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ABSTRACT

The sites where the basic unit of chromatin, the nucleosome, is assembled
greatly affects the dynamic compaction/decompaction of eukaryotic genetic material
and how the DNA is accessed, read, and interpreted. The nucleosome, which consists
of ~147 base pairs of DNA wrapped in a left-handed superhelix around an octameric
core made up of histone proteins, is the targeted substrate for ATP-dependent protein
machineries called chromatin remodelers. Remodelers are essential regulators of DNA
accessibility and are often grouped into four families: SWI/SNF, INO80/SWR1, ISWI,
and CHD. Though remodelers can act as large multi-subunit complexes, all have a
unique core SNF2-like ATPase that utilizes the energy from ATP hydrolysis to
translocate along DNA. This DNA translocase activity of the catalytic ATPase domain
acts in coordination with auxiliary domains or accessory subunits to disrupt histone-DNA
contacts, resulting in distinct remodeling outcomes. Furthermore, the assembly of DNA
into nucleosomal arrays is a specialized activity catalyzed by a subset of remodelers.
Identifying remodeler proteins responsible for nucleosome assembly and delineating the
mechanisms through which remodelers assemble and remodel nucleosomes are key
goals in the field of chromatin biology.

CHD proteins have important roles in regulating gene expression through their

remodeling activities. While yeast cells only have one CHD protein (CHD1),



mammalians possess nine proteins (CHD1-9) that are further categorized into
subfamilies on the basis of additional sequences flanking the central ATPase domain.
CHD2 is in the same subfamily as CHD1 and has been linked to developmental
regulation but the enzymatic activity of CHD2 has not been well characterized. Given
the homology between human CHD2 and CHD1, which is an important assembly
protein in other species (S. cerevisiae and D. melanogaster), we set out to delineate the
biochemical properties of human CHD2 and the CHD1 human counterpart.

In this dissertation work, we examined the biochemical activities of recombinant
human CHD1 and CHD2. We used in vitro chromatin assembly and remodeling assays
and showed CHD2 assembles nucleosomal arrays and remodels nucleosomes while
CHD1 exhibits less robust activity by comparison. We used radiometric ATPase and
electrophoretic mobility gel shift assays to measure the ATPase and DNA-binding
activities of human CHD1 and CHD2 and assessed the contribution from conserved
accessory domains using systematic protein truncations. We found the N-terminal
chromodomains are inhibitory for the ATPase and DNA-binding activities of both CHD1
and CHD2 while providing substrate specificity for the latter. Moreover, we showed the
DNA-binding domain of CHDZ2 enhances its ATPase and remodeling activities. The
distinct in vitro activities exhibited by human CHD1 and CHD2 suggest they have non-
redundant roles in vivo with important mechanistic implications for remodeling by CHD
proteins. In a broader sense, our findings have added to the number of known assembly
motor proteins and aids in our understanding of how remodelers have evolved auxiliary

domains to carry out specific functions such as chromatin assembly.
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CHAPTER ONE

INTRODUCTION
to Chromatin Compaction and Chromatin Assembly by
ATP-Dependent Motor Proteins



Largely driven by the realization that a global view of our genome would
accelerate biomedical research, the initial sequencing of the human genome in 2001
(Lander et al., 2001; Venter et al., 2001) served as a significant turning point for both
the scientific and medical communities (Dulbecco, 1986; Lander, 2011). As a result,
much effort has gone into the “-omics”. now whole-genome sequencing can be
performed across tumor cells and for patients with specific developmental disorders
(Lander, 2011; Altshuler et al., 2008). Patterns are emerging in which whole gene
networks are perturbed (Lander, 2011; Hanahan and Weinberg, 2000; Stratton et al.,
2009; Stankiewicz and Lupski, 2010; Cirulli and Goldstein, 2010), many of which are
correlated with mutation or deletion of genes coding for proteins involved in the
maintenance of chromatin architecture and accessibility (Foster and Bridger, 2005;
Dagliesh et al., 2010; Gui et al., 2011; Morin et al., 2011; Zang et al., 2012; Fujimoto et
al., 2012; Shain and Pollack, 2013; Kadoch et al., 2013). As disease-related genes are
being identified, the relationship between maintenance of chromatin structure and
proper gene regulation is becoming increasingly clear (Foster and Bridger, 2005; Zang
et al., 2012; Fujimoto et al., 2012; Berger, 2000; Berger and Felsenfeld, 2001; Huang et
al., 2003). This underscores the importance of understanding how proper packaging

and organization of our genetic material is controlled and regulated.

1.1. PACKAGING AND ORGANIZATION OF EUKARYOTIC CHROMATIN
For humans, during interphase, roughly two meters of DNA is compacted into a
nuclear space three to ten microns in size and exists in our cells as a highly condensed

structure called chromatin (Flemming, 1882). How DNA is organized inside the nucleus



and how this three-dimensional organization affects the way DNA is accessed, read,
and interpreted are longstanding questions in the chromatin field (Dekker et al., 2013).
Chromatin serves as the template for general processes such as DNA replication and
transcription; delineating mechanisms of chromatin compaction remains an important
goal for understanding the relationship between chromatin structure and DNA-
dependent processes (Dekker et al., 2013; Woodcock, 2006).

Most models outline the hierarchical compaction of eukaryotic DNA (Figure 1.1)
(Hansen and Turgeon, 1999), suggesting the packaging of chromatin in the nucleus is
not random. Indeed, microirradiation and fluorescent in situ hybridization (FISH)
experiments reveal each interphase chromosome occupies a distinct nuclear territory
(Rabl, 1885; Boveri, 1909; Manuelidis, 1985; Cremer and Cremer, 2001; Cremer et al.,
2006; Zorn et al.,, 1979; Cremer et al., 1982). While the internal structure of
chromosome territories is poorly understood, recent studies using the Chromosome
Conformation Capture (3C) technique (Dekker et al., 2002) have provided evidence that
chromosome territories are made up of multiple chromosome loop domains containing a
few hundred to a few million kilobases (Figure 1.1) (Hansen and Turgeon, 1999; Tolhuis
et al., 2002; Simonis et al., 2006; reviewed in Dekker et al., 2013; Fraser, 2006). These
loop domains are proposed to be comprised of clusters of chromatin fibers (Hansen and

Turgeon, 1999; Belmont and Bruce, 1994; Travers, 2014).



Chromatin Loops
(Tertiary Structures)
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Histones
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(Secondary Structure)

Linker DNA ~

10 nm Filament

Nucleosome Core Particle (NCP) I: (Primary Structure)

5 o Core
u Histones

Figure 1.1. Compaction of interphase chromatin into the nucleus. Model for
hierarchical packaging of eukaryotic chromatin during interphase. DNA is first
wrapped around core histones to form the nucleosome core particle (NCP). Arrays of
NCPs make up the 10 nm filament. Linker histones bind to the linker DNA separating
NCPs to form secondary structures such as the proposed 30 nm fiber. The 30 nm
fiber then undergoes further compaction to form chromatin loops, which associate to
form chromosome territories in the eukaryotic nucleus. Adapted from Hansen and
Turgeon, 1999.

