNA format Crystal Diffraction

155 WT 5+ 145 +5 X
157 WT 6+ 145 +6 X
159 WT 7+ 145 +7 0 X
161 WT 8+ 145 +8 0 72 A
163 WT 9+ 145 +9 0 8.9 A
165 WT 10+ 145 +10 X
177 WT 16+ 145 +16 X
185 WT 20+ 145 + 20 X
189 WT 22+ 145 + 22 0 X
193 WT 24+ 145 + 24 0 X
305 WT 145 + 15 +145 X
306 WT 145 + 16 +145 X
321 WT 8+ 145+ 16 +145+ 7 X
322 WT 8+ 145+ 16 +145 + 8 0 X

X
159 H3 K4M 7+ 145 +7 X
161 H3 K4M 8+ 145 +8 0 X
163 H3 K4M 9+ 145 +9 0 X
185 H3 K4M 20+ 145 + 20 X
189 H3 K4M 22+ 145 + 22 0 53 A
193 H3 K4M 24+ 145 + 24 0 X
322 H3 K4M 8+ 145+ 16 +145 + 8 0 X

Table 4-2. Nucleosome substrates used in crystallization with human LSD1/CoREST and their
crystallization and diffraction results. Human LSD1/CoREST was screened with 21 different

nucleosomes.

DNA length Histones DNA format Crystal Diffraction
161 H3 K4M 8+ 145 +8 X
163 H3 K4M 9+ 145 +9 X
189 H3 K4M 22+ 145 +22 ) 5.8A
8N16N8 H3 K4M 8+145+16 +145+8 X

Table 4-3. Nucleosome substrates used in crystallization with human LSD1/CoRESTA3 and their
crystallization and diffraction results. Human LSD1/CoRESTA3 was screened with 4 different

nucleosomes.

DNA length Histones DNA format Crystal Diffraction
157 WT 6+ 145 +6 X
159 WT 7+ 145 +7 X
161 WT 8+ 145 +8 X
163 WT 9+ 145 +9 X
8N16N8 WT 8+ 145+ 16 +145 + 8 X
159 H3 K4M 7+ 145 +7 X
161 H3 K4M 8+ 145 +8 X
163 H3 K4M 9+ 145 +9 X

Table 4-4. Nucleosome substrates used in crystallization with zebrafish LSD1/CoREST and their
crystallization and diffraction results. Zebrafish LSD1/CoREST was screened with 8 different

nucleosomes.
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size exclusion column. In most cases, the LSD1/CoREST/nucleosome complexes eluted as a
sharp, symmetric peak (Figure 4-4b). A shift in chromatographic peak to a decreased elution time
was observed for LSD1/CoREST on nucleosome with longer DNA lengths (185-193 bp) and
dinucleosomes. Slightly higher (~ 10 % increase) purification yield was realized when
nucleosomes containing H3 K4M mutation was used. Nonetheless, the shape of the
chromatographic peak was similar in all LSD1/CoREST/nucleosome complexes. The purified

complexes were concentrated and used immediately to set up crystal trials.

4.3.2 Crystallization and structural determination of LSD1/CoREST/nucleosome complex

For each LSD1/CoREST/nucleosome complex, three or more crystallization sparse
matrix screens, developed by our lab, were set up in modified microbatch with 8-10 mg/ml of the
complex and placed at 4°C refrigerator and/or 21°C room. Each screen contained 96 different
solutions, with various monovalent ions either at 75, 100, or 150 mM concentration, buffer with a
range of pH (5.0 — 8.5), and precipitant with concentration ranging between 2-15% (typically
PEG2000-MME was used). A fraction of solutions also contained divalent ions at millimolar
concentrations. Due to stochastic nature of crystal growth, | have set up at least three sparse
matrix screens, each with 96 conditions (with some overlap between screening conditions), for
each LSD1/CoREST/nucleosome complex to maximize the chances of obtaining crystals.

It was crucial to check for proteolysis of LSD1/CoREST/nucleosome samples in crystal
trays over time as the degradation of the proteins is detrimental to crystallization. Therefore, |
have saved the purified and concentrated LSD1/CoREST/nucleosome samples and incubated
them at the same temperature as the crystal screen trays. Proteolysis was observed after a week

for some samples stored at 21°C, indicating that LSD1/CoREST/nucleosome complexes in crystal
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screen drops were likely proteolyzed as well. The samples stored in 4°C refrigerator appeared

intact even after a month and therefore, crystallization was pursued at 4°C in most cases.

LSD1/CoREST/161M nucleosome ||0)
25 mM Bis-Tris pH 6.5
50 mM Na3 citrate
2% PEG2000-MME
9 days

LSD1/CoREST/161M nucleosome
25 mM NaAc pH 5.0

50 mM Na3 citrate

2.5% PEG2000-MME

13 days

LSD1/CoREST/189M nucleosome @
25 mM Tris-Cl pH 8.0
150 mM KAc
5% PEG2000-MME
10 days

LSD1/CoREST/189M nucleosome
25 mM Tris-Cl pH 8.5

150 mM KAc

6% PEG2000-MME

13 days

LSD1/CoREST/322 bp dinucleosome
25 mM Bis-Tris pH 7.0

150 mM KNO3

5 mM MnCI2

2% PEG2000-MME

6 days

[ 4

LSD1/CoREST/322 bp dinucleosome
25 mM HEPES pH 7.5

150 mM KNO3

5 mM MnCI2

1% PEG2000-MME

8 days

Figure 4-5. Initial and optimized crystals of LSD1/CoREST complexed with different
nucleosomes. (a), (b), (c) Initial crystals of LSD1/CoREST on 161 (8N8) and 189 bp (22N22)
mononucleosomes, and 322 bp (8N16N8) dinucleosome from screens respectively. (d), (e), (f)
Optimized crystals of LSD1/CoREST/ nucleosomes from (a), (b), and (c) respectively.

Crystals typically started to grow 3 to 14 days after they were set up. In the case of the
human LSD1/CoREST/nucleosome complexes, 11 out of 21 different complexes formed crystals
of different morphologies in several conditions (Table 4-2). From the selected drops, the crystals
were washed and run on the SDS-PAGE gel to confirm that the crystals contained both the
nucleosomes, LSD1, and CoREST proteins. For the human LSD1/CoRESTA3/ nucleosome

complexes, 1 of 4 complexes grew crystals (Table 4-3). Crystals grew only when human

LSD1/CoREST was used, and nucleosomes complexed with the zebrafish LSD1/CoREST did not
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produce any crystals (Table 4-4). However, it should be noted that only a few different
nucleosomes were scanned with zebrafish LSD1/CoREST, and more thorough crystallization
studies with zebrafish ortholog should be done before this ortholog is abandoned completely. For
each complex that produced crystals, conditions that produced single crystals with three
dimensions, birefringence, and sharp edges were optimized by varying the pH, salt concentration,
and precipitant amount around the initial condition. Optimization usually yielded larger crystals
with fewer flaws (Figure 4-5).

Post-crystallization treatments were carried out to improve the diffraction quality of the
protein crystals. In particular, dehydration, which can induce reorganization of the crystal lattice
and lower solvent content, and cryoprotection, which can prevent crystallization of water to
achieve the vitrified state during the cooling process, were employed (Rhodes, 2006). The
optimized crystals were soaked in various cryoprotectants and dehydrating agents including
methylpentanediaol (MPD), glycerol, PEG400, PEG550-MME, PEG600, and PEG750-MME
either at room temperature or in the 4°C cold room, and the crystals were flashed cooled by
plunging into liquid nitrogen. The diffraction data of the crystals were collected at Advanced
Photon Source’s NE-CAT beamline 24-1D-E or 24-1D-C. A majority of the crystals diffracted
poorly and only a few of them diffracted to ~ 8 A or higher resolution. Out of the crystals that
diffracted, two are noteworthy: LSD1/CoREST with 161 bp (8N8) nucleosome crystal that
diffracted to 7.2 A resolution (Figure 4-6a, b), and LSD1/CoREST with 189 bp (22N22)
nucleosome containing the H3 K4M mutation that diffracted to 5.3 A resolution (Figure 4-6c, d).
These two diffraction data were processed and molecular replacement solution structures were
obtained without further refinement (Supplementary Table 4-1). The fact that DNA extensions
beyond the nucleosome core particle, which are not part of the input models in molecular
replacement, are shown in electron density map suggests that the solutions are probably

substantially correct (Supplementary Figure 4-2). LSD1/CoREST with the 161 bp nucleosomes
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yielded a dinucleosome substrate model, and LSD1/CoREST with the 189 bp nucleosomes
yielded a mononucleosome substrate model, both of which will be further described in the

following sections.

LSD1/CoREST/161M nucleosome
25 mM Bis-Tris pH 6.0
50 mM Na3 citrate f\
2.5% PEG2000-MME §
13 days |

LSD1/CoREST/189M nucleosome
(H3 K4M
25 mM NaAc pH 5.
75 mM LiAc
6% PEG2000-MME
9 days

LSD1/CoRESTAC/189M nucleosome
H3 K4M
25 mM NaAc pH 5.
100 mM LiAc
4% PEG2000-MME
10 days

Figure 4-6. Crystals of LSD1/CoREST/nucleosome and diffraction images. (a) Crystals of
LSD1/CoREST complexed with 161 bp (8N8) nucleosome used to solve the structure of the
dinucleosome substrate model. (b) Crystal from (a) diffracted to 7.2 A resolution. (c) Crystals of
LSD1/CoREST complexed with 189 bp (22N22) H3 K4M nucleosome used to solve the structure
of the mononucleosome substrate model. (d) Crystal from (c) diffracted to 5.3 A resolution. (e)
Crystals of LSD1/CoRESTA3 complexed with 189 bp (22N22) H3 K4M nucleosome. (f) Crystal
from (e) diffracted to 5.8 A resolution.



98

4.3.3 The Dinucleosomes substrate model of LSD1/CoREST/nucleosome

A dinucleosome substrate model was obtained from the crystals of LSD1/CoREST
complexed with 161 bp (8N8) nucleosome. Even though the mononucleosome was used to grow
the crystals, the nucleosomes in the molecular replacement solution structure resembled the
structure of a dinucleosome, hence | refer to this as the dinucleosome substrate model. In
addition, a very similar structure was obtained from molecular replacement solution of
LSD1/CoREST/nucleosome with 163 bp (9N9) DNA crystals (data not shown). I would like to
emphasize that the relative positions of loops and side chains shown in figures should be viewed

with skepticism as they are modeled based on electron density at 7.2 A resolution.

4.3.3.1 Overview of the model

In this structure, two nucleosomes with 161 bp (8N8) DNA emulates a dinucloesome
structure with 16 bp linkers (Figure 4-7) as the DNA ends pack against each other head-to-head
and mediate crystal contacts. Nucleosomes are oriented orthogonal to one another, as observed in
the 9 A crystal structure of tetranucleosome (Schalch et al., 2005) and in the cryo-EM structure of

ISW1a chromatin remodeling factor on the dinucleosome (Yamada et al., 2011).

Figure 4-7. Dinucleosome model based on the molecular replacement solution of 161 bp (8N8)
nucleosomes in the crystal structure of LSD1/CoREST/nucleosome complex. Sixteen bp B-form
DNA (gray) was modeled onto the electron density formed by 8 bp DNA extension on both sides
of two 161 bp nucleosomes, depicted in cartoon representation. This and the subsequent figures
were prepared using PyMOL molecular graphics software (Schrodinger, 2011).
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Figure 4-8. Overview of the LSD1/CoREST/nucleosome structure in the dinculosome substrate
model from the molecular replacement solution. (a) View of the complex looking down on the
DNA superhelical axis of the nucleosome 1. (b) Orthogonal view of the complex. Nucleosomes
and 16 bp linker DNA (gray) are depicted in surface representation, and four LSD1/CoREST
molecules were depicted in cartoon representation. The catalytic AODs of the LSD1/CoREST
molecules 1 and 2 (yellow and red) contact the nucleosome 1, whereas the AODs of the
LSD1/CoREST molecules 3 and 4 (blue and green) contact the nucleosome 2. The domains of
LSD1/CoREST molecule 1 are labeled and colored: SWIRM, orange; AOD and Tower, yellow;
Linker, red; SANTZ2, purple.
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The asymmetric unit contains one copy of a ‘half nucleosome’ and one copy of the
LSD1/CoREST complex, resulting in a stoichiometry of 4:1 LSD1/CoREST:dinucleosome
complex. Each LSD1/CoREST molecule makes interaction with two nucleosome core particles in
the dinucleosome simultaneously, with the AOD of LSD1 contacting the nucleosomal DNA of
the nucleosome core particle (called nucleosome 1 because it is closer to the substrate binding site
of the LSD1/CoREST complex for catalysis than the other nucleosome core particle in the
dinucleosome) and the SANT2 domain of COREST contacting the nucleosome disk surface of the
nucleosome 2 (Figure 4-8). Therefore a dinucleosome appears to be the substrate for
LSD1/CoREST complex in this model. If we imagine the LSD1/CoREST complex binding to the
dinucleosome with much longer linker lengths than 16 bp, there are two possible orientations of
the LSD1/CoREST molecule on the nucleosome. The LSD1/CoREST complex may bind the
nucleosome core particle through the interaction between the LSD1 AOD and the nucleosomal
DNA with the COREST SANT2 domain making contacts with the linker DNA, similar to the
orientation of the LSD1/CoREST molecule 1 on the nucleosome 1 in Figure 4-8. Alternatively,
the LSD1/CoREST complex may bind to the nucleosome core particle through the interaction
between the COREST SANT2 domain and the nucleosome disk face with the LSD1 AOD making
contacts with the linker DNA, similar to the orientation of the LSD1/CoREST molecule 1 on the
nucleosome 2 in Figure 4-8.