Such chromatin fibers have been observed in images of purified chromatin visualized
under the electron microscope (EM) with diameters on the order of ~30 nm (Kornberg,
1977; Thoma et al.,, 1979; Olins and Olins, 2003; Felsenfeld and Groudine, 2003).
Higher resolution X-ray crystallography and cryo-EM structures of compacted

nucleosomal arrays (Schalch et al., 2005; Song et al., 2014) have led to the proposal of



several structural models of what the 30 nm fiber might look like in vivo (Thoma et al.,
1979; Schalch et al., 2005; Song et al., 2014; Finch and Klug, 1976; McGhee et al.,
1983; Worcel et al., 1981; Woodcock et al., 1984; Williams et al., 1986; Smith et al.,
1990; Dorigo et al., 2004). Use of EM to visualize purified chromatin under low ionic
conditions reveals these 30 nm fibers can further unravel into 10 nm filaments that look
like “beads-on-a-string” (Figure 1.1) (Finch and Klug, 1976; Olins and Olins, 1974, 2003;
Oudet et al., 1975; Finch et al., 1975; Woodcock, 1980). A combination of structural and
biochemical studies has confirmed that each bead in the 10 nm fiber is actually a single
nucleosome core particle (NCP), which forms the basic structural unit of chromatin
(Kornberg, 1977; Kornberg and Thomas, 1974; Kornberg, 1974). Separating each NCP
is a stretch of short DNA segments called linker DNA that, in conjunction with the NCP,
is important for the formation of higher-order structures (Tremethick, 2007; Luger et al.,
2012). Analogous to the assignment of primary, secondary, and tertiary structures for
proteins, the 10 nm fiber is sometimes referred to as the primary structure of chromatin
that in turn defines the formation of secondary (30 nm fiber) and tertiary higher-order
chromatin structures (Figure 1.1) (Williams et al., 1986; Woodcock and Dimitrov, 2001).
While modeling the hierarchichal packagaing of interphase DNA provides a
framework for understanding the biophysical properties of compacting DNA into
chromatin, the actual organization of genetic material within the nucleus is quite
heterogeneous. The various electron-dense regions seen in early EM images of fixed
and sectioned interphase nuclei are due to different levels of chromatin compaction and
correlate with specialized regions of gene activity (Figure 1.2) (Fawcett, 1966; reviewed

in Trojer and Reinberg, 2007; Sexton et al., 2007). For example, the nucleolus is an



electron-dense region near the center of the
nucleus (“n” in Figure 1.2) where rRNA
transcription and processing and aspects of
ribosomal synthesis occur (Lamond and
Earnshaw, 1998; Olson et al., 2000).
Heterochromatin (“h” in Figure 1.2) is densely

packaged chromatin typically found at the nuclear

periphery in terminally differentiated cells (Heitz,

1928; Heitz, 1929; reviewed in Politz et al., 2013) Figure 1.2. The nucleus is
structurally heterogeneous. Electron
and is generally associated with inaccessible or | microscopy image of nucleus from bat
pancreatic cell fixed, sectioned, and
negatively stained with uranyl acetate.
n, nucleolus; h, heterochromatin; e,
euchromatin. Adapted from Fawcett,
Brown, 1966; Elgin, 1996). Euchromatin, on the | 1966.

transcriptionally silent loci (Politz et al., 2013;

other hand (“e” in Figure 1.2), is typically found in the nuclear interior (Heitz, 1928;
Heitz, 1929), is considered more open or accessible, and is associated with
transcriptionally active regions (Politz et al., 2013; Ghirlando and Felsenfeld, 2013).
Chromatin structure undergoes dynamic rearrangements throughout phases of
the cell cycle and as cells differentiate, suggesting chromatin compaction and
organization are important factors in determining the properties of a cell (Parada et al.,
2004; Wade and Kikyo, 2002). For example, during each round of mitosis,
heterochromatic and euchromatic regions disappear and most reform after mitosis has
completed (Politz et al., 2013). In development and cellular differentiation, the relative

levels of euchromatic versus heterochromatic regions in different cell types undergo

striking changes (Politz et al., 2013). For instance, in the nucleus of a nerve cell (Figure



1.3A) (Caous et al., 2013), the majority of chromatin exists as euchromatin, and
heterochromatic regions are limited to the nuclear periphery. In the case of the plasma
cell (Figure 1.3B) (Fawcett, 1966), there is a higher predominance of heterochromatin
that extends into the nuclear interior. In noticeable contrast to chromatin in the nucleus
of a nerve cell, which has a very different function from that of a sperm cell, the
chromatin in the nucleus of the latter exists almost exclusively as heterochromatin

(Figure 1.3C) (Skowronek et al., 2012).

Figure 1.3. Chromatin packaging changes with cell type. Electron microscopy
images of nuclei from (A) nerve cell, (B) plasma cell, and (C) sperm cell. Nuclei were
fixed, sectioned, and negatively stained. h, heterochromatin; e, euchromatin. (A) is
adapted from Caous et al., 2013, (B) from Fawcett, 1966, and (C) from Skowronek et
al., 2012.

Global rearrangements in nuclear reorganization also occur after transfer of a somatic
nucleus into an enucleated oocyte during somatic cloning (Wade and Kikyo, 2002).
Because chromatin structure is generally inhibitory to gene transcription, these
examples suggest the regulation of assembly and compaction of chromatin is highly
coordinated with the cellular machinery that needs to access the DNA (Wasylyk and

Chambon, 1979; reviewed in Workman and Kingston, 1998).



1.1.1. Structural Features of the Nucleosome Core Particle (NCP)

At the very basic level, nuclear processes are regulated through how DNA is
assembled into the nucleosome core particle (Workman and Kingston, 1998). As the
basic structural unit of chromatin, (Kornberg, 1977; Kornberg and Thomas, 1974;
Kornberg, 1974), the NCP consists of ~146-150 base pairs of DNA wrapped ~1.65 turns
in a flat, left-handed superhelix around an octameric protein core. This octameric protein
core contains two copies each of the four canonical histone proteins H2A, H2B, H3, and
H4, which come together to form a single (H3-H4), heterotetramer flanked by two H2A-
H2B dimers (Kornberg, 1974; Kornberg, 1974; Richmond et al., 1984; Luger et al.,
1997). Crystal structures of the NCP from several different species (Luger et al., 1997;
White et al., 2001; Clapier et al., 2008; Davey et al., 2002; Tsunaka et al., 2005) reveal
the overall structural features of canonical histones are highly conserved across
eukaryotes and may have similar functional roles in regulating chromatin packaging and
gene regulation (Chakravarthy et al., 2005; Andrews and Luger, 2011).

High-resolution crystal structures of the NCP also reveal a network of histone-
histone and histone-DNA interactions that render the NCP highly stable (Luger et al.,
1997; Davey et al., 2002). The core histones all have a central histone fold domain that
consists of three alpha helices connected by short loops (Luger et al., 1997). Each
histone pair comes together in a head-to-tail fashion to form discrete DNA-binding
surfaces within the histone octamer (Luger et al., 1997; Davey et al., 2002). The NCP
has pseudo-two-fold symmetry around a central axis called the nucleosomal dyad
(superhelix location 0), which is used as a reference point for defining the 14 histone-

DNA binding sites numbered for their superhelix locations (SHL £+ 0.5 to £ 6.5) (Figure



1.4A) (Luger et al., 1997; Davey et al., 2002). At each SHL, histone-DNA binding is
mainly accomplished by three to six hydrogen bonds between protein main-chain
amides and the DNA phosphate backbone, explaining why nucleosomes are able to
bind throughout the genome, regardless of DNA sequence (Luger et al., 1997; Davey et
al., 2002). Consistent with this observation, positively charged side chains of histone
residues also stabilize the NCP by binding to the DNA phosphate backbone without
making base-specific contacts (Luger et al., 1997; Muthurajan et al., 2004). However,
there are sequences that are more amenable for nucleosome formation, such as (A+T)-
rich sequences that increase the statistical preference for the DNA minor groove to face
the histone octamer and DNA sequences that are greater in bendability (Luger et al.,
1997; Davey et al., 2002; Travers, 1987; Flaus and Richmond, 1998; Kaplan et al.,
2009). Even the DNA does not follow a uniform path around the histone octamer; DNA
binding is strongest near the dyad axis at SHL + 0.5 while significant distortion of the
DNA backbone occurs at SHLs + 1.5 and + 4.5 (Luger et al., 1997; Davey et al., 2002;