In addition, LSD1/CoREST forms a dimer to bind to each side of the dinucleosome, with
a total of four LSD1/CoREST molecules binding to a dinucleosome simultaneously in the crystal.
The structure suggests five residues in each LSD1/CoREST molecule to be responsible for
dimerization (Figure 4-9). The residue Lys432 in LSD1, and residues Glu341 and GIn348 in
CoREST of one molecule contact the SWIRM domain of the other LSD1/CoREST molecule,
while the LSD1 Asp399 and Lys550 contact the same two residues of the other molecule (Figure

4-9a). Although dimerization of LSD1/CoREST was observed in the dinucleosome substrate
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model, no evidence of a LSD1/CoREST dimer in solution has been reported. Therefore, it is
possible that LSD1/CoREST dimerization is an artifact of crystallization, and might not occur in

solution.

ICOREST | X8y
LSD1/CoREST 7

Figure 4-9. Two LSD1/CoREST molecules homodimerize using three contact points. (a), (b)
Orthogonal views of the LSD1/CoREST dimer. The complex is depicted in cartoon
representation with LSD1 and CoREST of one complex colored in yellow and red, and LSD1 and
CoREST of another colored in blue and green respectively. Five residues in each complex

suggested to be responsible for dimerization are depicted in sphere representation in a lighter
shade of respective protein color.

4.3.3.2 LSD1/CoREST — DNA interaction

The AOD of LSD1 makes contact with the end of nucleosomal DNA of the nucleosome 1
in the dinucleosome substrate model (Figure 4-10a). This orientation positions the catalytic site of
LSD1/CoREST in close proximity to where H3 tail exits the DNA gyres. Six basic residues in
LSD1, Lys355, Lys357, Lys359, Thr561, Ser563, and Arg568, are in close proximity to the
nucleosomal DNA (Figure 4-10b). In addition, the negatively charged acidic patch near the

substrate binding site may thread the positively charged H3 tail into the active site.
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Figure 4-10. The AOD of LSD1 binds DNA near the end of nucleosomal DNA of the
nucleosome 1. (a) LSD1 AOD - nucleosomal DNA interaction. (b) Zoomed view of showing six
residues of LSD1 AOD suspected to interact with DNA, depicted in sphere representation.
LSD1/CoREST and histones are depicted in cartoon representation and DNA is depicted in
cartoon representation. For visualization purposes, the three other LSD1/CoREST complexes are
not shown.
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Figure 4-11. N-terminus of COREST CoRESTAL binds to linker DNA. (a) CoREST N-terminal
extension linker DNA interaction. (b) Zoomed view of showing three residues of COREST
suspected to interact with linker DNA, depicted in stick representation and colored in pink.
LSD1/CoREST and histones are depicted in cartoon representation and DNA is depicted in stick
representation. For visualization purposes, the three other LSD1/CoREST complexes are not
shown.
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My dinucleosome substrate model also suggests that the N-terminus of CORESTAL is
responsible for interacting with the linker DNA of dinucleosome (Figure 4-11). This region is
particularly rich in positively charged residues (Lys294, Lys295, Lys297, Lys303, Arg305,
Lys307, Arg308, Lys309, and Lys312). Although the residues 286-307 in the N-terminus of
CoRESTAL are missing in the structure, my HI-FI nucleosome binding experiments suggest the
possibility that this region may be responsible for interaction with the linker DNA (Figure 4-2,
Table 4-1).

Interestingly, these two regions of LSD1/CoREST complex that interact with DNA, the
LSD1 AOD, and the CoRESTAI1 N-terminus, form three ‘basic stripes’ observed in dimeric
LSD1/CoREST (Figure 4-12a, b). Three ‘basic stripes’ are aligned with the end of the
nucleosomal DNA of two NCPs and linker DNA by 10 bp apart (Figure 4-12c). Due to the
specific distance between these basic stripes, it seems unlikely that LSD1/CoREST dimer would
bind as well to dinucleosomes with significantly shorter or longer linker DNA than 16 bp.

The SWIRM domains of ADA2a and Swi3 are known to bind to DNA (Da et al., 2006,
Qian et al., 2005), but DNA binding interaction by the LSD1 SWIRM domain was not observed
in our model. This is consistent with the observation made by Yang et al. that residues implicated
in DNA binding in the SWIRM domains of Ada2a and SWi3 are poorly conserved in LSD1
SWIRM (Yang et al., 2006). In addition, AOD region partially blocks the putative DNA binding
surface of LSD1 SWIRM, making it unlikely for LSD1 SWIRM to bind to DNA in the same
manner as SWIRM domain of Ada2a and Swi3 (Yang et al., 2006). Instead, the LSD1 SWIRM
domain seems to be involved in protein-protein interaction for homodimer formation

LSD1/CoREST complexes in my dinucleosome substrate model.
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Figure 4-12. The ‘basic stripes’ of LSD1/CoREST homodimer are aligned with end of the
nucleosomal DNA and linker DNA. (a) LSD1/CoREST homodimer depicted in cartoon
representation. (b) Electric potential surface representation of LSD1/CoREST homodimer.
Negatively charged, positively charged, and nonpolar surfaces are is represented in red, blue, and
white respectively. The regions of LSD1/CoREST that make up three ‘basic stripes’ are
indicated. (c) Dinucleosome with 16 bp linker between the two nucleosome core particles is
overlaid on the electric potential surface representation of LSD1/CoREST homodimer. Histones
and DNA are depicted in cartoon representation. For visualization, two other LSD1/CoREST
complexes and the linker DNA on the other side of the dinucleosome were hidden from the
structure. Surface electrostatic potential of the LSD1/CoREST dimer is calculated with ABPS
(Baker et al., 2001)
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4.3.3.3 CoREST — nucleosome disk face interaction

The SANT2 domain of CoREST is in close contact with histone disk face of the
nucleosome 2 (Figure 4-13). In particular, the SANT2 domain is situated above the histone H4
globular domains and also nucleosomal DNA approximately 10 bp away from the nucleosome
dyad. The CoREST residues Arg425, Arg426, and Arg427 apper to interact with histone H4
whereas the residues COREST Lys378 and Arg382 could be interacting with nucleosomal DNA.
The CoREST SANT?2 is critical for facilitating LSD1-mediated demethylation of nucleosomal
substrates (Shi et al., 2005), and it is conceivable as that LSD1/CoREST complex would be
unable to recognize nucleosome core particle without the CoOREST SANT2 domain as it is the

only domain that interacts with a feature unique to the nucleosome core particle.

nucleosome 2

Figure 4-13: COREST SANT?2 is in close proximity to histone H4 surface and nucleosomal
DNA. (a) CoOREST SANT?2 interaction — nucleosome disk face interaction. (b) Zoomed view of
(@) showing three residues of COREST suspected to interact with histone H4 and two residues in
close proximity to nucleosomal DNA, depicted in stick representation and colored in pink.
LSD1/CoREST and nucleosomes are depicted in cartoon representation. For visualization, three
other LSD1/CoREST molecules were hidden from the structure.
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4.3.3.4 Distance between LSD1 catalytic site and H3 substrate

In my dinucleosome substrate model, the catalytic AOD of LSD1 is situated near where
H3 tail exits the nucleosome through the DNA gyres (Figure 4-14a). The crystal structure of
LSD1/CoREST complexed with H3-peptide shows density for H3 from Alal to Pro16 (PDB ID:
2V1D) (Forneris et al., 2007) and the crystal structure of nucleosome with Widom 601 DNA
sequence shows the histone H3 tail exits the DNA gyres (PDB ID: 3LZ0) (Vasudevan et al.,
2010). Aligning these structures in my molecular replacement solution, and calculating the
distance between the C-alpha positions of H3 Pro16 in LSD1/CoREST from H3 Thr45 in the
nucleosome 1 gives ~35 angstroms (Figure 4-14a). Even though there are three other H3 tail
substrates in the dinucleosomes, it is unlikely that LSD1/CoREST will select these other H3 tails
since they are further away with this binding mode. The distances between the H3 Pro16 in
LSD1/CoREST and the Thr45 of the other histone H3 in the nucleosome 1, the residues H3
Thr45 in the histones H3 of the nucleosome 2 are ~72, ~63, and ~88 A respectively (Figure 4-
14b). The biochemical studies to evaluate the effect of varying the distance between the catalytic

LSD1 site and the H3 substrate are discussed in Chapter 5.
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Figure 4-14: Distance between the LSD1 substrate binding site and its targets in dinucleosome
substrate model. (a) The distance measured between Pro16 of H3 peptide bound in LSD1 and
Thr45 of the closest histone H3 in nucleosome 1 is about 35A (green; calculated using PyMOL).
(b) The distances measured between Prol16 of H3 peptide bound in LSD1 and Thr45 of the other
three histone H3 in the nucleosomes (magenta). Histones, DNA, and LSD/CoREST are depicted
in cartoon representation. For visualization, three other LSD1/CoREST complexes were hidden
from the structure.
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4.3.4 The mononucleosome substrate model of LSD1/CoREST/nucleosome

After successive experiments performed to validate the dinucleosome substrate model
that will be discussed in the following chapter, | concluded that the dinucleosome is not a better
substrate than a mononucleosome with extranucleosomal DNA. My dinucleosome substrate
model suggests two possible orientations of the LSD1/CoREST on the nucleosome core particle.
The LSD1/CoREST molecule 1 may engage the nucleosome 1 by the interaction between the
LSD1 AOD and the nucleosomal DNA, or the same molecule can bind to the nucleosome 2 by
the interaction between the COREST SANT?2 and the nucleosome disk face (Figure 4-17 a-c). The
orientation of SANT2 domain on the nucleosome 2 suggests that the LSD1/CoREST actually
targets the H3 in the nucleosome 2 in the dinucleosome substrate model. With this assumption,
the LSD1 AOD domain may bind to DNA extension longer than 16 bp that is absent in my my
dinucleosome substrate model (Figure 4-17c¢). Instead, the LSD1 AOD bound the end of the
nucleosomal DNA of the adjacent nucleosome in the crystal packing. To test this hypothesis that
LSD1/CoREST may require ~ 2024 bp on both sides of the nucleosomes for optimal binding, |
attempted to crystallize LSD1/CoREST/nucleosome using the longer DNA (187 to 193 bp).

I successfully crystallized LSD1/CoREST on 189 bp (22N22) nucleosomes, and the
resulting molecular replacement suggests a mononucleosome substrate model. The
LSD1/CoREST complex on the nucleosome in model resembles the LSD1/CoREST molecule 1
oriented on the nucleosome 2 in the dinucleosome substrate model (Figure 4-17c, d). In addition,
a very similar structure was obtained from molecular replacement solution of LSD1/CoREST/
nucleosome using human LSD1/CoRESTA3 and 189 bp (22N22) nucleosome crystals (Figure 4-
6e, f). I would like to emphasize that the relative positions of the side chains shown in figures
should be viewed with skepticism as they are modeled based on the electron density at 5.3 A

resolution.
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4.3.4.1 Overview of the model

The structure shows one LSD1/CoREST molecule bound per one nucleosome, resulting
in 1:1 stoichiometry of LSD1/CoREST:nucleosome complex, consistent with our HI-FI
stoichiometry assay (Figure 3-5b). The COREST SANT2 recognizes the disk face of the
nucleosome near histone H3 and H4, and nucleosomal DNA around ~10 bp from the nucleosome
dyad. The LSD1 AOD domain is in close proximity to interact with ~13-22 bp DNA extension, in
contrast to the observed interaction with the nucleosomal DNA in the dinucleosome substrate
model. There was an apparent electron density for extranucleosomal DNA on one side of the
nucleosome that was bound by LSD1/CoREST, while the electron density for DNA extension on
the other side was weak. Therefore, | modeled in 22 bp of B-form extranucleosomal DNA on one
side of the nucleosome (Figure 4-15). The structure also suggests the possibility that
LSD1/CoREST undergoes conformational change through loop regions between LSD1 AOD and

Tower domain when binding to its nucleosomal substrate (Figure 4-18).

Figure 4-15. Overview of the LSD1/CoREST/nucleosome structure in the mononucleosome
substrate model from the molecular replacement solution. Nucleosome and 22 bp DNA extension
(gray) are depicted in surface representation, and LSD1/CoREST is depicted in cartoon
representation with its domains colored as shown.
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Even though my mononucleosome substrate model shows one LSD1/CoREST bound per
one nucleosome, modeling in the second LSD1/CoREST complex molecule into the structure
does not reveal any steric clashes (Figure 4-16). It is plausible that | have crystallized the 1:1
LSD1/CoREST:nucleosome complex, and that two LSD1/CoREST molecules may bind and act

on the nucleosome simultaneously in solution.

/CoREST molecule 1 (actual)
LSD1/CoREST molecule 2 (modeled in)

Figure 4-16. Model for 2:1 LSD1/CoREST:nucleosome complex. The LSD1/CoREST molecule
2 and 22 bp DNA extension are modeled into the mononucleosome substrate model. The
nucleosome and the DNA extensions (gray) are depicted in surface representation, and
LSD1/CoREST molecules are depicted in cartoon representation in respective colors.

The dimerization of the LSD1/CoREST complex apparent in the dinucleosome substrate
model was absent in the mononucleosome substrate model. However, many of the
LSD1/CoREST interactions with the nucleosome highlighted in the dinucleosome substrate
model were observed in the mononucleosome substrate model as well: CORESTA1 N-terminus-
extranucleosomal DNA, and CoREST SANT2-nucleosome disk face interactions (Figure 4-15).
The mononucleosome substrate model was strikingly similar to LSD1/CoREST in the
dinucleosome substrate model oriented on the nucleosome 2. This resemblance could be

visualized by removing the nucleosome 1 and three other LSD1/CoREST molecules in the

dinucleosome substrate model (Figure 4-17c, d). The fact that same interaction surfaces and the
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orientation of LSD1/CoREST on nucleosomes are observed in different crystal forms suggest that

these interactions are not due to crystal artifacts.

a Dinucleosome substrate model
o
JCoREST

d Mononucleosome substrate model
LSD1/CoREST

Figure 4-17. Comparison of the di- and mononucleosome substrate models. (a) The
dinucleosome substrate model showing just one LSD1/CoREST molecule oriented on the N16N
dinucleosome. The LSD1 and CoREST proteins are shown in yellow and red, respectively. (b)
LSD1/CoREST oriented on the nucleosome 1 in the dinucleosome substrate model. (c)
LSD1/CoREST oriented on the nucleosome 2 in the dinucleosome substrate model. (b) The
mononucleosome substrate model. The LSD1 and CoREST proteins are shown in blue and green
respectively.
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4.3.4.2 LSD1/CoREST undergoes a conformational change when binding to the nucleosome

When the LSD1/CoREST complex (PDB ID: 2V1D; LSD1/CoREST/H3-peptide
structure from Forneris et al., 2007) was used as a whole as a search model in the molecular
replacement solution from the crystals of LSD1/CoREST complexed with 189 bp (22N22)
nucleosome, the COREST SANT2 domain clashes with the LSD1 AOD domain of the crystal
symmetry mate. Therefore the SANT2 domain could not be positioned in the electron density
correctly and was situated above and away from the nucleosome disk face (Figure 4-18Db).
Therefore, | divided up LSD1/CoREST into two segments (AOD domain and Tower domain) for
the molecular replacement solution calculations: segment 1 = LSD1(171-405, 517-836) and
segment 2 = LSD1(406-516) + CoREST(308-440) (Figure 4-16c, d). Molecular replacement
solution with LSD1/CoREST segments allowed both the AOD and SANT2 domains to be
positioned correctly into the electron density without steric clashes (data not shown).
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Figure 4-18. LSD1/CoREST undergoes a conformational change when binding to the
nucleosome. (a), (b) Alignment of LSD1/CoREST complex from LSD1/CoREST/nucleosome
molecular replacement solution (darker colors) with the previously determined structure of
LSD1/CoREST bound to H3 peptide (lighter colors, PDB ID: 2V1D). (c), (d) Segmentation of
LSD1/CoREST complex to solve the molecular replacement solution. Segment 1 (LSD1 171-405,
517-836) is shown in green and segment 2 (LSD1 406-516 + CoREST 308-440) is shown in blue.
Two hinge loops (hinge loop 1 = LSD1 398-405; hinge loop 2 LSD1 513-520) are indicated in
red. Nucleosomes (gray) and LSD1/CoREST are represented in cartoon representation.
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Alignment of the LSD1/CoREST bound to the nucleosome and the LSD1/CoREST

bound to H3-peptide (Figure 4-18a, b) suggests that the enzyme undergoes a conformational
change, possibly though two hinge loops LSD1 398-405 and 513-520 (Figure 4-18c, d). Flexing
of the hinge loops also results in shifting down of the LSD1 Tower and CoREST linker that
connects the SANT2 domain towards the nucleosome disk face (Figure 14-18b). This observation
is in line with the molecular dynamics simulation studies which indicate that the distance between
the LSD1 SWIRM and the COREST SANT2 oscillate significantly in solution due to molecular
flexibility. The different relative position of the LSD1 AOD domain with respect to the
nucleosome due to the conformational change also brings the H3 tail of the nucleosome closer to
the LSD1 catalytic pocket (~63 A in the dinucleosomes substrate model versus ~49 A in the
mononucleosome substrate model) . However, | cannot rule out the possibility that the observed

conformational change is an artifact of crystallization.

4.3.4.3 CoREST - nucleosome disk face interaction

The interaction between COREST SANT2 and the nucleosome disk face observed in the
dinucleosome substrate model is also conserved in the mononucleosome substrate model.
Likewise, the SANT2 domain is situated above the histone H4 globular domains and also
nucleosomal DNA approximately 10 bp away from the nucleosome dyad (Figure 4-19a). The
CoREST residues Lys378 and Lys382 are positioned close to DNA backbone of nucleosomal
DNA (Figure 4-19b). The residue Lys378 is conserved as either lysine or arginine in Drosophila,
Xenopus, zebrafish, and human, and Arg382 is perfectly conserved among four species (Figure 4-
20). Conservation of these positively-charged residues across species indicates an importance of
these residues for COREST’s function. Residue Lys418 in COREST SANT?2 is conserved as either

lysine or arginine in four species (Figure 4-20) and the studies using the NMR spectroscopy has
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indicated that this residue can bind to free DNA (Yang et al., 2006). My structure suggests that

this residue is in close proximity to interact with either histone H4 or nucleosomal DNA ~ 6 bp
away from the nucleosome dyad (Figure 4-19c). The COREST residues Arg425, Arg426, and
Arg427 are directly above the disk face of histone H3 and H4. These triple arginine residues are
perfectly conserved in Drosophila, Xenopus, zebrafish and human (Figure 4-20). In particular,
Arg426 is very close to H3 Asp77, and Arg427 is in close proximity to H4 Asp24 (Figure 4-19d).
The synergistic interaction made by these five residues may be responsible for recognizing the
nucleosome disk face and for orienting the LSD1/CoREST complex on the nucleosome for

catalysis.

ghe SR
- “oy

v{vf"a-“t’ \
Ll ey, B )

CoREST SANT
A
. VAR IE 45 T iy

Figure 4-19. COREST SANT domain is in close proximity to the histone face and nucleosomal
DNA. (a) COREST SANT2 — nucleosome disk face interaction with relevant side chains
highlighted. (b), (c), (d) Zoomed views showing residues predicted to be involved in interaction.
LSD1/CoREST and histones are depicted in cartoon representation and DNA is depicted in stick
representation.
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SANT2 domain
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Zebrafish 329 NSALREKLDTGVDEFRPSESNQKFNTRWTTEEQLLAVQAIRKYGRDFQAISDVIGNKSVVQVKNFFVNYRRRFNLDEVLQEWEAE 413
Drosophila 292 AAA------------ NTESAQPRISARWLPDEIQVALLAIREYGKNFPTIAKVVATKTEAHVRTFYLNNRRRYNLDQIVKEYEA- 364
Xenopus 305 NSAFKEKLQGGIEDYRIQEVSQKFNARWTTEEQLLAVQAIRMYGRDFQAISDVIGNKSVVQVKNFFVNYRRRFNIDQVLQEWEAE 389

@ rosidue discussed in text

Figure 4-20. Sequence alignment of COREST SANT domains from four orthologs: human,
zebrafish, Drosophila, and Xenopus (UniProt accession codes: QOUKLO, A1L.228, Q59E36, and
Q90WNS5 respectively). Positively and negatively charged residues are colored in blue and red

respectively. Key residues discussed in text are indicated with an asterisk.

4.3.4.4 LSD/CoREST - extranucleosomal DNA interaction

The N-terminus of CORESTAL that is predicted to bind to the linker DNA in the
dinucleosome substrate model is suggested to interact with the extranucleosomal DNA in the
mononucleosome substrate model (Figure 4-21). The CoREST residues Arg308, Lys309 and
Lys312 are in close contact with DNA extension 5-10 bp from the end of the end of nucleosomal
DNA (Figure 4-21). However, due to its flexible nature, the N-terminus of CoRESTAT1, including
the region 286-307 not shown in the structure, is rich in basic residues and could make extensive
interactions with extranucleosomal DNA. Through the interactions of COREST SANT2 with the
nucleosome disk face and the N-terminus with extranucleosomal DNA, CoREST could function
not only to position LSD1 in the right orientation for catalysis, but also to recognize a
nucleosome in open chromatin and to drive specificity of LSD1’s demethylation of H3 K4 for
transcriptional repression.

The residues in LSD1 AOD (Lys355, Lys357, and Lys359) suggested to interact with the
end of nucleosomal DNA in the dinucleosome substrate model are shown to interact with
extranucleosomal DNA in the mononucleosome substrate model (Figure 4-21a). In addition to
Lys355, Lys357, and Lys359, the LSD1 residues Lys372, Arg568 and Lys699 in AOD are also

suspected to interact with DNA extension ~13-22 bp from the end of the nucleosomal DNA


http://www.uniprot.org/uniprot/Q9UKL0
http://www.uniprot.org/uniprot/A1L228
http://www.uniprot.org/uniprot/Q59E36
http://www.uniprot.org/uniprot/Q90WN5
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(Figure 4-21c, d). Specifically, the structure suggests that Lys372 located on the end of helix bind
to DNA extension ~13 bp, Lys355, Lys357, and Lys359 bind to DNA extension ~ 17 bp, and

finally Arg568 and Arg699 interact with DNA extension approximately 20 bp away from the end

of the nucleosomal DNA.

Figure 4-21. LSD1/CoREST complex makes extensive interactions with extranucleosomal DNA.
(a) LSD1/CoREST-extranucleosomal DNA interaction with relevant side chains highlighted.
DNA bp extension predicted to make contacts with CoREST and LSD1-AOD are indicated in
light green and cyan respectively. (b) Zoomed view showing N-terminus extension of COREST
making interactions with DNA extension ~5-10 bp from the end of nucleosomal DNA. (¢), (d)
Zoomed views of showing residues of AOD predicted to be involved in interaction with DNA
extension ~13-22 bp from the end of nucleosomal DNA. Histones, DNA, and relevant side chains
are depicted in sphere representation, and LSD1/CoREST and histones are depicted in cartoon
representation.
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The LSD1 AOD is structurally highly similar to maize polyamine oxidase (MPAO)

(Binda et al., 2001) but helix 372-395 is one of the least conserved between the two proteins
(Yang et al., 2006). In particular, this helix is oriented differently from mPAO and is involved in
making association with CoREST through the CoREST N-terminus extension and its short helix
(YYang et al., 2006) in addition to making contacts with H3 K14-P16 (Forneris et al., 2007).
Therefore, it seems plausible that the helix 372-395, unique to LSD1 AOD, plays an important
role in binding to COREST, histone H3 substrate, and also extranucleosomal nucleosomal DNA.
It is also noteworthy that LSD1 Lys355, Lys357, Lys359, Arg568, and Lys699 are located on the
loop region and the flexibility of the loop regions may allow them to be in closer proximity to
extranucleosomal DNA. It is also conceivable that DNA bending may occur beyond ~ 18 bp
DNA extension to make contacts with LSD1 AOD, which results in the expense of the binding
energy, consistent with the increased dissociation constant of LSD1/CoREST on nucleosomes

containing DNA longer than 181 bp (18N18) (Figure 3-4).

4.3.4.4 Distance between LSD1 catalytic site and H3 substrate

In contrast to the dinucleosome substrate model in which the catalytic AOD domain of
LSD1 is located close to the nucleosome core particle, the mononucleosome substrate model
shows that the LSD1 AOD is located rather further away and interacts with the extranucleosomal
DNA. Using the same approach as in the dinucleosome substrate model, the distance between the
LSD1 catalytic site and the H3 substrate was measured. The H3 residue Pro16 from the
LSD1/CoREST/H3-peptide structure is now approximately 49 A from H3 Thr45 on the
nucleosome core particle (Figure 4-22). In addition, H3 tail exits nucleosome DNA gyres

“behind” the extranucleosomal DNA, on the same side that LSD1 substrate binding site located
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so that the H3 tail does not need to wrap around the extranucleosomal DNA to get into the active

site (Figure 4-22b).
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Figure 4-22. Distance between LSD1 substrate binding site and its target in the mononucleosome
substrate model. (a),(b) The distance measured between Prol16 of H3 peptide bound in LSD1 and
Trh45 of histone H3 in the nucleosome is about 49A (calculated using PyMOL) and indicated in

green. Histones, DNA, and LSD/CoREST are depicted in cartoon representation.
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4.4 Discussion

My structures show how LSD1/CoREST binds to the nucleosome, albeit at low
resolution. Based on my biochemical experiments, which are discussed in detail in the following
chapter, | favor the mononucleosome substrate model over the dinucleosome substrate model.

My structure suggests that the COREST SANT?2 domain binds to the nucleosome disk face to help
orient the LSD1 AOD domain on the extranucleosomal DNA. In addition, the structure suggests
that the N-terminus extension of COREST interact with DNA extension close to the end of the

nucleosomal DNA, and LSD1 AOD to interact with DNA extension that is further away.

Even though the dinucleosome and the mononucleosome substrate models propose
different nucleosomal substrates for the enzyme, many of the observed interactions between the
LSD1/CoREST and the nucleosome are conserved between the two models despite the different
crystal forms, suggesting that these interactions are not due to crystal artifacts. The
mononucleosome substrate model is comparable to LSD1/CoREST oriented on the nucleosome 2
in the dinucleosome substrate model (Figure 4-17c, d). In addition, the interactions between the
CoREST SANT?2 and the nucleosome disk face, and between the COREST N-terminus extension
and the DNA extension are strikingly similar. The LSD1 AOD’s interaction with the end of the
nucleosomal DNA in the dinucleosome substrate model, and with the extranucleosomal DNA in
the mononucleosome substrate model distinguish one model from another. It seems conceivable
that the AOD of LSD1/CoREST complexed with 161 bp (8N8) nucleosome required the longer
DNA extension for interaction, but due to its absence, it bound to the end of the nucleosomal
DNA of the adjacent nucleosome instead. And this was made possible because 161 bp

nucleosomes happened to pack via end-to-end contact between extranucleosomal DNA.

If the LSD1 AOD binds extranucleosomal DNA beyond ~18 bp away from the end of the

nucleosomal DNA, as suggested in the mononucleosome substrate model, why did lengthening
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nucleosomes symmetrically to 185 (20N20) or 207 bp (31N31) decrease the binding affinity

(shown in Chapter 3) compared to 181 bp (18N18) when nucleosome labeled on H3 K27C were
used? The increase in dissociation constant with nucleosomes containing DNA length beyond 181
bp is possibly due to the expense of binding energy from the conformational change in
LSD1/CoREST complex to engage the extranucleosomal DNA, as suggested by the
mononucleosome substrate model (Figure 4-18). In addition, the LSD1 AOD residues predicted
to make contacts with ~ 20 bp extranucleosomal DNA are located in the loop region (Figure 4-
21), which could also undergo conformational changes that expend binding energy. My
mononucleosome substrate model shows 22 bp DNA extension as a linear B-form DNA, but it is
also possible that extranucleosomal DNA beyond 181 bp may be distorted to make contacts with

LSD1/CoREST.