Hall et al., 2009).
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Figure 1.4. Structural features of the nucleosome core particle. Histones H2A,
H2B, H3, and H4 are colored yellow, red, blue, and green, respectively. The DNA is
shown in gray. All are shown as surface representations. Images were made using
molecular visualization software PyMOL. (A) Positions along DNA superhelix
(superhelix locations or SHLs) where significant histone-DNA contacts occur (SHL
+0.5 to +6.5) are highlighted in pink. Only one face of the nucleosome is shown for
visual clarity. SHLs of the opposite face would be numbered -0.5 to -6.5. The arrow
points to the nucleosome dyad axis, which has been assigned SHL 0. (B) The
nucleosome has been slightly rotated to the left from view shown in (A). This view
shows the DNA entry and exit points forming the left-handed superhelix around the
histone octamer core. N-terminal histone tails visible in the crystal structure
protruding from the nucleosome core through grooves created in the DNA superhelix
are labeled H2A, H2B, H3, and H4. (C) This view is a complete 90° rotation to the left
from the view shown in (A). The flatness of the nucleosome is clearly seen along with
the N-terminal tails visible in the crystal structure protruding from the nucleosome
core. Once again, N-terminal tails for one set of histones H2A, H2B, H3, and H4 are
labeled. Adapted from Luger et al., 1997 (PDBID: 1AQl).

In addition to the canonical core histones, highly related histone variants have
also been found in nucleosomes in vivo (reviewed in Henikoff and Ahmad, 2005; Talbert
and Henikoff, 2010). Unlike the canonical core histones, which are synthesized during S
phase, histone variants are synthesized throughout the cell cycle and incorporated

across the genome for regulatory purposes (reviewed in Henikoff and Ahmad, 2005;
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Talbert and Henikoff, 2010). High-resolution crystal structures of NCPs containing
histone variants (Suto et al., 2000; Chakravarthy et al., 2005; Tachiwana et al., 2011)
reveal the effects of their incorporation on the structural stability of the NCP (reviewed in
Henikoff and Ahmad, 2005; Talbert and Henikoff, 2010). Understanding the structural
features of NCPs composed of various histone variants has helped shed light on the
molecular mechanisms underlying the specific roles histone variants can play in the cell
from formation of centromeric chromatin (CENP-A) to marking sites of DNA double-
strand breaks (y-H2A.X) (Henikoff and Ahmad, 2005; Talbert and Henikoff, 2010).

The N-terminal tails of histone proteins are also important regulatory modules.
While the histone globular core domains contribute predominantly to the stable
framework of the NCP, the N-terminal tails for all four of the core histones are highly
basic and flexible and protrude through DNA grooves on the sides of the nucleosome
(Figure 1.4B-C). Because of the mobility of histone tails, they are often highly
disordered in crystal structures of the NCP and not visible unless stabilized by contacts
with a neighboring NCP in the crystal lattice. Tail lengths can differ greatly from ~15
(H2A) to 40 amino acids (H3) (Luger et al., 1997). Specific amino acid side chains on
the histone tails have been found to be covalently altered via the post-translational
addition of small, chemical modifications (Luger et al., 2012; Strahl and Allis, 2000),
revealing these histone tails have important roles in higher-order chromatin packaging

and gene regulation (Luger et al., 1997; Luger and Richmond, 1998).
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1.1.2. Post-Translational Modification of Histones

Post-translational modifications (PTMs) on amino acid residues in the histone
tails and/or in the histone core can affect chromatin compaction and cellular processes.
This has led to the proposal of a histone code: signals that can be read by effector
proteins to serve downstream applications (Strahl and Allis, 2000; Jenuwein and Allis,
2001; Fischle et al.,, 2003). PTMs such as methylation or acetylation can alter the
charge of histone residues, affecting internucleosome interactions with significant
impacts on higher order chromatin structure (Jenuwein and Allis, 2000; Berger, 2002;
Peterson and Laniel, 2004; lizuka and Smith, 2003; Turner, 2000; Gardner et al., 2011).
For instance, the positively charged H4 tail has been observed to mediate nucleosome-
nucleosome interactions by binding to a negatively charged acidic patch on the H2A-
H2B dimer surface (Schalch et al., 2005; Luger et al., 2012; Luger et al., 1997; White et
al., 2001). Acetylation of basic residues on the H4 tail hinders formation of higher-order
chromatin structures (Dorigo et al., 2004; Shogren-Knaak et al., 2006; Allahverdi et al.,
2011). Similarly, neutralization of the acidic patch on H2A-H2B disrupts inter-
nucleosome interactions and inhibits formation of the 30 nm fiber in vitro (Zhou et al.,
2007). These changes can be used to make chromatin more or less accessible to
macromolecular machineries that carry out transcription (Jenuwein and Allis, 2001;
Berger, 2002; Peterson and Laniel, 2004; lizuka and Smith, 2003; Turner, 2000;
Gardner et al., 2011) or to those that are needed for the repair of DNA damage
(Smeenk and van Attikum, 2013; Altmeyer and Lukas, 2013).

Histone PTMs can also serve as scaffolds for the recruitment of molecular

machineries to genomic loci (Strahl and Allis, 2000; Jenuwein and Allis, 2001; Fischle et
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al., 2003). Protein domains with the capacity to bind specific PTMs on histone tails have
been identified (Jenuwein and Allis, 2001). The bromodomain, for instance, binds
acetylated histone tail lysines (Dhalluin et al., 1999; Winston and Allis, 1999; Jacobson
et al., 2000; Owen et al., 2000). Acetylated lysines have been associated with more
actively transcribed chromatin (Brownell et al., 1996; Brownell and Allis, 1996; Wade
and Wolffe, 1997) and accordingly, bromodomains have been found in many
transcriptional co-regulators and chromatin-modifying enzymes (Jenuwein and Allis,
2001; Jacobson et al., 2000; Owen et al., 2000; Brownell et al., 1996; Haynes et al.,
1992; Filippakopoulos and Knapp, 2012). Another type of domain, the chromodomain,
recognizes methylated lysine residues (Koonin et al., 1995; Eissenberg, 2001; Kim et
al., 2006). Methylation of lysines 9 or 27 on the N-terminal tail of histone H3 is
commonly found in repressive chromatin (Zhang and Reinberg, 2001; Nakayama et al.,
2001; Hawkins et al., 2010) so it is not surprising that chromodomains are present in
heterochromatin-associated proteins like HP1 (Platero et al., 1995; Eissenberg and
Elgin, 2000; Bannister et al., 2001; Lachner et al., 2001; Jacobs et al., 2001) and the
Polycomb family of transcriptional repressors (Messmer et al., 1992; Cao et al., 2002;
Czermin et al., 2002; Kuzmichev et al., 2002; Cao and Zhang, 2004; Boros et al., 2014).
However, the biological readout of a PTM is very context-dependent — for example,
while methylated H3 lysine 9 is associated with inactive or silent loci (Nakayama et al.,
2001; Georgopoulos, 2002), methylated H3 lysine 4 is associated with nucleosomes
found at the promoters of actively transcribed genes (Georgopoulos, 2002; Santos-
Rosa et al., 2002; Schneider et al., 2004; Schubeler et al., 2004; Azuara et al., 2006;

Bernstein et al., 2006; Pan et al., 2007). Given the number of known types of PTMs and
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the number of known modification sites, the combinations are endless (Luger et al.,
2012). The recent technological advances in studying nucleosome structure (Chien and
van Noort, 2009; Ando et al., 2008; Panchenko et al., 2011) and the ability to
reconstitute NCPs with all kinds of combinations of PTMs, histone variants, and DNA
sequences in vitro (Muir, 2003; Neumann et al., 2008; Simon et al., 2007; Mahto et al.,
2011) will help with the systematic investigation of biologically relevant NCP
modifications (Luger et al., 2012).

Because nucleosomes govern accessibility and processing of DNA sequences,
the positioning and composition of assembled nucleosomes have a great deal of
influence on chromatin structure and the correlated functional outcome (Luger et al.,
2012). For instance, genome-wide nucleosome maps for Saccharomyces cerevisiae
(Albert et al., 2007), Drosophila melanogaster (Mavrich et al., 2008a), Caenorhabditis
elegans (Valouev et al., 2008), and Homo sapiens (Valouev et al., 2011) have
converged on a characteristic chromatin structure at gene promoters. Promoter regions
are depleted in nucleosome binding and the nucleosomes flanking these nucleosome-
depleted regions are highly phased or positionally stable compared to nucleosomes
across the gene body (Mavrich et al., 2008b). While the genomic DNA sequence
harbors some information that dictates specific patterns of nucleosome positioning,
formation of proper gene promoter structure needs ATP-dependent factors (Zhang et
al., 2011). Though the histone octamer exhibits some mobility in vivo due to diffusion or
breathing of the nucleosome (Flaus and Richmond, 1998; Meersseman et al., 1992; Li
and Widom, 2004), coordinated disruption of the highly stable network of histone-DNA

contacts within the NCP to establish proper positioning requires ATP-dependent
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molecular machines called chromatin remodelers (Workman and Kingston, 1998; Hota

and Bartholomew, 2011; Clapier and Cairns, 2009; Bartholomew, 2014).

1.2. ATP-DEPENDENT CHROMATIN REMODELERS

Chromatin remodelers are evolutionarily conserved molecular machines that use
the energy from ATP hydrolysis to disrupt histone-DNA contacts in order to catalyze a
variety of non-covalent rearrangements (remodeling) that affect the inherently stable
structure of the NCP: these include nucleosome sliding, nucleosome
disassembly/assembly, nucleosome spacing, and the exchange of histone variants
(Figure 1.5) (Hota and Bartholomew, 2011; Clapier and Cairns, 2009; Bartholomew,
2014; Petty and Pillus, 2013). Chromatin remodelers each have a catalytic subunit that
harbors a central SNF2-like catalytic ATPase domain from the Super-Family 2 (SF2) of
helicases/translocases (Byrd and Raney, 2012; Hota and Bartholomew, 2011; Clapier
and Cairns, 2009; Bartholomew, 2014). Though chromatin remodelers are part of the
SF2 family of helicases/translocases, they lack the wedge domain that enables strand-
separating activity found in bona fide helicases (Fairman-Williams et al., 2010). While
remodelers have not been found to exhibit helicase activity, they are proposed to modify
nucleosome structure via ATP-dependent translocation along DNA, breaking histone-
DNA contacts in order to carry out the desired remodeling outcome (Saha et al., 2002;
Ryan and Owen-Hughes, 2011; Clapier and Cairns, 2009; Bartholomew, 2014). The
catalytic subunit harbors additional domains flanking the SNF2-like ATPase that serve
as the basis for the categorization of chromatin remodelers into four main umbrella

families: SWI/SNF, INO80/SWR1, ISWI, and CHD (Clapier and Cairns, 2009;
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from yeast to humans (Table 1.1) (Clapier and Cairns, 2009).

Bartholomew, 2014). The remodeling factors from each family are highly conserved

Remodeling Initial Remodeling Example
Activity Structure Outcome Remodeler
Nugleosome | _S-S—S—S-8- | - S—SS-S- | SWISNF
Sliding —
Nucleosome S-S S-S S—S SWI/SNF
Disassembly N
O
O
Nucleosome N ISWI,
Assembly S S-8-8 S-S CHD1
Nucleosome S~ ISWI,
Spacing §§_. §§_. S CHD1
Histone | -9 | -89 | NO8gD,
Exchange 7/ N\ SWR1
e oo
Figure 1.5. Types of nucleosome remodeling outcomes. Chromatin remodeling
factors have been observed to carry out several types of nucleosome remodeling
activities. These include sliding the nucleosome or disassembling/ejecting the
histone octamer. This action can be used to reveal a previously blocked DNA
sequence (i.e. so that a specific DNA-binding factor may bind) or create nucleosome-
depleted regions such as those found near active gene promoters. Remodelers can
also assemble nucleosomes, properly space irregular nucleosome arrays, or carry
out histone exchange reactions. Adapted from Petty and Pillus, 2013.

16



Family and Organisms
composition Yeast Fly Human
Complex | SWUSNF RSC BAP | PBAP BAF PBAF
ATPase Sw/snf2 Sth1 BRMBranma NBRM or BRG1 BRG1
Swi/AdrS OSAeyelia BAF250MOSA1
Polybromo BAPT70 BAF 180, BAF 200
Swi3 Recaiswh3 MOR/BAP155 BAF155, BAF170
Noncatalytic Swp73 Recs BAPED BAFEDA, b, Of C
"s":":’ e snts smi SNR1/BAPES NSNFSBAFATINI
BAP111/d3ia0 BAFS7
BAPSS o BAPAT BAFS3a orb
. A Acin T-acin
Rsci or Rec2,
Swpé2, TaMd, | Rsc3-5.7.9,
S s“t;ﬁﬂism1 10, 30, Hi1,
Ldb7, Rit102
Complex | ISW1a [ BWIb | SW2 NURF [ W_Cm_m_
ATPase sw w2 S SNFaL SNF2H
1 | NURF301 ACF1 BPTF RACF1AWCRF 180
ISW1 | Noncatalytic CHRAC14 NCHRAC17
homoiogous CHRAC16 NCHRAC15
NURFSSpSS m
Unique loc3 | tocz, locd NURF33 _
Complex CHD1 CHD1 | Mi-2NuRD | Kismet ‘é’}g’z’ NuRD CHDG-9?
Mi-20/ CHD3,
ATPase chaip acHDt | og:g;“) (m) gg'z’ MI-28/CHDS, | CHD&-?
CHDS
CHD aMBD213 MBD3
Noncatalytic A MTAL.2.3
nomoiogous aRPD3 HDAC1, 2
subunits pss RDAp45 or 48
PEGIES peta, &
Unique DOC-1 —
Complex INOSO SWR1 Pho-dINOSO Tipo INOS0 | SRcAP ':’::o”
ATPase nod0 St Gino80 Domino hhot0 | SRCAP 400
w12 Reptin, Pontn RUVBLY, 2TopiBa b
ApSs | Aps dApS S BAPSS BAFS3a
Arpd, Actint dAdtinl Actin87E ApS5.8 Apé | Actin
Torn Ya® 4GASA1 GAS41
les2.6 hies26 l
SwodEar FOVAPT DWAPT
SweaNpeT2 i o
w00 | roncetnyes ot 3Brds - BraaTRC/ p120
SWR1 | homologous H2AZ, H28 H2Av, H23 e
subunts
SwebiVpsT1 ZnFHITY
dTrat TRRAP
aTip&0 Tipb0
GMRG1S MRGISX
P FLI11730
SMRGEP WRGBP
EPo) EPCH
GING3 NG3
Unique "‘;;;’,’35' Swe3 57 Pho

Table 1.1. Composition of chromatin remodelers and their paralogs/homologs.
Adapted from Clapier and Cairns, 2009.
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Studying ATP-dependent chromatin remodeling complexes in the context of
human disease has highlighted that they are important at every level of differentiation
and in preventing oncogenesis (Ho and Crabtree, 2010; Wang et al., 2007; de la Serna
et al., 2006). In order to understand the role of chromatin remodelers in maintaining
proper cellular function, much work has gone into identifying the activities of remodeling
complexes in the cell and into characterizing the molecular mechanisms through which
they act (Clapier and Cairns, 2009; Hargreaves and Crabtree, 2011; Bartholomew,
2014). Approximately 25 genetically non-redundant SNF2-like homologs have been
identified in humans, suggesting each remodeler has evolved specialized functions in
the cell (Hargreaves and Crabtree, 2011).