The SANT domain is identified as an approximately 50-amino-acid motif that is present
in nuclear receptor co-repressors, and it was subsequently found in the subunits of many
chromatin-remodelling complexes (Aasland et al., 1996). The SANT domains in ADA2, SMRT,
and c-Myb bind to histone tails whereas the SANT domains of Myb-related proteins interact with
DNA (Yu et al., 2003, Boyer et al., 2002, Mo et al., 2005). The binding studies of the CoREST
SANT2 domain to histone tails suggest that the SANT domain in COREST does not bind to
isolated, unmodified histone tails (Yang et al., 2006). On the other hand, studies of COREST
SANT2 domain binding to DNA fragments (Yang et al., 2006, Pilotto et al., 2015), and its high
similarity with SANT domain of v-Myb suggest that the COREST SANT2 domain could act as a
DNA-binding domain. Although the CoOREST SANT2 domain consists of 4 a-helices instead of 3
a-helices in the canonical SANT domain, a-helices 1-3 in COREST SANT2 adopt a protein fold
highly similar to SANT domain of v-Myb and the DNA-binding residues in v-Myb are conserved

in COREST SANT?2 as well (Yang et al., 2006) (Figure 4-23a, b). The SANT domain of v-Myb
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binds to DNA by inserting its a-helix 3 into the major groove of the DNA (Figure 4-23b).

However, in my models, the corresponding a-helix 3 is above the histone disk face, with Lys418,
Asn419 and Arg427 possibly interacting with the nucleosomal DNA backbone and Arg426
pointing towards the a-helix 1 of histone H3, suggesting a different DNA binding mode from v-

Myb (Figure 4-23d, e).

The two crystal structures of chromatin remodeling factors ISW1a and Chd1
(chromodomain helices DNA-binding protein 1) in complex with DNA reveal how the SANT
domains in each chromatin remodelers bind DNA (Yamada et al., 2011, Sharma et al., 2011). In
both proteins, SANT and SLIDE domains are required for efficient nucleosome sliding and
predicted to bind to extranucleosomal DNA. ISW1a residues K889, L890, R893 and T897 and
Chd1 residues R1016 and K1020 in the N-terminal helix of the SANT domain contact DNA
phosphate backbone (Figure 4-24c, ). To examine if the COREST SANT2 in my model binds to
DNA in a similar manner as the SANT domains in ISW1a and Chdl, I have aligned the SANT2
of LSD1/CoREST to the ISW1a and Chdl SANT domains (Figure 4-24b, e). The surface of the
N-terminal helix of the SANT domain that is responsible for interacting with DNA in ISW1a and
Chd1 instead makes contacts with the LSD1 Tower domain in LSD1/CoREST complex,
precluding the region from making interactions with DNA (Figure 4-24c, ). Therefore, the
CoREST SANT2 domain probably does not bind DNA in the same manner as the SANT domains

in ISW1a and Chd1 chromatin remodelers.
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CoREST SANT2 overlaid on Theoretical model based
v-Myb SANT bound to DNA on alignment with v-Myb

Binding mode of the COREST SANT2 in
my mononucleosome substrate model

Figure 4-23. Alignment of v-Myb and CoOREST SANT domains. (a) Sequence alignment of the
SANT2 domains of CoREST and v-Myb with their secondary structural elements indicated above
and below the sequences, respectively. The conserved DNA-binding residues are labeled red,
whereas other conserved residues are labeled yellow. (b) Structure of COREST SANT2 (red)
overlaid on the structure of v-Myb SANT2 (blue) bound to DNA Ribbon drawing of the structure
of COREST SANT?2 (red) overlaid on the structure of v-Myb SANT2 (blue) bound to DNA. The
conserved DNA-binding residues are shown as purple (CoREST) and yellow (v-Myb) sticks.

(c) Molecular surface of COREST SANT?2 in the COREST SANT2-DNA model in the same
orientation as in (b) with the positive and negative electrostatic potentials colored blue and red,
respectively. (d), (¢) The actual binding mode of COREST SANT2 in the mononucleosome
substrate model. (Panels a-c adapted from Yang, M., J. C. Culhane, L. M. Szewczuk, C. B. Gocke,
C. A. Brautigam, D. R. Tomchick, M. Machius, P. A. Cole and H. Yu. "Structural Basis of
Histone Demethylation by Lsd1 Revealed by Suicide Inactivation.”" Nat Struct Mol Biol 14, no. 6
(2007): 535-9.)



123

a ISW1a £

ISW1a SANT E ¢ g
\\“\ Ly
g,

b
=5
» { v'.i,\jf\ # AN
AL ISW1a SANT

ILOAS @ . COREST SANT2

Figure 4-24. Alignment of SANT2 domain of LSD1/CoREST complex with SANT domains in
ISW1a and Chd1. (a) Structure of ISW1a bound to DNA depicted in cartoon representation (PDB
ID: 2Y9Z). The ISW1a SANT domain is shown in green and the rest of the ISW1a is shown in
light green. (b) Structure of the LSD1/CoREST (PDB ID: 2VID) with the COREST SANT2
domain aligned to ISW1a SANT domain bound to DNA. The LSD1 protein is shown in light
orange, COREST is shown in pink, and SANT2 domain is shown in red. For visualization, the
ISWIa structure except the SANT domain is not shown. (c) Zoomed view of the aligned SANT
domains in (b). (d) Structure of Chd1 bound to DNA depicted in cartoon representation (PDB ID:
3TED). The Chd1l SANT domain is shown in yellow and the rest of the Chd1 is shown in light
yellow. (e) Structure of the LSD1/CoREST (PDB ID: 2VID) with the COREST SANT2 domain
aligned to Chd1 SANT domain bound to DNA. The LSD1 protein is shown in light orange,
CoREST is shown in pink, and SANT2 domain is shown in red. For visualization, the Chdl
structure except the SANT domain is not shown. (f) Zoomed view of the aligned SANT domains
in (e).
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My mononucleosome substrate model is also consistent with my previous fluorescence
guenching experiment. Very little or no change in fluorescence was observed for the probes
incorporated into the nucleosome at H2A E91, H2A S113, and H4 Q27 upon LSD1/CoREST
binding. In hindsight, it is likely that labeling at H4 Q27, which is right on the interaction surface
with COREST SANTZ2, inhibits binding of LSD1/CoREST to the nucleosome (Figure 4-25).
Although the specific distance between the probe and the binding protein to produce fluorescence
guenching is not known, both H2A E91 and H2A S113 are far away from LSD1/CoREST in the
mononucleosome substrate model. However, a modest change in fluorescence was detected at the
H2A D72 and H2B S120 10C label even though they seem far away from the LSD1/CoREST’s
binding site. It is likely that the fluorescence changes at these probes occurred due to nonspecific
binding of LSD1/CoREST on the nucleosomal DNA at 50 mM NacCl in addition to probes located
on H2A and H2B tails (Figure 3-2). In addition, my model shows that the LSD1/CoREST does
not employ an arginine anchor motif to bind to the nucleosome acidic patch, as demonstrated by
the HI-FI binding assay performed on nucleosome containing the acidic patch mutation (Table 3-

2).

Blaine Bartholomew group’s photocrosslinking studies suggest that CoOREST binds to

DNA close to nucleosomal dyad, and also to DNA approximately one helical turn from the end of
nucleosome particle end, and LSD1 binds to DNA two helical turns from the nucleosome particle
end (Figure 3-7). These crosslinking results are mostly consistent with my model, with COREST
SANT2 making contact with DNA ~10 bp away from the dyad (Figure 4-26). The N-terminus of
CoRESTALis also in close proximity to DNA 9-12 bp from the end of the nucleosomal DNA, and
it is plausible that the COREST 286-307 not shown in structure may also make contacts with this
region. The structure suggests that LSD1 AOD domain is responsible for making contacts with

DNA 18-22 bp from the nucleosomal DNA (Figure 4-26). Crosslinking to nucleosomal DNA at
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—33 and +42 bp from the nucleosome dyad likely reflects nonspecific binding of LSD1/CoREST

to nucleosomal DNA because these interactions are weakened by increased salt concentrations
even in the presence of extranucleosomal DNA as explained in chapter 3 (Figure 3-3). | currently
cannot explain why positions +6, 0, and 2 crosslinks to COREST while my mononucleosome
substrate model shows that COREST is positioned far away from these positions. However, the
photocrosslinking studies substantiates and favors the mononucleosome over the dinucleosome

substrate model.

10-15% Change <10% Change

H2A D72 H2A E91
H2B $120 H2A S113
H4 Q27

Figure 4-25. Fluorescence positions on the nucleosome affected by LSD1/CoREST binding
mapped onto the mononucleosome substrate model. The fluorescence quenching results from
Chapter 3 are mapped onto the mononucleosome substrate model on the nucleosome core particle
with Widom 601 DNA sequence (PDB ID: 3LZ0). The fluorescence quenching of probes on
histone tails are not shown. The nucleosome is depicted in sphere representation and
LSD1/CoREST is depicted in cartoon representation. Probe positions that produced 10-15%
fluorescence quenching are indicated in pink, and probe positions that produce less than 10%
fluorescence quenching are indicated in blue. The four H2A residues in the nucleosome acidic
patch, E61, E64, D90 and E92, are shown in orange.
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My dinucleosome substrate and mononucleosome models provide low resolution
structures of LSD1/CoREST bound to nucleosomes. The two models suggest different
nucleosomal substrates for LSD1/CoREST and provide ways that LSD1/CoREST can engage
each substrate. Nevertheless, based on both models, it seems likely that COREST SANT2
interacts with the nucleosome disk face above H4, and the N-terminus of COREST makes
contacts with extranucleosomal DNA to position LSD1’s AOD domain to bind to H3 N-terminal
tail for subsequent catalysis. Biochemical studies to validate the two models and to determine the
true substrate for LSD1/CoREST will be discussed in the next chapter. My low resolution models
also highlight the need for a higher resolution structure of LSD1/CoREST/nucleosome to

visualize and understand precisely how LSD1/CoREST binds to its nucleosome substrate.
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Figure 4-26. Photocrosslinking results mapped onto the mononucleosome substrate model.
Positions along the phosphate backbone crosslinked to LSD1, CoREST and both LSD1/CoREST
are shown in green, blue, and red. Nucleosomal DNA positions (light blue) are labeled with the
base pair position from the nucleosome dyad whereas extranucleosomal DNA positions (gray) are
labeled with the base pair position from the end of the nucleosome core particle.
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4.5 Supplementary Figures
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Supplementary Figure 4-1. Binding curves for 147 (yellow), 161 (blue), and 181 bp (pink)
nucleosomes interacting with LSD1/CoREST complex fluorescently labeled on LSD1 V415C at
75 mM NacCl. The nucleosomes of different lengths were titrated against the labeld
LSD1/CoREST (kept at 4 nM).
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Supplementary Figure 4-2. Electron density maps for (a) LSD1/CoREST/161M nucleosome
and (b) LSD1/CoREST/189M nucleosome data at 1.0c. The molecular replacement solutions of
dinucleosome substrate model (yellow) and mononucleosome substrate model (purple) are
superposed into each electron density map (gray). DNA extensions beyond the nucleosome core
particle, which are not part of the input models (nucleosome (PDB ID: 3LZ0), LSD1-CoREST
(PDB ID: 2V1D)), are shown in electron density map, suggesting that the solutions are probably
substantially correct.
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Number of reflections
Rwork/ Rfree

LLG

4.6 Supplementary Table

LSD1/CoREST/161 bp
nucleosome
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LSD1/CoREST/189 bp
nucleosome

Dinucleosome substrate
model

P6222

212.1,212.1, 488.4
90.0, 90.0, 90.0
7.24
0.023 (0.462)

16.7 (1.6)
99.8 (99.4)

18.3 (18.0)
181618
9919

7.25
9298
0.38/0.44
1153

Mononucleosome substrate
model

P212121

103.0, 172.8, 331.4
90.0, 90.0, 90.0
5.29
0.033 (0.614)

13.9 (1.3)
96.8 (84.8)
6.3 (5.3)
136420
21739

531
20402
0.33/0.39
2108

Supplementary Table 4-1. Data collection statistics determined by XDS, and molecular
replacement statistics calculated by Phaser and REFMAC. Values in parentheses are for
highest-resolution shell. Molecular replacement yielded single solution for each model
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Chapter 5

Biochemical Characterization of LSD1/CoREST on nucleosomes

5.1 Abstract

My two models suggest two possible nucleosomal substrates for LSD1/CoREST: a
dinucleosome with 16 bp linker, and a mononucleosome with extranucleosomal DNA. Here |
describe the biochemical studies to determine the true substrate for LSD1/CoREST and to
validate my models. My studies of LSD1/CoREST’s enzyme activity on dinucleosomes and
mononucleosomes show that LSD1/CoREST is unable to demethylate H3K4 in dinucleosomes. |
have also performed mutational studies combined with the HI-FI binding assay to validate my
mononucleosome substrate model. The HI-FI nucleosome binding experiments suggest that the
LSD1 AOD binds extranucleosomal DNA ~1.5-2 turns from the end of the nucleosomal DNA
while the N-terminus of CORESTA1 makes contacts with the extranucleosomal DNA ~1 turn
from the end of the nucleosomal DNA. In addition, | have identified the residues in the COREST
SANT2 domain crucial for LSD1/CoREST to bind to nucleosome independent of
extranucleosomal DNA. These results are consistent with my mononucleosome substrate model

of LSD1/CoREST/nucleosome structure.
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5.2 Introduction

Currently known structural studies of LSD1/CoREST have been performed on the H3-
peptide or on the nucleosome core particle (Forneris et al., 2007, Pilotto et al., 2015). However,
the better nucleosomal substrates of LSD1/CoREST contain extranucleoeomal DNA, which
enhances both the activity and affinity of LSD1/CoREST to its targets (Kim et al., 2015). In the
previous chapter, | have described two models from the crystal structures of LSD1/CoREST on
the nucleosomes with extranucleosomal DNA. To my knowledge, these are the first crystal
structures of a histone modifying enzyme on a nucleosome containing one or two turns of
extranucleosomal DNA albeit at low resolution.