The first remodeling complex to be described and purified was SWI/SNF from
Saccharomyces cerevisiae (yYSWI/SNF) (Cairns et al., 1994; Coté et al., 1994; Peterson
et al., 1994; reviewed in Clapier and Cairns, 2009; Mohrmann and Verrijzer, 2005).
Genes encoding the ySWI/SNF subunits were originally identified in a genetic screen
looking for mutations affecting either mating-type SWItching or growth on sucrose
(Sucrose Non-Fermenting) and thus the name SWI/SNF (Cairns et al., 1994; C6té et al.,
1994; Peterson et al., 1994). Members of the SWI/SNF remodeling family have been
found to be composed of eight to fourteen subunits (Mohrmann and Verrijzer, 2005;
Clapier and Cairns, 2009). SWI/SNF complexes increase accessibility to nucleosomal
DNA by sliding nucleosomes, displacing H2A-H2B dimers and/or completely
disassembling the nucleosome in an ATP-dependent manner (Whitehouse et al., 1999;

Lorch et al., 1999, 2006; Narlikar et al., 2001; Kassabov et al., 2003; Bruno et al., 2003;
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Dechassa et al., 2010). These activities are thought to aid in transcription activation
(Workman and Kingston, 1998; Sudarsanam and Winston, 2000).

Initial members of the INO80/SWR1 remodeling family were also purified from
Saccharomyces cerevisiae (Shen et al., 2000, Mizuguchi et al., 2004; reviewed in
Clapier and Cairns, 2009; Bao and Shen, 2007). INO80 was first identified in yeast as a
paralogue of SWI/SNF that regulates INOsitol-dependent gene activation (Ebbert et al.,
1999). In a similar vein, yeast genetic screens searching for mutants with defects in
chromatin modification and transcriptional elongation by RNA Polymerase |l identified
the SWR1 complex (SWI/SNF-Related) as another SWI/SNF paralogue (Krogan et al.,
2003). INO80 and SWR1 are both macromolecular complexes composed of more than
ten subunits with the ability to catalyze histone exchange reactions (Shen et al., 2000;
Mizuguchi et al., 2004; Clapier and Cairns, 2009). While SWR1 catalyzes the
incorporation of histone variant H2A.Z at specific genomic loci (Mizuguchi et al., 2004;
Kobor et al., 2004; Gévry et al.,, 2007), INO80O catalyzes the reverse reaction
(Papamichos-Chronakis et al., 2011). INO80 has been implicated in transcriptional
regulation (Bao and Shen, 2007) and DNA double-strand break repair processes
(Morrison et al., 2004; van Attikum et al., 2004; Downs et al., 2004) while SWR1 has the
ability to exchange canonical H2A-H2B dimers for H2A.Z-H2B; this activity has been
shown to be important for establishing H2A.Z-containing NCPs flanking nucleosome-
depleted regions at gene promoters (Kobor et al., 2004; Krogan et al., 2003; Mizuguchi
et al., 2004).

The first ISWI remodeling complexes (reviewed in Corona and Tamkun, 2004;

Clapier and Cairns, 2009) were purified from D. melanogaster embryo extracts in a
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search for factors that would allow transcription factors to access nucleosomal DNA
(Tsukiyama and Wu, 1995a; Tsukiyama et al., 1995b; Varga-Weisz et al., 1997). In
parallel, an ATP-dependent nucleosome spacing factor containing ISWI was identified
from D. melanogaster embryo extracts as well (lto et al., 1997a). ISWI was so named
because of its sequence similarity to ySWI/SNF (Imitation SWitch or ISWI) (Elfring et
al., 1994). ISWI-containing remodeling complexes typically contain two to four subunits,
and can assemble periodic nucleosomal arrays/slide nucleosomes to alter nucleosome
spacing; these remodeling activities are important for proper chromatin assembly in vivo
and the formation of higher-order chromatin structures (Deuring et al., 2000; Corona et
al., 2007; Vincent et al., 2008; Sala et al., 2011).

The founding member of the CHD family, CHD1, was identified as a murine
nuclear protein that bound immunoglobulin promoter DNA sequences (Delmas et al.,
1993). CHD remodeling factors can be composed of one to ten subunits (Clapier and
Cairns, 2009; Woodage et al., 1997; Hall and Georgel, 2007; Marfella and Imbalzano,
2007) and are so named Chromodomain Helicase DNA-binding (CHD) proteins
because of the presence of tandem chromodomains N-terminal to the central SNF2-like
ATPase of the catalytic subunit (Delmas et al., 1993; Woodage et al., 1997; Hall and
Georgel, 2007; Marfella and Imbalzano, 2007). Vertebrates have nine CHD proteins and
their variability is thought in part to be due to diversification of their chromodomains
(Flanagan et al., 2007) along with the presence of additional auxiliary domains
(Woodage et al., 1997; Hall and Georgel, 2007; Marfella and Imbalzano, 2007). Only
CHD1 from S. cerevisiae (Chd1p = yCHD1) and D. melanogaster (Chd1 = dCHD1) has

been found to possess the ability to assemble periodic nucleosomal arrays thus far
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(Robinson and Schultz, 2003; Lusser et al., 2005). Mammalian CHD2 is most closely
related to CHD1 as both share a C-terminal putative DNA-binding domain not as well
conserved in other CHD proteins (Woodage et al., 1997; Hall and Georgel, 2007;
Marfella and Imbalzano, 2007). The CHD family is thought to be involved in
transcriptional regulation and maintenance of proper developmental pathways
(Woodage et al.,, 1997; Marfella and Imbalzano, 2007). Loss or mutation of genes
coding for CHD proteins has been linked to various developmental disorders and
several types of cancers (Marfella and Imbalzano, 2007). While significant progress has
been made toward delineating the in vivo roles of various chromatin remodeling factors,
less is understood regarding how the enzymatic activity of each remodeler differs from

one another (Hota and Bartholomew, 2011).

1.3. THE CORE ATPASE SUBUNIT

Recent work in the last two decades has shed light into how several core
ATPases from each of the remodeling families carries out substrate recognition and
subsequent ATP hydrolysis and remodeling activity (reviewed in Clapier and Cairns,
2009; Hota and Bartholomew, 2011; Becker and Horz, 2002). While the number of
subunits found in remodeling complexes can range from one to fifteen, all remodelers
contain a unique catalytic subunit from the SNF2-like family (Clapier and Cairns, 2009,
Hota and Bartholomew, 2011; Gorbalenya et al., 1988; Gorbalenya and Koonin, 1993).
SNF2-like members have been classified based on the presence of a series of short
ordered motifs numbered |, la, I, Ill, 1V, V, and VI typically located in the core of the

protein sequence (Gorbalenya et al., 1988; Gorbalenya and Koonin, 1993; Flaus et al.,
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2006). Crystal structures of the core ATPase domain from SNF2-like proteins Rad54
and CHD1 reveal the presence of two RecA-like lobes separated by a central linker of
variable lengths (Thoma et al., 2005; Durr et al., 2005; Sengoku et al., 2006; Hauk et
al., 2010), suggesting this is a common core structural fold of chromatin remodelers in
the SNF2-like family and that remodelers possess DNA translocase activity (Hauk and
Bowman, 2011).