My two models of LSD1/CoREST/nucleosome structure suggest three possibilities: 1. the
mononucleosome is the true substrate, 2. the dinucleosome is the true substrate, 3. both mono-
and dinucleosomes are substrates for LSD1/CoREST. To distinguish among the three
possibilities, | have performed the demethylase activity assay on dinucleosomes with different
linker lengths and on mononucleosomes using Western Blot. | have mutated specific
LSD1/CoREST residues suspected to be responsible for the interaction with the nucleosomes and
measured the dissociation constants of the mutant LSD1/CoREST complexes on nucleosomes of
various DNA lengths. In addition, the mononucleosome substrate model suggests the possibility
that LSD1/CoREST complex undergoes a conformational change to bind to the nucleosome core
particle and the extranucleosomal DNA. As a consequence, the position of the LSD1 AOD is
closer to the nucleosome core particle relative to the position of the LSD1 AOD to the
nucleosome 2 in the dinucleosome substrate model. To examine the minimum length of the H3
tail required for LSD1/CoREST’s demethylase activity, I have made truncations in the H3 tail,

and examined their effect in the context of the nucleosome. Overall, my biochemical studies
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support my mononucleosome substrate model and indicate that the mononucleosome with

extranucleosomal DNA, but not the dinucleosome, is the true substrate for LSD1/CoREST.
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5.3 Results

5.3.1 Demethylase activity of LSD1/CoREST complex on mono- and dinucleosomes

5.3.1.1 LSD1/CoREST is not able to demethylate H3K4me2 in dinucleosome with 16 bp linker
DNA

My dinucleosome substrate model suggests the possibility that LSD1/CoREST uses a
dinucleosome contatining 16 bp linker DNA as a substrate. | therefore tested the demethylase
activity of LSD1/CoREST on dinucleosome substrate by Western Blot to examine if this is a
better substrate than mononucleosomes with 147 bp and/or extranucleosomal DNA. Recombinant
nucleosome containing a methyl-lysine analog of dimethylated H3 Lys4 (H3Kc4) was
reconstituted with 306 bp nucleosomal DNA that contains the two identical Widom 601
nucleosome positioning sequences. Since this 306 bp DNA contains the two 601 positioning
sequences at each end, it constitutes a N16N positioning sequence where N represents the central
145 bp 601 nucleosome core particle sequence, with 16 bp linker in between. Nucleosomes
containing the histone H3K4me2 methyl-lysine analog were prepared with 147 (1N1), 161 (8N8),
and 177 bp (16N16) and LSD1/CoREST’s catalytic activity on these substrates were tested. If the
dinucleosome was a substrate for LSD1/CoREST, the demethylase activity on dinucleosome was
expected to be significantly higher than on the 147 bp nucleosome. In addition, if the
dinucleosome was a better substrate than mononucleosomes with extranucleosomal DNA,
LSD1/CoREST’s activity was expected to be higher on N16N dinucleosome than on 161 (8N8)
or 177 bp (16N16) mononucleosomes. My results showed that LSD1/CoREST was not able to
demethylate H3K4 in N16N dinucleosome during 15 minutes (Figure 5-1a). This represented a
similar demethylase activity for LSD1/CoREST on 147 bp (1N1) nucleosome. In contrast, a

dramatically increased activity was detected on 161 and 177 bp mononucleosomes, consistent
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with the previous results that lengthening the extranucleosomal DNA on nucleosomes enhances

LSD1/CoREST’s activity (Figure 5-1a).

a
Nucleosome Mono Mono Mono Di
DNA 1N1 8N8 16N16 N16N
147bp 161bp 177bp 306bp
Time (min) 0 10 15 0 10 15 0 1015 0 10 15
H3K4me2 | g e — —
Blot: a-H3K4me2
Nucleosome Di Di Di Di

DNA N11N N16N N21N N26N

Time (min) 01530 0 15 30 0 15 30 0 15 30
H3K4me2

Time() 017 017017 017
H3K4me2 y

Blot: a-H3K4me2

Figure 5-1. Demethylase activity of LSD1/CoREST on mono- and dinucleosome substrates using
Western Blot with an antibody against H3K4me2. (a) Demethylase activity of LSD1/CoREST on
147 (1IN1), 161 (8N8), and 177 bp (16N16) nucleosomes and 306 bp (N16N) dinucleosome with
after 0, 10, and 15 minutes. (b) Demethylase activity of LSD1/CoREST on 301 (N11N), 306
(N16N), 311 (N21N), and 316 bp (N26N) dinucleosomes after 0, 15, 30 minutes, and 0, 1, and 7
hours.

5.3.1.2 Dinucleosomes with 11, 16, 21, and 26 bp linker DNA are not substrates for
LSD1/CoREST complex

Considering the unexpectedly undetectable demethylase activity of LSD1/CoREST on
the N16N dinucleosome, | asked if shortening or lengthening the linker DNA in the dinucleosome
would enhance the activity of LSD1/CoREST. Since my mononucleosome substrate model
suggests that the LSD1 AOD engages the DNA extension ~20 bp from the end of the
nucleosomal DNA, | anticipated that lengthening the linker length beyond 20 bp would enable

LSD1/CoREST to perform its activity. Nucleosomal DNA of 301 (N11N), 311 (N21N), and 316
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bp (N26N) were prepared and reconstituted into dinucleosomes containing the same preparation
of histone H3K4me2 methyl-lysine analog. LSD1/CoREST was unable to demethylate H3K4 in
any of the dinucleosomes even when the assay duration was extended for seven hours (Figure 5-
1b).

My results indicated that either the dinucleosomes are not true substrates for
LSD1/CoREST or that the prepared recombinant dinucleosomes with H3K4me2 methyl-lysine
analog are defective. To address the latter problem, I examined the integrity of these
dinucleosomes by testing if they can be ubiquitylated by the PRC1 ubiquitylation module. The
surfaces formed by the nucleosome are required for the E3 ligase activity of PRC1, and H2A—
H2B dimers and H2A alone are not substrates for the PRC1 ubiquitylation module (Bentley et al.,
2011, Olsen and Lima, 2013, McGinty et al., 2014). This enzyme, which consists of E3 ubiquitin
ligase subunits, Ring1B and Bmil, was shown to ubiquitylate histone H2A Lys119 in 147 bp
nucleosomes with an E2 ubiquitin-conjugating enzyme, Ubc H5c¢ in our laboratory (McGinty et
al., 2014). Both the wild-type and dimethylated dinucleosomes with N16N DNA are
ubiquitylated by the Ring1B/Bmil complex, demonstrating that these dinucleosomes are not
defective (Figure 5-2). Interestingly, the dinucleosomes were mostly mono-ubiquitylated whereas

the 147 bp nucleosome was poly-ubiquitylated. | do not have an explanation for this observation.

Nucleosome Mono Di Di
wT WT H3K4me2
DNAlength  147bp N16N N16N
ATP - + - + - + MW

H2Aub2 —>
H2Aub1 —>
H3 —>

UbcHS5c/H2A/H2B —>
Bmi1/Ring1B/H4 —>

ub —»

Figure 5-2. Ubiquitylation assay on mono- and dinucleosomes. Coomassie blue stained gel of
ubiquitylation assay of Bmil/Ring1B complex on 147 bp (1N1) wild-type nucleosomes, 306 bp
(N16N) wild-type dinucleosome, and 306 bp (N16N) H3K4me2 dinucleosome.
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5.3.2 Binding studies of LSD1/CoREST complex on mono- and dinucleosome

5.3.2.1 LSD1/CoREST complex has higher binding affinity on the mononucleosome with 181
bp DNA than on the dinucleosomes

My activity assay indicated that LSD1/CoREST is not able to demethylate H3K4me2 in
N11N, N16N, N21N and N26N dinucleosomes. I next compared the LSD1/CoREST’s ability to
bind to mononucleosomes and dinucleosomes with different linker lengths using the HI-FI
nucleosome binding assay. I selected the same position (H3 K27C) in the nucleosome to use in
my LSD1/CoREST nucleosome binding assay. In addition to the 306 bp (N16N) nucleosomal
DNA, | prepared 322 bp (8N16N8) DNA containing the two Widom 601 positioning sequence
with 16 bp linker and 8 bp DNA extension on the other end of each nucleosome core particle
sequences.

I determined that LSD1/CoREST binds to 147 bp nucleosomes with a dissociation
constant of 3.15 uM at 75 mM NaCl. LSD1/CoREST bound to 157 (6N6) and 181 bp (18N18)
nucleosomes with dissociation constants of 862 + 27 and 392 + 31 nM respectively (Table 5-1),
with the similar trend of increasing binding affinity with an increase in DNA length observed
previously at 50 mM NaCl (Table 3-2). The 322 bp (BN16N8) dinucleosome resulted in a
dissociation constant of 502 + 51 nM, weaker affinity than the 181 bp nucleosome, but higher
affinity than the 147 bp and 157 bp nucleosomes. (Figure 5-3a). Removing the 8 bp DNA
extension on each end of the nucleosome core particle from the 322 bp (8N16N8) dinucleosome
to 306 bp (N16N) dinucleosome decreased the dissociation constant only slightly to 531 + 21 nM
(Table 5-1). The fact that LSD1/CoREST is able to bind to N16N dinucleosome but is unable to
remove methyl groups from H3K4 in the same dinucleosome suggests that the enzyme binds to

this dinucleosome in a non-productive mode.
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Figure 5-3. Binding affinity of LSD1/CoREST towards dinucleosomes. (a) Binding curves for
LSD1/CoREST interacting with 147 (yellow), 157 (blue), 181 bp (pink) mono- and 322 bp
(green) dinucleosome fluorescently labeled on H3 K27C at 75mM NacCl. (b) Equivalent binding
curves for LSD1/CoREST interacting with 157 bp (blue) mono-, 301 bp (red) and 322 bp (green)
dinucleosomes.

DNA Nucleosome DNA Ka (NM) relative to Hill

length format 147 bp coefficient
147 mono IN1 3152 + 261 1.0 0.88 + 0.08
157 mono 6N6 862 + 27 3.7 0.96 + 0.05
181 mono 18N18 392 +31 8.0 0.77 £0.02
185 mono 20N20 710 + 83 4.4 0.67 £ 0.02
189 mono 22N22 410 £ 61 7.7 0.60 + 0.03
197 mono 26N26 777 £161 4.1 0.73+0.03
301 di N11N 1576 £+ 350 2.0 0.44 £ 0.01
306 di N16N 531+21 5.9 0.67 £ 0.04
311 di N21N 1295+ 72 2.4 0.49 + 0.05
316 di N26N 1082 + 115 2.9 0.55 + 0.03
322 di 8N16N8 502 + 51 6.3 0.82 + 0.06

Table 5-1. Dissociation constants and Hill coefficients for LSD1/CoREST complex binding to
mono- and dinucleosomes with different length linker DNA

5.3.2.2 Negative cooperative binding of LSD1/CoREST to dinucleosomes

Next, | questioned if changing the linker lengths in dinucleosomes would affect the

binding affinity of LSD1/CoREST, as lengthening the extranucleosomal DNA enhanced the
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binding affinity of LSD1/CoREST towards the mononucleosomes. Dinucleosomes labeled on H3
K27C containing the 301 (N11N), 311 (N21N), and 316 bp (N26N) DNA were tested in the HI-
FI nucleosome binding assay. Both shortening the linker length to 11 bp and lengthening it to 21
or 26 bp decreased the binding affinity of LSD1/CoREST towards dinucleosomes (Table 5-1).
But more interestingly, the binding curves for dinucleosomes with 11, 21, and 26 bp linkers fit
Hill coefficient (ny) values significantly lower than 1, indicating negative cooperativity of
LSD1/CoREST binding to these dinucleosomes. The Hill coefficients of 0.44, 0.49, and 0.55 for
N11N, N21N and N26N dinucleosomes, respectively, are significantly lower than the Hill
coefficients calculated for any other mononucleosome or dinucleosome binding curves (Table 5-
1). Previous HI-FI binding assay indicated Hill coefficients of 0.88, 0.96 and 0.77 for 147, 157,
and 181 bp nucleosomes, and 0.67 and 0.82 for 306bp (N16N) and 322bp (8N16N8)
dinucleosomes, respectively, at 75 mM NaCl and therefore a Hill coefficient of 1.0 was used for
subsequent analysis. However, a significant deviation of Hill coefficients for dinucleosomes with
11, 21, and 26 bp linker from 1.0 value prevented the binding curves to be fit with ny of 1.0.
Figure 5-3b shows that LSD1/CoREST binds to 301 bp (N11N) dinucleosome with negative
cooperativity indicated by reduced slope steepness and with lower affinity compared to 157 bp
mono- and 322 bp dinucleosomes. LSD1/CoREST binds the 311 (N21N) and 316 bp (N26N)
dinucleosomes with similar Hill coefficient and binding affinity as 301 bp (N11N) dinucleosome
(Table 5-1). These results suggest that LSD1/CoREST prefers 181 bp (18N18) mononucleosomes
over dinucleosomes for binding and that dinucleosomes with 11, 21, and 26 bp linkers induce
negative cooperativity binding of LSD1/CoREST.