DNA cross-linking studies show that the catalytic subunits of ISWI and SWI/SNF
remodeling complexes make significant contacts with the nucleosome, suggesting the
catalytic subunits from all the remodeling families utilize direct contacts with the DNA
and histones to carry out remodeling via their proposed DNA translocase activity (Saha
et al.,, 2002; Ryan and Owen-Hughes, 2011; Clapier and Cairns, 2009; Bartholomew,
2014). Contacts made between the core ATPase subunit and the nucleosome have
been observed to occur within three main regions: the nucleosomal DNA, the non-
bound open histone octamer face, and the linker DNA (Hota and Bartholomew, 2011). It
is becoming clear that beyond the conserved helicase motifs, the ATPase domain has
evolved regions that play key roles in modulating not only recruitment to the
nucleosome but also efficiency of remodeling as well (Flaus et al., 2006). Determining
the region of the catalytic subunit responsible for making contacts to each of these
regions, where on the nucleosome contacts are made, and how these contacts change
throughout the remodeling reaction will provide significant insight into how remodelers
with similar ATPase domains can have vastly different remodeling outcomes (Hota and
Bartholomew, 2011).

Each remodeling family has a set of distinct regulatory features (Figure 1.6).
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Family ATPase Schematic of Regulatory Regions and Domain Structure
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CHD Chd1

Figure 1.6. Domain architecture of regulatory modules found in core catalytic
subunit making up SNF2-like chromatin remodeling families. SNF2-like
ATPases contain a central domain made up of two RecA-like lobes (RecA-1 and
RecA-2, blue) separated by a central linker (L, light blue). Members of the
INO80/SWR1 family are characterized as having an extra-long linker (XL, light blue).
Core ATPases of the SWI/SNF and INO80/SWR1 families have an N-terminal
helicase-SANT-associated domain at the N-terminus (HSA, light orange). Catalytic
core subunit of the SWI/SNF remodeling complex is distinguished by a C-terminal
bromodomain (green). The core ATPase for the ISWI family possesses two auto-
inhibitory motifs called AutoN and NegC (brown). This core ATPase also possesses
a histone-interacting HAND domain (orange). Directly adjacent to the HAND domain
is a single DNA-binding module made up of SANT and SLIDE domains (red) also
found in CHD1 and CHD2 of the CHD family. CHD family members are defined by
the presence of N-terminal tandem chromodomains (yellow). The functional roles of
these domains are discussed in the text. Adapted from Bartholomew, 2014.

The catalytic subunit of SWI/SNF remodelers has several functional domains: a central
ATPase domain, a helicase-SANT-associated or HSA domain, and a distinguishing
bromodomain that binds acetylated histone tails (Figure 1.6) (Clapier and Cairns, 2009).

The HSA domain interacts with nuclear actin-related proteins (Arps) and serves



important structural and regulatory roles (Trotter et al., 2008; Szerlong et al., 2008).
Recently, a motif coupling ATPase activity to remodeling has been identified C-terminal
to the central ATPase domain and named Snf2 ATP Coupling or SnAC (Figure 1.6)
(Sen et al., 2011). DNA and nucleosomal substrates stimulate the ATPase activity of
SWI/SNF remodelers equally (Phelan et al., 1999) although DNA cross-linking data
show the region of the catalytic subunit contacting DNA changes depending on whether
the substrate is naked DNA or nucleosomal DNA (Dechassa et al., 2012). Removal of
histone tails by limited trypsinization of the NCP does not affect the remodeling activity
(Guyon et al., 1999) but the presence of an acetylated H3 tail can increase SWI/SNF
affinity for the nucleosome (Chatterjee et al., 2011).

ATPases from the INO80/SWR1 family are characterized by an extra-long ~400
amino acid insert separating the two RecA-like lobes (Clapier and Cairns, 2009). This
insert is important for complex formation and recruitment of AAA+ helicase subunits
Rvb1/2 (Shen et al., 2000; Mizuguchi et al., 2004; Wu et al., 2009). The N-terminal
region also contains an HSA domain (Figure 1.6), which binds actin and actin-related
proteins and is needed for complex assembly (Trotter et al., 2008; Szerlong et al., 2008;
Wu et al., 2009). The N-terminus also serves as a histone-binding site for the H2A.Z-
H2B dimer in the case of SWR1 (Wu et al., 2009).

Studies on ISWI have revealed significant insight into how accessory domains
modulate the way the ATPase interacts and senses both nucleosomal and extra-
nucleosomal DNA. The N terminus of ISWI was found to contain a region called AutoN
with high homology to the histone H4 tail (Clapier and Cairns, 2012). This correlates

well with the observation that ISWI remodelers need the H4 tail to remodel
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nucleosomes (Georgel et al., 1997; Hamiche et al., 2001; Clapier et al., 2002; Fazzio et
al., 2005) and with DNA cross-linking studies that show ISWI remodelers bind to the
nucleosome at ~SHL 2, which is near where the histone H4 N-terminal tail protrudes
(Figure 1.4) (Schwanbeck et al., 2004; Zofall et al., 2006). A motif directly C-terminal to
the ATPase domain called NegC regulates the coupling of ATP hydrolysis to DNA
translocation (Clapier and Cairns, 2012). These types of regulatory mechanisms have
also been observed for Rad54 DNA translocases (Alexiadis et al., 2004). Moreover,
kinetic studies on ATP hydrolysis and substrate recognition by ISWI revealed that the
core ATPase domain is an autonomous remodeling machine and that the C-terminal
DNA-binding domain is not necessary for remodeling but instead enhances both the
efficiency and processivity of remodeling activity (Mueller-Planitz et al., 2013).

Recent single molecule and structural studies are starting to elucidate the
mechanism through which ISWI heterodimer and chromatin assembly factor in D.
melanogaster ACF (henceforth dACF) translocates along the DNA. Furthermore, dACF
can bind to the nucleosome as a dimer, providing a model through which dACF centers
the nucleosome by sensing linker DNA flanking either side through its SANT-SLIDE
DNA-binding domains (Racki et al., 2009). Fluorescence resonance energy transfer
(FRET) studies show dACF translocates along the DNA with several pauses (Blosser et
al., 2009). The initial pause always occurs after a step-size of seven base pairs (bp)
while subsequent pauses occur after three to four bp of translocation (Blosser et al.,
2009). This mechanism is conserved in other ISWI-containing complexes as well

(Deindl et al., 2013). Single-molecule studies of DNA translocation by other remodeling
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families on nucleosomal substrates would establish whether this type of DNA-
translocating activity is unique to the ISWI family.

Much of what is known about the biochemical properties of CHD remodelers
comes from studying yCHD1 or dCHD1 from S. cerevisiae or D. melanogaster,
respectively. In the crystal structure of the yCHD1 ATPase domain with the N-terminal
chromodomains, the two RecA-like lobes appear to be oriented in an inactive
conformation with the chromodomains bound to a putative DNA binding site on the core
ATPase domain. This orientation suggests the N-terminal tandem chromodomains block
DNA access to the catalytic center, representing another example of an auto-inhibitory
mechanism utilized by remodelers (Hauk et al., 2010). A motif directly C-terminal to the
ATPase domain bridging the two RecA-like lobes is highly conserved between ISWI and
CHD1 (Clapier and Cairns, 2012); this motif has been shown to couple ATP hydrolysis
to nucleosome remodeling (Patel et al., 2011; Torigoe et al., 2013). While structural and
biochemical data reveal key insights into how the chromdomains and ATPase interact,
they leave open the question of how the C-terminal DNA-binding domain interacts with
the chromodomains and ATPase domain to achieve nucleosome remodeling and
chromatin assembly by CHD1. All members of the CHD family possess N-terminal
tandem chromodomains; the chromodomains likely provide an additional level of
regulation by targeting CHD proteins to loci with specific histone modifications
(Woodage et al., 1997; Hall and Georgel, 2007; Marfella and Imbalzano, 2007;
Flanagan et al., 2005, 2007; Sims et al., 2005). Study of these accessory domains have

revealed that they play key roles in remodeler activity on the nucleosomal substrate.
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ISWI-containing and CHD1 remodelers are unique in that they are also ATP-
dependent chromatin assembly factors (lto et al., 1997a; Robinson and Schultz, 2003;
Lusser et al., 2005). Chromatin assembly factors are important not only for the basic
packaging of DNA into nucleosomes but also for the proper maintenance of genome
structure and integrity (Tyler, 2002; Haushalter and Kadonaga, 2003). For instance,
when enzymes such as the DNA polymerase or the transcription machinery travel
through a specific region, nucleosomes must be re-assembled behind in order to
maintain genomic stability (Krude and Keller, 2001; Groth et al., 2007). The same is true
for processes that repair DNA damage (Groth et al., 2007). In each of these contexts it
is necessary to know which chromatin assembly factors are being utilized and how the

cell decides when and where to assemble chromatin.

1.4. CHROMATIN / NUCLEOSOME ASSEMBLY

Because chromatin assembly influences a broad range of nuclear processes, it is
important to understand the various contexts in which chromatin assembly occurs and
the key players involved. In the cell, chromatin assembly can occur in a replication-
coupled manner during S phase or in a replication-independent manner at other points
in the cell cycle (Polo and Almouzni, 2006). Replication-dependent assembly occurs
behind the replication fork, where the newly synthesized DNA must be reassembled into
chromatin (Krude, 1999; Annunziato, 2005, 2013). To accommodate replication-
dependent assembly, new core histones are expressed and synthesized during S phase
in a tightly regulated system (Polo and Almouzni, 2006; Gunjan and Verreault, 2003;

Gunjan et al., 2005, 2006; Marzluff et al., 2008). Nucleosome assembly that is not
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coupled to replication often involves the incorporation of histone variants and can occur
in conjunction with transcription, DNA repair, or homologous recombination or during
normal histone exchange/turnover (Groth et al., 2007; Annunziato, 2013; Kadam and
Emerson, 2002; Das and Tyler, 2013; Ahmad and Henikoff, 2002). Replication-
dependent assembly has been observed to occur in a stepwise manner (Smith and
Stillman, 1991). Newly synthesized H3 and H4 associate and are initially acetylated on
various lysines in their amino-terminal domains (Verreault, 2000). The acetylated (H3-
H4), heterotetramer is then deposited onto the DNA to form the “tetrasome” and two
H2A-H2B dimers subsequently incorporated to form the core histone octamer (Polo and
Almouzni, 2006; Smith and Stillman, 1991; Kleinschmidt et al., 1990; Akey and Luger,
2003; Torigoe et al., 2011). Shortly after H3 and H4 are packaged into the histone
octamer, removal of the acetyl groups occurs (Jackson et al., 1976). Lastly, nucleosome
maturation requires an ATP-dependent motor protein for proper supercoiling of the DNA
around the histone octamer and spacing of the nucleosomes along the DNA (Torigoe et
al., 2011; Glikin et al., 1984; Nakagawa et al., 2001). Stepwise assembly is supported
by studies of the chromatin assembly process in vitro (Torigoe et al., 2011); the
following sections outline details of the chromatin assembly process.

Early in vitro chromatin assembly experiments that mixed histones and DNA at
physiological salt concentrations found they formed an insoluble aggregate because the
highly basic histones (~20% lysine and arginine) would interact non-specifically with the
DNA (Wilhelm et al., 1978; lto et al., 1997b). However, if the histones and DNA were
mixed at 2 M sodium chloride (NaCl) and the salt concentration gradually lowered by

dialysis or dilution, this allowed for specific histone-DNA interactions to be made and
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nucleosomes to be properly assembled (Wilhelm et al., 1978; Germond et al., 1976;
Camerini-Otero et al., 1976). Gradually lowering the salt concentration from 2 M NaCl is
frequently used for the formation of salt-dialyzed chromatin and takes advantage of the
fact that the (H3-H4), tetramer associates with DNA at a higher ionic strength than the
H2A-H2B dimer (Wilhelm et al., 1978; Germond et al., 1976; Camerini-Otero et al.,
1976). This led to the identification of certain anionic compounds that could act as
histone transfer vehicles that bind to the core histones and mediate their deposition onto
naked DNA (reviewed in Ito et al.,1997b).

A host of factors can act as histone transfer vehicles in vitro. Histone transfer
vehicles are typically negatively charged or acidic in nature and bind histones, shielding
their positive charge and allowing for the ordered stepwise assembly of nucleosomes
(Ito et al., 1997b). In addition to NaCl, these include polyanions such as bulk RNA
(Nelson et al., 1981) and polyglutamic acid (Stein et al., 1979). In the cell, histone
transfer vehicles are acidic proteins that are referred to as histone chaperones or
histone carriers (reviewed in Polo and Almouzni, 2006; Tyler, 2002; Krude and Keller,

2001; Loyola and Almouzni, 2004; Burgess and Zhang, 2013).

1.4 1. Histone Chaperones

The discovery of the first histone chaperone, nucleoplasmin (Laskey et al., 1978),
laid the foundation for a family of proteins that have important roles in histone dynamics
and the regulation of chromatin assembly (reviewed in Polo and Almouzni, 2006; Tyler,
2002; Krude and Keller, 2001; Loyola and Almouzni, 2004; Burgess and Zhang, 2013).

Because the core histone proteins H2A, H2B, H3, and H4 are highly basic, histone
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chaperones are needed to prevent the formation of non-specific ionic interactions and to
ensure the proper deposition of the core histones onto DNA (Loyola and Almouzni,
2004). Moreover, there are unique histone chaperones that bind histone variants and
ensure their proper spatial and temporal incorporation into the genome (Henikoff and
Ahmad, 2005).

Though initially discovered as having a direct role in nucleosome assembly,
histone chaperones have also been found to play roles in regulating transcription and
the cell cycle, providing increasing evidence that histones are far more than just
packaging proteins. Some histone chaperones are important for regulating histone
protein levels, as too many histones can be toxic to the cell (Gunjan et al., 2005). Still
other histone chaperones are needed to regulate the import of histones from the
cytoplasm into the nucleus (Mosammaparast et al., 2002). The histone chaperone,
nucleosome assembly protein 1 (NAP-1), plays multiple roles in histone dynamics and
has been frequently used in in vitro chromatin assembly assays.