Previously, I have also observed the decreased affinity for 185 (20N20) and 207 bp
(31N31) nucleosomes compared to 181 bp (18N18) nucleosomes, which bound LSD1/CoREST
with the highest affinity. However, my mononucleosome substrate model suggests that

LSD1/CoREST binds DNA extension beyond 18 bp from the end of the nucleosome particle,
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with the LSD1 AOD possibly interacting with DNA extension ~ 22 bp, which corresponds to 189

bp (22N22) of symmetrically extended nucleosome. To examine the binding affinities of
LSD1/CoREST towards nucleosomes with symmetrically extended DNA between 181 bp and
207 bp, I have performed the HI-FI binding assay with nucleosomes labeled at H3 K27C at 75
mM NaCl. | determined that LSD1/CoREST binds 185 (20N20) and 197 bp (26N26)
nucleosomes with dissociation constants of 710 nM and 777 nM respectively (Table 5-1), or ~2x
weaker affinity compared to the 181 bp (18N18) nucleosomes. However, the 189 bp (22N22)
nucleosomes bound LSD1/CoREST with similar affinity as 181 bp nucleosome, with a
dissociation constant of 410 nM. It was surprising that adding an additional 2 bp on either side to
185 bp nucleosome produced an almost ~2-fold greater affinity, suggesting that these 2 additional
bp engages LSD1/CoREST productively. The decreased binding affinity with 185 bp
nucleosomes compared to 181 bp nucleosomes, and the similar trend with 197 bp nucleosomes
compared to the 189 bp nucleosomes despite the longer extranucleosomal DNA suggests for
either conformational change in LSD1/CoREST or DNA distortion in DNA extension beyond 18
bp, or combination of both when LSD1/CoREST binds to nucleosomes with substantially longer
extranucleosomal DNA. The expense of binding energy due to conformational change or DNA
distortion is compensated by tighter binding with 189 bp nucleosomes compared to 185 bp
nucleosomes, but additional contacts are not made beyond 22 bp DNA extension for 197 bp

nucleosomes.
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5.3.3 Binding studies of LSD1/CoREST mutant complexes

5.3.3.1 Dimerization mutations

My dinucleosome substrate model suggests the possibility that the LSD1/CoREST binds
to dinucleosome substrates as a dimer. To examine if the dimerization is obligatory for
LSD1/CoREST’s interaction with dinucleosomes, | have created the LSD1/CoREST complexes
containing mutations at the dimerization interface (Figure 4-9). In particular, the residues
suspected to mediate dimerization were mutated to tyrosine, a bulky residue that can disrupt
dimer formation. My HI-FI binding results show that LSD1/CoREST complexs containing either
the LSD1(K432Y) or the CoOREST(E341Y/Q348Y) mutations bind to both 181 bp (18N18)
mononucleosomes and 306 bp (N16N) dinucleosomes with similar affinity as the wild-type
LSD1/CoREST at 100 mM NacCl (Figure 5-4, Table 5-2). These results suggest that dimerization
is not required for LSD1/CoREST to bind to both mono- and dinucleosomes, and that

dimerization may be an artifact of crystallization in the dinucleosome substrate model.
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Figure 5-4. Effect of the dimerization mutations on the binding affinity of LSD1/CoREST
towards mono- and dinucleosomes. The dissociation constants determined by the HI-FI binding
assay at 100 mM NacCl are shown as bar graphs.
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Mutations DNA DNA format Ka (M) relative to WT
length LSD1/CoREST

WT 181 18 + 145+ 18 1070 1.0

LSD1 K432Y 181 18 + 145+ 18 1090 1.0
COREST E341Y/Q348Y | 181 18 + 145 + 18 1260 1.2
WT 306 145 + 16 + 145 1600 1.0

LSD1 K432Y 306 145 + 16 + 145 1620 1.0
CoREST E341Y/Q348Y | 306 145 + 16 + 145 1170 0.72

Table 5-2. Dissociation constants for dimerization mutant LSD1/CoREST complexes binding to
nucleosomes at 100 mM NacCl.

5.3.3.2 Mutations in COREST SANT2

LSD1A1 CoRESTA1

Both my mononucleosome and dinucleosome substrate models suggested that the
CoREST SANT2 binds to the nucleosome disk face and nucleosomal DNA ~10 bp away from the
nucleosome dyad. In particular, the COREST residues Lys378 and Arg382 are positioned close to
DNA backbone of nucleosomal DNA and the residues Arg425, Arg426, and Arg427 are above
the disk face of histone H3 and H4 (Figure 4-13, Figure 4-19). To examine the effect of these
residues, | have created LSD1/CoREST complexes containing either the K378E/R382E double
mutations or the R425A/R426 A/R427A triple mutations and tested their ability to bind to 147
(1IN1), 157 (6N6), 181 bp (18N18) mononucleosomes and 322 bp (8N16N8) dinucleosomes with
the HI-FI nucleosome binding assay. LSD1/CoREST containing the K378E/R382E mutations
bound to 147 (1N1), 157 (6N6), and 181bp (18N18) nucleosomes with ~15x weaker affinity
compared to the wild-type LSD1/CoREST complex (Figure 5-5a, Table 5-3), indicating an
important role of these two basic residues in binding to nucleosomes. The dissociation constants

of this mutant towards all 147, 157 and 181 bp nucleosomes could not be determined accurately
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as no plateau of fluorescence quenching was achieved even with the highest concentration of
LSD1/CoREST complex used in the assay (Figure 5-5a), characteristic of weak interactions.
Similarly, LSD1/CoREST complex containing the R425A/R426 A/R427A mutations bound to
147 (IN1), 157 (6N6), 181 (18N18), and 322 bp (BN16N8) nucleosomes with ~5x weaker
affinity compared to the wild-type LSD1/CoREST complex (Figure 5-5b, Table 5-3). Dynamic
light scattering was used to check for aggregation of these and subsequent mutant LSD1/CoREST
complexes, and the polydispersity was below 15%, indicating the samples were monodispersed,
and the reduced binding is not due to protein aggregation.

Both sets of mutations decreased the ability of LSD1/CoREST to bind to 147 bp
nucleosome significantly, and the DNA extension enhanced the affinity of the mutant complexes
to nucleosomes, suggesting that CoREST residues K378/R382 and R425/R426AR427 likely bind

to the nucleosome core particle and not to extranucleosomal DNA.
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Figure 5-5. Effect of mutations in the COREST SANT?2 on binding affinity of LSD1/CoREST
towards nucleosomes. (a) Effect of K378E/R382E mutations in COREST SANT?2. Binding curves
for wild-type LSD1/CoREST interacting with 147 (yellow), 157 (blue), and 181 bp (pink)
nucleosomes at 75mM NacCl are indicated by solid lines and binding curves for mutant
LSD1/CoREST interacting with 147 (green), 157 (purple) and 181 bp (red) nucleosomes are
indicated by dashed lines. (b) Effect of R425A/R426A/R427A mutations in COREST SANT2.
Binding curves for wild-type LSD1/CoREST interacting with 181 bp mononucleosomes (pink)
and 322 bp dinucleosomes (green) are indicated by solid lines and binding curves for mutant
LSD1/CoREST interacting with 181 bp mononucleosomes (yellow) and 322 bp dinucleosomes
(blue) are indicated by dashed lines.
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CoREST mutations DNA DNA format Ka (M) relative to WT
length LSD1/CoREST
K378E/R382E 147 1+145+1 > 23000 >7
K378E/R382E 157 6+145+6 11903 14
K378E/R382E 181 18 + 145 + 18 6732 17
R425A/R426A/R427A | 147 1+145+1 > 17000 >5
R425A/R426A/R427A | 157 6+145+6 3879 + 827 4.5
R425A/R426A/R427A | 181 18+ 145+ 18 2216 + 447 5.7
R425A/R426A/R427A | 322 |8+ 145+ 16+ 145+ 8 3009 6.0

Table 5-3. Dissociation constants for SANT2 mutant LSD1/CoREST complexes binding to
nucleosomes with different length linker DNA.

5.3.3.3 Truncations in CoREST N-terminus

LSD1A1 CoRESTA1

*
“Cinker

Both my mono- and dinucleosome substrate models suggest a role for the N-terminus of
CoRESTAL in binding to the DNA extension ~5-10 bp away from the end of the nucleosomal
DNA. HI-FI binding assays comparing LSD1/CoRESTA2 [CoRESTA2 = CoREST(308-482)]
with the equivalent LSD1/CoREST complex without the COREST N-terminal deletion showed
overall ~2-fold decrease in binding affinity towards nucleosomes with 147 (1N1), 157 (6N6) and
181 bp (18N18) nucleosomes (Table 4-1). However, similar to wild-type LSD1/CoREST, adding
on additional 5 bp and 17 bp on either side to 157 (6N6) and 181 bp (18N18) nucleosome
decreased the dissociation constant ~3.5 x and ~7x for LSD1/CoRESTAZ2, suggesting that
CoREST residues 286-307 are not responsible for binding to 5-10 bp DNA extension.

To examine if the COREST residues beyond 308 in the N-terminus of CORESTALI are
responsible for interaction with extranucleosomal DNA, | have created a LSD1/CoREST complex
containing the truncated COREST [CoRESTA4 = CoREST(316-482)] (Figure 5-6a, b) and tested

its binding affinity to the nucleosomes with various lengths of extranucleosomal DNA extended
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symmetrically. A gradual increase in binding affinity with increasing DNA lengths from 147
(1IN1), 151 (3N3), 155 (5N5), 157 (6N6), 159 (7N7), 161 (8N8), to 181 bp (18N18) was observed
with the wild-type LSD1/CoREST (Figure 5-6¢). However, this concomitant increase in binding
affinity was abolished by removing the residues 286-315 in CoOREST. Extending the 147 bp DNA
fragment by 2 bp on either side to 151 bp (3N3) resulted in a Ky of 6488 nM, ~ 1.5x greater
affinity compared to Ky of 8917 nM for 147 bp nucleosome (Figure 5-6¢, Table 5-4), the same
trend observed with the wild-type LSD1/CoREST. However, adding additional 4-7 bp on either
side to 147 bp nucleosome did not affect the dissociation constants for LSD1/ CoRESTA4 in
contrast to the wild-type LSD1/CoREST. In particular, the LSD1/CoRESTA2 truncation mutant
bound the 155 (5N5) and 157 bp (6N6) nucleosomes with weaker affinity than the 151 bp (3N3)
nucleosome, suggesting that the CoREST residues 286-315 interact with DNA extension 5-6 bp
away from the end of the nucleosomal DNA (Table 5-4). In addition, further lengthening the
extranucleosomal DNA to 159 (7N7) and 161 bp (8N8) did not enhance the binding affinity of
LSD1/CoRESTAA4 significantly, with ~1.5-fold increase in affinity (Table 5-4). On the other
hand, the binding affinity was increased by 2.4-fold with 181 bp (18N18) nucleosome, suggesting
that the region other than the N-terminus of CORESTAL interacts with the DNA extension ~18 bp
from the end of the nucleosomal DNA. In addition, the dissociation constant of 322 bp (BN16N8)
dinucleosome (4498 nM) was similar to the Kq of 161 bp (8N8) nucleosome (5520 nM) for this

truncation mutant complex.
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Figure 5-6. Effect of N-terminus truncation in COREST on the binding affinity of LSD1/CoREST
towards nucleosomes with different length linker DNA. (a) Amino acid sequence of N-terminus
of CoRESTAL. The basic residues are colored in red and the residues removed in the CORESTA4
are underlined. (b) Schemes representing the constructs for CORESTA1 and CORESTA4 (c)
Summary of fold increase in binding affinity of the wild-type (orange) and LSD1/CoRESTA4
complexes for 8 nucleosomes with different extranucleosomal lengths.
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DNA length DNA format Kg (M) relative to 147 bp
147 1+145 + 1 8917 + 355 1.0
151 3+145 + 3 6488 +1004 1.4
155 5+145 + 5 7217 +1889 1.2
157 6+145 + 6 7359 + 373 1.2
159 7+145 + 7 5795 15
161 8+145 + 8 5520 + 2941 1.6
181 18 + 145 + 18 3697 + 327 2.4
322 8+ 145+ 16 + 145 +8 4498 2.0

Table 5-4. Dissociation constants for LSD1/CoRESTA4 complex binding to nucleosomes with
different length linker DNA.

5.3.3.4 Mutations in LSD1 AOD

LSD1A1 CoRESTA1

AOD

The mononucleosome substrate model suggests the possibility that the LSD1 AOD
makes interactions with the extranucleosomal DNA beyond one helical turn from the end of the
nucleosome core particle. To examine if the LSD1 AOD is responsible for binding to
extranucleosomal DNA, | have made mutations on the basic residues in this region and tested
their effect on binding affinities of LSD1/CoREST complexes to nucleosomes with different
DNA lengths.

The mutations of the LSD1 AOD residues (K355E/K357E/K359E), a part of the basic
stripe, significantly decrease the binding affinity of LSD1/CoREST towards all nucleosomes with
symmetrically extended DNA of various length (Figure 5-7a, b, Table 5-5). This mutated
LSD1/CoREST complex binds the 147 bp nucleosome with ~6-fold weaker affinity compared to
the wild-type LSD1/CoREST, while it binds the 177 (16N16) and 181 bp (18N18) nucleosomes
with >40-fold weaker affinity compared to the wild-type complex. In addition, the

LSD1/CoREST with K355E/K357E/K359E mutations binds the 177 and 181 bp nucleosomes
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with weaker affinity than the 147, 151, or 161 bp nucleosomes, and adding on extra DNA to 185

bp (20N20) increase the affinity of LSD1/CoREST (Figure 5-7a, b, Table 5-5), suggesting that
these lysine residues are critical in making contact with ~16-18 bp DNA from the end of the

nucleosomal DNA.
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Figure 5-7. Effect of mutations in the LSD1 AOD on the binding affinity of LSD1/CoREST
towards nucleosomes with different length linker DNA. (a) Binding curves for LSD1/CoREST
containing LSD1 K353E/K357E/K359E mutations interacting with 161 (blue), 177 (green) and
181 bp (pink) nucleosomes fluorescently labeled on H3 K27C at 75mM NaCl. (b) Summary of
fold increases in binding affinity of the mutated LSD1/CoREST (K353E/K357E/K359E) towards
nucleosomes with various linker DNA relative to 147 bp nucleosome. (c) Binding curves for
LSD1/CoREST containing LSD1 K372A mutation interacting with 147 (orange), 155 (blue), 177
(green) and 181 bp (pink) nucleosomes fluorescently labeled on H3 K27C at 75mM NacCl. (b)
Summary of fold increases in binding affinity of the mutated LSD1/CoREST (K372A) towards
nucleosomes with various linker DNA relative to 147 bp nucleosome.
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DNA DNA format Ka (nM) relative to 147 relative to WT
length bp LSD1/CoREST
147 1+145+1 19367+ 655 1.0 6.1

151 3+145+3 15612 1.2 8.0

157 6+145+6 12099 + 4136 1.6 14

161 8+145+8 14651 + 1228 1.3 22

177 16 + 145+ 16 22222 + 1964 0.9 42

181 18 + 145+ 18 17143 + 3475 1.1 44

185 20 + 145 + 20 13303 + 2164 15 19

Table 5-5. Dissociation constants for LSD1/CoREST complex containing LSD1
K355E/K357E/K359E mutations binding to nucleosomes with different length linker DNA. The
increase in the binding affinity relative to 147 bp nucleosomes for longer DNA length and the
decrease in the binding affinity relative to the wild-type LSD1/CoREST complex for each
nucleosome are indicated.