In the cell, NAP-1 has multiple functions. While NAP-1 binds both to H2A-H2B
and H3-H4 heterodimers in vitro (Andrews et al., 2008), it prefers to bind to H2A-H2B
dimers in vivo (Park et al., 2005). NAP-1 acts as an H2A-H2B shuttle protein,
transporting newly synthesized histones from the cytoplasm into the nucleus (Park et
al., 2005). In vitro, NAP-1 aids in nucleosome formation by disrupting nonnucleosomal
histone-DNA contacts (Andrews et al., 2010). NAP-1 also has the ability to form a pre-
nucleosome substrate that can then be rapidly converted into the canonical nucleosome
by an ATP-dependent chromatin assembly factor (Nakagawa et al., 2001; Torigoe et al.,

2011).
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While histone chaperones can deposit histones onto DNA, proper maturation of
nucleosome arrays is an ATP-dependent process (Haushalter and Kadonaga, 2003;
Glikin et al., 1984; Ruberti and Worcel, 1986). The use of histone chaperones to
assemble chromatin in vitro yields nucleosomal arrays that do not have any of the
regularity or periodicity found in bulk chromatin and cannot account for all of chromatin
assembly in vivo (Glikin et al., 1984; Ruberti and Worcel, 1986). Experiments conducted
in Xenopus laevis oocyte extracts first showed the assembly of periodic nucleosomes
requires ATP and Mg** (Glikin et al., 1984; Ruberti and Worcel, 1986). Identifying and
characterizing these ATP-dependent assembly factors will serve an important step
towards understanding the formation and regulation of chromatin structure and

accessibility in the cell.

1.4.2. ATP-Utilizing Chromatin Assembly Factors

We now know that ATP-dependent chromatin assembly occurs as a coordinated
effort between histone chaperones and chromatin assembly motor proteins (Figure 1.7)
(Polo and Almouzni, 2006; Tyler, 2002; Haushalter and Kadonaga, 2003; Ito et al.,
1997b; Nakagawa et al., 2001; Torigoe et al., 2011). While several groups had detected
ATP-dependent chromatin assembly in extracts from X. laevis (Glikin et al., 1984;
Ruberti and Worcel, 1986) and D. melanogaster (Becker and Wu, 1992; Kamakaka et
al., 1993), it was the fractionation of D. melanogaster extracts that ultimately led to

identification of the first ATP-dependent chromatin assembly factor (lto et al.,1997a).

31



DNA

@ Histone Chaperones

1. Formation of H2A-H2B
pre-nucleosome @
H3-H4
AN N 1N C}
— U\ \/ \_/—DNA

2. ATP-dependent ATP +

nucleosome maturation ATP-Utilizing Chromatin

Assembly Factor

Figure 1.7. Stepwise assembly of periodic nucleosomal arrays. The assembly of
periodic nucleosome arrays is thought to occur in a stepwise manner as a
coordinated effort between histone chaperones and ATP-utilizing chromatin
assembly factors. 1. Histone chaperones (orange) are needed for the ordered
formation of the histone octamer (yellow) on the DNA. 2. Nucleosome maturation
requires ATP and ATP-dependent chromatin assembly factors (blue) for proper
supercoiling of the DNA around the histone octamer and spacing of nucleosomes
along the DNA. Adapted from Nakagawa et al., 2001 and Torigoe et al., 2011.

1.4.2.1. ISWI-Containing Chromatin Assembly Factors

The first ATP-dependent chromatin assembly factor identified was called ATP-
utilizing chromatin assembly and remodeling factor or ACF (lto et al., 1997a). ACF is a
heterodimer of the core ATPase ISWI and the regulatory subunit Acf1, and can catalyze

the assembly of periodic nucleosomal arrays in vitro (lto et al., 1997a; Lusser et al.,
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2005; Fyodorov et al., 2004). ACF from D. melanogaster also has the ability to
assemble nucleosomes containing the linker histone H1 (Lusser et al., 2005). Linker
histones like H1 bind to the linker DNA between nucleosomes, aiding in the formation of
higher-order chromatin structures (Thoma et al., 1979; Misteli et al., 2000). Other ISWI-
containing complexes have also been found to have chromatin assembly activities,
suggesting the core ATPase ISWI dictates the ability to assemble periodic nucleosomal
arrays (Varga-Weisz et al., 1997; LeRoy et al., 2000). Interestingly one ISWI-containing
complex, RSF, does not require an external histone chaperone (Loyola and Almouzni,
2004; LeRoy et al., 2000; Loyola et al., 2001) providing an example in which auxiliary
domains of the core ATPase have important roles in regulating the assembly function.
Moreover, the assembly function of ISWI-containing remodelers is important for
chromosome organization (Corona and Tamkun, 2004). For instance, loss of ISWI in D.
melanogaster leads to global decondensation of the male X chromosome (Deuring et
al., 2000) and a decrease in the periodicity of nucleosome arrays in bulk chromatin
(Fyodorov et al., 2004). ACF has also been implicated in regulation of the formation of

chromatin loop domains (Yasui et al., 2002).

1.4.2.2. Chromatin Assembly Factor CHD1

Besides members of the ISWI family, only one other remodeler, CHD1 from both
S. cerevisiae and D. melanogaster (yCHD1 and dCHD1, respectively), has been found
to possess chromatin assembly activity thus far (Robinson and Schultz, 2003; Lusser et
al., 2005). Despite yeast and fly CHD1 exhibiting remodeling activities in vitro as a

monomer (Tran et al., 2000; Lusser et al., 2005), CHD1 from yeast and humans has
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been observed to associate with multi-subunit complexes in vivo (Krogan et al., 2002;
Pray-Grant et al., 2005; Lin et al.,, 2011). In yeast cells, yCHD1 interacts with the
SAGA/SLIK histone acetylation complex (Pray-Grant et al., 2005) while human CHD1
interacts with the Mediator complex in assembly of the pre-initiation complex and might
be needed to establish nucleosome structure at active gene promoters (Lin et al., 2011).
It is possible CHD1 exists as part of distinct complexes depending on the species,
tissue type, or developmental window. These point toward a likely role for the
remodeling activity of CHD1 in regulating transcription and gene expression (Krogan et
al., 2003; Alén et al., 2002; Hennig et al., 2012; Radman-Livaja et al., 2012). CHD1 is
also needed to maintain pluripotency of mouse embryonic stem cells, suggesting its
chromatin assembly activity is important for establishing appropriate chromatin structure
for global gene expression (Gaspar-Maia et al., 2009).

The chromodomains are also likely to play a role in targeting the assembly
activity of human CHD1. Human but not yeast CHD1 is able to recognize modified
histone tails (Sims et al., 2005). Human CHD1 binds methylated histone tails via the N-
terminal tandem chromodomains, suggesting human CHD1 has evolved to carry out
fine-tuning of gene regulation in higher organisms (Sims et al., 2005; Flanagan et al.,
2005). Further, CHD1 localization to chromatin is dependent on the chromodomains
(Kelley et al., 1999; Morettini et al., 2011). While yCHD1 and dCHD1 assemble
chromatin in vitro (Robinson and Schultz, 2003; Lusser et al., 2005), chromatin
assembly activity by human CHD1 has yet to be shown.

My dissertation work has delineated the biochemical properties of two CHD

remodelers from humans, CHD1 and CHD2 (hCHD1 and hCHDZ2), which have been
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implicated in gene regulation and development. While hCHD2 has been found to
associate with chromatin in vivo (Harada et al., 2012), its biochemical properties have
not been well characterized thus far. | have demonstrated hCHD2 possesses ATP-
dependent chromatin assembly activity and can remodel nucleosomes in vitro. In order
to provide a foundation for delineating the molecular mechanisms for CHD remodelers, |
have dissected the domain architecture of hCHDZ2 in the context of its ATP-dependent
activities. These results will be the focus of Chapter 2. | have also shown that while
hCHD1 can assemble and remodel nucleosomes, it does so inefficiently. Furthermore, |
went on to dissect the ATPase activities of hCHD1 as well. These findings will be
outlined in Chapter 3. In the last chapter, | will discuss conclusions made from the
findings outlined in chapters 2 and 3, how they relate to each other, discuss models for
how human CHD1 and CHD2 could be recruited in vivo, and propose future

experiments regarding hCHD1 and hCHD2.
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