DNA DNA format Ka (nM) relative to 147 relative to WT
length bp LSD1/CoREST
147 1+145+1 5932 + 566 1.0 1.9

151 3+145+3 4009 + 805 15 2.1

155 5+145+5 2501 + 294 2.4 2.4

157 6+145+6 2121 + 329 2.8 2.5

161 8+145 + 8 1581 + 217 3.8 2.3

177 16 + 145 + 16 1391 +£171 4.3 2.6

181 18 + 145+ 18 992 + 79 6.0 2.5

Table 5-6. Dissociation constants for LSD1/CoREST complex containing LSD1 K372A mutation
binding to nucleosomes with different length linker DNA. The increase in the binding affinity
relative to 147 bp nucleosomes for longer DNA length and the decrease in the binding affinity
relative to the wild-type LSD1/CoREST complex for each nucleosome are indicated.

The mononucleosome substrate model suggests the possibility that the LSD1 residue Lys372

located on the end of the helix (Figure 4-21c) makes contact with DNA extension ~13 bp away

from the end of the nucleosomal DNA. The LSD1/CoREST complex containing the LSD1

K372A mutation decreases the binding affinity of the complex towards the nucleosomes of

various DNA lengths by ~2-fold (Figure 5-7c, d, Table 5-6). However, similar to the wild-type

LSD1/CoREST’s trend, adding on additional DNA extension on either side to 147 bp nucleosome

gradually decreases the dissociation constants, suggesting that the LSD1 K372A mutation does

not impair LSD1/CoREST’s interaction with ~13 bp DNA extension as expected from the

mononucleosome substrate model.
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5.3.3.5 Length of the H3 tail required for LSD1/CoREST demethylase activity

To examine the distance required between the LSD1 catalytic site and the nucleosome
core particle for LSD1/CoREST’s demethylase activity, I have made series of deletions in the
histone H3 tail. The distance between the LSD1 catalytic site and the H3 substrate in my
dinucleosome substrate model was ~ 35 A if the LSD1/CoREST targets the H3 substrate in the
nucleosome 1, or ~63 A if the enzyme targets H3 substrate in the nucleosome 2 (Figure 4-14).
The respective distance in my mononucleosome substrate models was ~49 A (Figure 4-22). The
distance was calculated between the C-alpha positions of H3 Pro16 bound by the LSD1/CoREST
and H3 Thr45 in the nucleosome, which gives 29 amino acids between the two positions.
Assuming that the peptide chain length in an extended peptide is 3.6 A, then 5, 10, 15, 18 and 20
amino acid deletions in the H3 tail would result in distances of approximately 86, 68, 50, 40, and
32 A, respectively, between the LSD1 catalytic site and the H3 in the nucleosome (Figure 5-8).
Therefore, it seems unlikely that LSD1/CoREST would be able to demethylate H3K4 in
nucleosomes containing the 18 and 20 amino acid deletions in the H3 tail with the binding mode
observed in the mononucleosome substrate model. The 15 amino acid deletions in the H3 tail
results in a 50 A extended chain distance between the Pro16 and Thr45. The measured distance
between the LSD1 catalytic site and the H3 substrate in the mononucleosome substrate model
was 49 A, and it is conceivable that some unraveling of the N-terminal H3 peptide in the LSD1
pocket might allow the 15 amino acid H3 tail deletion to enter the catalytic pocket. Recombinant
nucleosomes containing the desired truncated histone H3 with H3K4me2 methyl-lysine analog
were prepared with 197 bp (26N26) DNA and LSD1/CoREST’s catalytic activity on these
substrates were tested by Western Blot. At the time, our lab had generated histone H3 with only
5, 10 and 15 amino acid deletion, (histone H3 with 18 and 20 amino acid deletions are currently

being prepared). My results show that LSD1/CoREST is able to demethylate H3K4 in 197 bp
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nucleosomes with 5, 10 and 15 amino acid deletions, consistent with our hypothesis (Figure 5-9).
This also suggests that LSD1/CoREST undergoes a conformation change when binding to the
nucleosome with extranucleosomal DNA (Distance of ~63 A is required for the demethylase
activity without conformational change in contrast to ~49 A). Given that LSD1/CoREST is not
able to demethylate H3K4 in the dinucleosome substrates, | did not perform the equivalent
experiments in the context of the dinucleosomes. Enzymatic assays on the nucleosomes
containing the histone H3 with 18 and 20 amino acid deletions will be critical to evaluate the

effect of varying the distance between the catalytic LSD1 site and the H3 substrate.

Distance

(P16 10, T45) H3 1 6 11 16 21 26 31 36 41 46

104 A WT ARTK QTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHRYRPGTVALRE............
QTARKSTGGKAPRKQ--------- ARKSAPATGGVKKPHRYRPGTVALRE............
68 A A10 aa ARTK QTARKSTGGKAPRKQ------=--==-==zz=--| PATGGVKKPHRYRPGTVALRE............
50 A A 15 aa ARTK QTARKSTGGKAPRKQ VKKPHRYRPGTVALRE............
40 A A 18 aa ARTK QTARKSTGGKAPRKQ PHRYRPGTVALRE............

c

32A A 20 aa ARTK QTARKSTGGKAPRKQ RYRPGTVALRE............

Figure 5-8. Sequences of histone H3 representing the deletions in the H3 tail. The distance
represents the approximate distance between H3 Prol6 in LSD1/CoREST from H3 Thr45 in the
nucleosome with assuming 3.6 A per peptide chain (calculated from the PyMOL software). The
methyl-lysine analog at position 4 is colored in red, and Pro16 and Thr38 are colored blue.
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Figure 5-9. Demethylase activity of LSD1/CoREST on 197 bp nucleosomes containing H3 tail
truncations. The nucleosomes containing the wild-type H3, or 5, 10, and 15 amino acid deletions
in the H3 tail were tested using Western Blot with an antibody against H3K4me2. The aciviity
was measured after 0, 15, and 30 minutes.
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5.4 Discussion

My results suggest that the mononucleosome with extranucleosomal DNA, and not
dinucleosomes, is the preferred substrate for LSD1/CoREST complex. The catalytic LSD1 AOD
and the N-terminus of CORESTA1 appear to make contact with extranucleosomal DNA, while the
CoREST SANT domain recognizes the nucleosome core particle, possibly through the
nucleosome disk face. These findings are consistent with my mononucleosome substrate model of
LSD1/CoREST/nucleosome structure and elucidate how LSD1/CoREST interacts with
extranucleosomal DNA beyond the nucleosome core particle to positively influence the histone

demethylase activity of the complex.

LSD1/CoREST is shown to be functional on mononucleosomes with symmetrically
extended DNA of various lengths (Chapter 3 and 5) and also maintains the catalytic activity on
the asymmetric 177 bp (31N1) nucleosome (data not shown). However, my enzymatic studies
suggest that LSD1/CoREST is not able to demethylate H3K4 in dinucleosomes with 11, 16, 21
and 26 bp linker DNA. My nucleosome binding studies showed optimal binding affinity of
LSD1/CoREST to nucleosome with symmetrically extended 181 bp (18N18) extranucleosomal
DNA (for nucleosomes labeled on H3 K27C). Although LSD1/CoREST is enzymatically inactive
on the dinucleosomes, the complex bound the 306 (N16N) and 322 bp (8N16N8) dinucleosomes
with only slightly reduced affinity compared to the 181 bp nucleosome, and with higher affinity
than 147 (1N1) or 157 bp (6N6) nucleosomes. If LSD1/CoREST can bind to these dinucleosomes
with reasonably high affinity, why is LSD1/CoREST unable to demethylate H3K4 in the
dinucleosomes? It is likely that LSD1/CoREST binds to dinucleosomes in a nonproductive way
that prevents the enzyme to specifically remove methyl groups from H3K4. The LSD1 protein is
able to demethylate not only the Lys4 on histone H3, but also Lys9 on H3 and is also implicated

in targeting non-histone substrates such as p53 and DNMT (DNA methyltransferase 1) (Huang et
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al., 2007, Wang et al., 2009). The specificity of LSD1 protein to H3K4 in nucleosome substrates

is driven by the association with COREST, which may consequently induce the breathing of the
LSD1 pocket and molecular flexibility of LSD1/CoREST complex indicated by molecular
dynamics simulation studies (Baron and Vellore, 2012a, Baron and Vellore, 2012b). In addition,
the decrease in binding affinity was observed with 185 (20N20), 197 (26N26), and 207 bp
(31N31) nucleosomes compared to 181 bp (18N18) nucleosomes, which suggests for either
conformational change and/or DNA distortion in DNA beyond 18 bp extension. It is plausible
that dinucleosome prevents the conformational change in LSD1/CoREST or inhibits the
flexibility of the linker DNA to make appropriate contacts with the LSD1/CoREST complex,
consequently precluding the enzyme to specifically remove methyl groups from the H3K4
position (Figure 5-10). On the other hand, in the mononucleosome substrates, the DNA
extensions have free ends that are not bound by another nucleosome core particle which allows
for DNA breathing and flexibility. However, it is unlikely that such DNA breathing can occur
easily in the context of the dinucleosomes. When the LSD1/CoREST complex from the
mononucleosome substrate model was modeled into the dinucleosome substrate model, steric
clashes were observed between the LSD1 AOD domain and the linker DNA, suggesting that the
LSD1/CoREST cannot bind to N16N dinucleosomes using the mononucleosome binding mode

(Figure 5-10).

Additionally, both shortening and lengthening the linker length to 301 (N11N), 311
(N21N), and 316 bp (N26N) dinucleosomes decreased the binding affinity for LSD1/CoREST
and led to negative cooperative binding, indicated by significantly low Hill coefficients. The
dinucleosome substrate model shows that one LSD1/CoREST molecule can bind the nucleosome
2 on the nucleosome disk face via COREST SANT2 and the nucleosome 1 on the end of the

nucleosomal DNA via the LSD1 AOD domain. The 16 bp linker could have been the coincidental
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linker length that allowed the LSD1/CoREST to bind to the dinucleosome, and either shortening
or lengthening the linker length disables the N-terminus of the COREST or the LSD1 AOD
domain to make appropriate contacts with DNA. In all, both my enzymatic and binding
experiments indicate that the mononucleosome with extranucleosomal DNA is the preferred

substrate over the dinucleosomes.

LSD1/CoRESTfrom dinucleosome substrate model
/ICoREST from mononucleosome substrate model

steric clashes

Nucleosome 1 /.
i

Figure 5-10. The LSD1/CoREST complex from the mononucleosome substrate model
superimposed onto the dinucleosome substrate model. (a) The LSD1/CoREST complex from the
mononucleosome substrate model (LSD1, yellow; CoREST, red) was modeled onto the
dinucleosome substrate model. The LSD1 and CoREST proteins in the dinucleosome substrate
model is shown in blue and green respectively. (b) (c) Steric clashes of the LSD1 AOD domain
with the linker and nucleosomal DNA of the nucleosome 1 are observed.
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My nucleosome binding studies with the mutant LSD1/CoREST complexes also
substantiate my mononucleosome substrate model. The basic stripe in the LSD1 AOD, suggested
to make contacts with the DNA extension two turns away from the end of the nucleosome core
particle, is involved in interaction with extranucleosomal DNA 16-18 bp away from the end of
the nucleosomal DNA. The triple lysines (Lys355, Lys357, and Lys359) are located on the loop
region of the LSD1 and it is possible that there is a conformational change in this loop region to
make contacts with the extranucleosomal DNA. On the other hand, the LSD1 residue Lys372,
located on the end of the helix that is positioned close to the N-terminus of CORESTA1, does not
affect the affinity of LSD1/CoREST dependent on extranucleosomal DNA. Rather, the LSD1
K372A mutation decreases the binding affinity of LSD1/CoREST by 2-fold across all
nucleosomes of different DNA extension length DNA (Table 5-6). The decrease in binding
affinity of LSD1/CoREST may be due to the fact that the LSD1 helix 372-395 is involved in
making contact with the H3 residues Lys14-Pro16 and stabilizing the association with the
COoREST, as the N-terminus loop of CoORESTAL is close to this LSD1 helix. However, there are
other residues in the LSD1 AOD that are suspected to bind to extranucleosomal DNA that still

need to be tested.

The mononucleosome substrate model suggest the N-terminus of CoORESTALI, which is
rich in basic residues, contacts extranucleosomal DNA one helical turn from the end of the
nucleosomal DNA. | show that removing the CoREST residues 286-315 affects the binding
affinity of LSD1/CoRESTA4 complex in an extranucleosomal DNA-dependent manner. The N-
terminus 286-315 seems to be responsible for making interactions with DNA extension 5-6 bp

away from the end of the nucleosomal DNA.

The CoREST SANT?2 hinds the nucleosome disk face in both di- and mononucleosome

substrate models. The triple arginines (Arg425, Arg426, and Arg427) in the COREST SANT?2
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play a critical role in binding to the nucleosomes. Mutating these arginine residues to alanines
decreased the affinity of LSD1/CoREST towards 147 (IN1), 157 (7N7), and 181 bp (18N18)
nucleosomes 5-fold compared to the wild-type LSD1/CoREST. The CoREST residues Lys378
and Arg382 located on the loop of SANT2 domain are suggested to make contacts with
nucleosomal DNA in my model. Mutations of these residues to glutamic acid decrease the
binding affinity of LSD1/CoREST complex towards the 147 bp (1N1) nucleosome significantly,
and reduce the affinity towards the 157 (6N6) and 181 bp (18N18) nucleosomes ~15-fold,
suggesting the critical roles for Lys378 and Arg382. The combination of the five lysine and
arginine residues in the COREST SANT2 domain seems to be responsible for recognizing the
nucleosome disk face. This is consistent with the previous finding that SANT2 domain is
indispensable in stimulating LSD1’s demethylase activity towards the nucleosome (Yang et al.,

2006).

My biochemical analyses validate my mononucleosome substrate model. In particular,
the LSD1 AOD and the N-terminus of CORESTAI appears to interact with the extranucleosomal
DNA while the CoOREST SANT2 domain binds the nucleosome core particle. Further
investigations should be performed, including mutating H3 and H4 of the nucleosome disk face
contacted by the COREST SANT2 domain. In summary, the biochemical studies are consistent
with my crystallographic mononucleosome substrate model as well as the photocrosslinking
results, and provide a roadmap for further crystallization studies of LSD1/CoREST on the

nucleosomes.
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Chapter 6

Summary and Future Experiments

6.1 Summary

6.1.1 Importance of extranucleosomal DNA for LSD1/CoREST

In this study, | established that extranucleosomal DNA enhances the activity and affinity
of LSD1/CoREST on the nucleosomes. Although the interaction of LSD1/CoREST with
extranucleosomal DNA was first suggested by Nilanjana Chatterjee’s photocrosslinking assay,
and the enhancement of LSD1/CoREST’s activity by extranucleosomal DNA was first
demonstrated by Matt Jenning’s fluorescence demethylase assay, I was able to determine the
dissociation and kinetic constants of LSD1/CoREST on nucleosomes of various DNA lengths.
My nucleosome binding studies demonstrated a substantial increase in binding affinity when the
nucleosome core particle is symmetrically extended with extranucleosomal DNA up to 181 bp
(18N18), consistent with an enhanced catalytic activity on 185 bp nucleosome. In addition,
LSD1/CoREST prefers the nucleosomes with extranucleosomal DNA on both sides over the
nucleosomes with extranucleosomal DNA on one side for maximal binding.

The arginine anchor is a commonly used nucleosome recognition motif employed by all
chromatin proteins (RCC1, Sir3 silencing protein, PRC1 ubiquitylation complex, and SAGA
deubiquitylation module) crystallized on the nucleosomes. These chromatin proteins insert an
arginine side chain into an acidic patch on the histone dimer surface of the nucleosome. However,
my HI-FI binding assay on nucleosome with acidic patch mutation indicated that LSD1/CoREST

does not make a critical interaction with the nucleosome acidic patch. Rather, LSD1/CoREST
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seems to bind to nucleosomes primarily through interactions with nucleosomal and
extranucleosomal DNA. These biochemical analyses provide only a low resolution information
for how LSD1/CoREST binds to its nucleosome substrate. Nevertheless, my results set the stage

for structural studies with more appropriate nucleosome substrates for LSD1/CoREST.

6.1.2 Low resolution structure of LSD1/CoREST on nucleosomes

I was able to crystallize LSD1/CoREST on nucleosomes with extranucleosomal DNA of
various lengths and obtain the low resolution diffraction data from which | solved the molecular
replacement solutions. The crystals of LSD1/CoREST on the 161 bp (8N8) nucleosome resulted
in the dinucleosome substrate model, suggesting that LSD1/CoREST uses a dinucleosome with
16 bp linker as a substrate. On the other hand, the crystals of LSD1/CoREST on the 189 bp
(22N22) nucleosome showed LSD1/CoREST binding to the mononucleosome with
extranucleosomal DNA. Even though the two models propose different nucleosome substrates for
LSD1/CoREST, they both show the COREST SANT2 interacting with the nucleosome disk face
and the N-terminus of CORESTA1 making contacts with extranucleosomal DNA. The
dinucleosome substrate model evokes two possible orientations of LSD1/CoREST on the
nucleosome core particle with the LSD1 AOD domain binding either on the end of the
nucleosomal DNA of the nucleosome 1, or on the DNA extension of the nucleosome 2 (Figure 4-
17). In the mononucleosome substrate model, the LSD1 AOD is in close proximity to the
extranucleosomal DNA two turns from the end of the nucleosomal DNA, corroborating the latter
orientation of the dinucleosome substrate model.

My biochemical studies suggest that the dinucleosome is not the preferred substrate for
LSD1/CoREST, as the enzyme is unable to demethylate H3K4 in dinucleosome substrates with

11, 16, 21, and 26 bp linker. Furthermore, negative cooperativity is observed for the binding of
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LSD1/CoREST on dinucleosomes with 11, 21, and 26 bp linkers, suggesting that 16 bp was

coincidental linker length that allowed LSD1/CoREST molecules to bind without inhibiting each
other.

The interactions of the LSD1 AOD and the N-terminus of CORESTA1 with DNA
extensions, and the interaction of the COREST SANT2 with the nucleosome disk face are
observed in both the mono- and dinucleosome substrate models despite the different crystal
forms, suggesting that they are not due to crystal artifacts. In addition, these interactions are
validated by my biochemical studies. The examination of mutations in LSD1/CoREST using HI-
FI binding assay indicates that K378E/R382E and R425A/R426A/R427A mutations significantly
decreases LSD1/CoREST’s affinity to nucleosomes as suspected in both the dinucleosome and
the mononucleosome substrate models. This decrease in binding affinity was paralleled in all 147
(IN1), 157 (6N6), and 181 bp (18N18) nucleosomes. In addition, removing the CoREST residues
286-315 in the N-terminus prevented the 5-10 bp DNA extension on both sides of the
nucleosomes to enhance the affinity of LSD1/CoREST for nucleosomes. However, the binding
affinity of this LSD1/CoREST truncation mutant was still enhanced by the 18 bp DNA extension
on both sides of the nucleosome. In addition, the LSD1 AOD, in particular, the residues Lys355,
Lys357, and Lys359, have shown to be responsible for making contacts with DNA extension ~16

bp from the end of the nucleosomal DNA.
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6.2 Future Experiments

6.2.1 Crystallization of LSD1/CoREST/nucleosomes for higher a resolution structure

At the time when | started to pursue crystallization of LSD1/CoREST on nucleosomes
with DNA length between 185-193 bp, our lab had 185 (20N20), 189 (22N22), and 193 bp
(24N24) nucleosomal DNA plasmid constructs available but lacked the 187 (21N21) and 191 bp
(23N23) DNA constructs. Successful crystallization of LSD1/CoREST on 189 (22N22) and 193
bp (24N24) nucleosomes and diffraction limit of 5.3 A resolution from the crystals of
LSD1/CoREST on 189 bp (22N22) suggests that 187 and 191 bp nucleosomes are good
candidates for crystallization studies. A single base pair on either end of the nucleosome can
change diffraction properties as seen with the crystals of nucleosome core particles containing
Widom 601 sequence. The 147 bp nucleosomes yielded poor crystals that diffracted to ~7 A
whereas the crystals of the 145 bp nucleosomes diffracted to ~2.5 A (Vasudevan et al., 2010),
indicating how an extra bp prevented the DNA end to DNA end crystal packing in the 147 bp
nucleosome crystals.

Shortly after successful crystal growth of LSD1/CoREST on 189 and 193 bp
nucleosomes, the cloning of the 187 and 191 bp 601 DNA plasmid constructs was pursued and
completed by Turner Pecen, an undergraduate student in our laboratory. Recombinant
nucleosomes containing either the wild-type histones or the H3 K4M mutant histone were
reconstituted with 187 and 191 bp DNA and | set up crystal trials using these nucleosomes with
the human LSD1/CoREST or LSD1/CoRESTA3. | also wondered if removing the histone tail
could improve crystallization and diffraction properties. Using the HI-FI nucleosome binding
assay, | determined that removing both histone H2A (1-13, 119-130) and H2B (1-23) tails does

not affect the binding affinity of LSD1 towards nucleosomes (Supplementary Figure 6-1,
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Supplementary Table 6-1). Recombinant nucleosomes containing the tailless dimers (H2A 14-
118 and H2B 24-122) and 189 bp (22N22) 601 DNA were reconstituted and the crystal trials
were set up with LSD1/CoREST on the 189 bp nucleosomes containing tailless dimer. Recent
crystallization attempts yielded new crystals with different morphologies in various conditions
(Figure 6-1, Table 6-1). It was interesting that the crystals of LSD1/CoREST on the 189 bp
nucleosome with tailless dimer grew with different morphologies than the crystals containing
LSD1/CoREST on the 189 bp nucleosomes with the wild-type dimer (Figure 4-6¢ and Figure 6-
1b), suggesting for different crystal packing and possibly diffraction properties. | plan on
optimizing the crystals that grew in three dimensions, birefringence, and sharp edges, soaking
them in various conditions, and collecting diffraction data, hoping that they will produce higher
resolution data.

LSD1/CoREST/189M nucleosome

(H3 K4M, tailless dimer&
25 mM Bis-Tris pH 6.

LSD1/CoREST/191M nucleosome

25 mM Bis-Tris pH 6.5

50 mM NaH2PO4

50 mM NaH2PO4 2% PEG2000-MME

2% PEG2000-MME 10% PEG2000-MME| 8 days
10 days 7 days

LSD1/CoREST/191M nucleosome

(H3 K4aM)

25 mM NaAc pH 5.5
100 mM KNO3

5% PEG2000-MME
8 days

LSD1/CoRESTAC/187M nuclﬁgsKome

LSD1/CoRESTAC/191M nucleosome
H

5% PEG2000-MME
4 days

Figure 6-1. Recent crystals of LSD1/CoREST/nucleosomes. (a), (b), (c), (d) Initial crystals of
LSD1/CoREST on various nucleosome substrates as indicated. (e), (f) Initial crystals of
LSD1/CoRESTAS3 on various nucleosome substrates as indicated.
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Enzyme construct DNA length histones DNA format Crystal
LSD1/CoREST 187 WT 21+ 145+21 X
LSD1/CoREST 191 WT 23+ 145+23 0
LSD1/CoREST 187 H3 K4M 21+ 145+21 0
LSD1/CoREST 189 tailless dimer 22+ 145+22 0
LSD1/CoREST 191 H3 K4M 23+ 145+23 0

LSD1/CoRESTAS 187 WT 21+ 145+21 X

LSD1/CoRESTA3 191 WT 23+ 145+23 X

LSD1/CoRESTAS 187 H3 K4M 21+ 145+21 0

LSD1/CoRESTAS 191 H3 K4M 23+ 145+23 0

Table 6-1. Components of LSD1/CoREST and nucleosome substrates used in recent
crystallization attempts and their crystallization results.

So far, my crystallization studies of LSD1/CoREST/nucleosome were done on
nucleosomes with symmetrically extended DNA with an assumption that extranucleosomal DNA
on both sides are required for optimal binding of LSD1/CoREST. However, my diffraction data at
5.3 A resolution from the crystals of LSD1/CoREST on the 189 bp (22N22) nucleosome showed
weak electron density for extranucleosomal DNA on one side of the nucleosome. The crystal
packing shows that while the 22 bp DNA extension bound by the LSD1/CoREST molecule
mediates crystal contacts with the nucleosome in the adjacent symmetric mate, the DNA
extension on the other side does not. To improve diffraction properties, nucleosomes with
asymmetrically extended DNA can be used grow LSD1/CoREST/nucleosomes. By removing the
DNA extension that occupies space in crystals but does not actually mediate helful crystal
contacts, the resulting optimized LSD1/CoREST/nucleosome complex might pack more tightly,

resulting in higher resolution diffraction.

6.2.2. Further validation of current models of LSD1/CoREST/nucleosome structures

While the most effort should be focused on producing crystals for higher resolution
structures, further biochemical studies can be performed to test the mononucleosome substrate

model. Mutations on the histone disk face contacted by the SANT2 domain may confirm the
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interaction between the COREST SANT?2 and the nucleosome disk face. However, we have
experienced problems with expressing the histone H4 containing the D24R mutation at this
interface. There are also other mutations on LSD1/CoREST that could be tested, including the
LSD1 residue Lys699 which is suspected to bind on the DNA extension ~20 bp from the end of
the nucleosome core particle. In addition, | would like to test the effect of deleting 18 and 20
amino acids in the H3 tail on LSD1/CoREST’s demethylase activity on the nucleosomes. The
truncated histone H3 with 18 and 20 amino acid deletions (H3(1-19, 38-135) and H3(1-19, 40-
135) respectively) were cloned by Turner Pecen, and the recombinant nucleosomes containing the
dimethylated and truncated H3 histones are currently being prepared by Bryan Tornabene and

Lauren McCarl in our laboratory.

6.2.3 Structural studies of LSD1/CoREST/nucleosome complex using electron
cryomicroscopy

Electron cryomicroscopy (Cryo-EM) is increasingly becoming popular in studying the
structure of protein complexes. The cryo-EM requires less sample and eliminates the
crystallization step, the rate-limiting step for x-ray crystallography (Bai et al., 2015). In addition,
the same methods for preparing and purifying the LSD1/CoREST/nucleosome samples can be
applied for cryo-EM. Song Tan, my supervisor, was able to collect images on LSD1/CoREST on
181 bp (18N18) nucleosome in Laboratory of Molecular Biology in Cambridge, England, and the
data is being processed now. Although we do not expect to solve a high resolution EM structure
this time, we are hoping for some structural insights into how LSD1/CoREST binds the
mononucleosome, in particular, if the EM structure is consistent with the molecular replacement

solution structure
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Supplementary Figure 6-1. Binding curves for LSD1/CoREST interacting with 147 (yellow),
157 (blue), and 181 bp (red) nucleosomes containing tailless dimers at 75 mM NaCl.

DNA length | DNA format Ka (NM) relative to WT | relative to 147
nucleosome bp
147 IN1 2029 + 163 0.64 1.0
157 6N6 846 + 37 0.98 2.4
181 18N18 429 + 23 1.09 4.7

Supplementary Table 6-1. Dissociation constants for LSD1/CoREST complex binding to 147,

157, and 181 bp nucleosomes containing tailless dimers.
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