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In eukaryotic cells, DNA is tightly packaged into chromatin. Because chromatin is
inhibitory to DNA-binding proteins, it must be modified so that necessary DNA-protein
interactions can occur. Chromatin structure can be modified or altered by chromatin regulators.
One class of chromatin regulators is the ATP-dependent chromatin remodeling factor family.
Chromatin remodeling enzymes utilize ATP hydrolysis to alter chromatin structure and thus
affect many DNA-dependent processes. Mutations in these complexes can cause disease and cell
death, signifying their importance. Here I use Saccharomyces cerevisiae as a model organism to
characterize the roles of chromatin structure and remodeling factors in essential biological
processes. In this study, I show that budding yeast remodeling factors Isw2 and Ino80 act in

opposition to checkpoint activators and promote accessibility of chromatin during replication



stress. I also suggest novel roles for these enzymes in telomere homeostasis and rRNA
transcriptional regulation. Finally, I show that nucleosome occupancy is a novel parameter for
origin activities and that a chromatin regulator is likely responsible for establishing occupancy at
origins. Taken together my work demonstrates the importance of chromatin regulation in cellular

mechanisms that are crucial for genome integrity.
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CHAPTER 1

Introduction

Chromatin Structure

All of our genetic information is contained in a set of DNA molecules that together
stretch out to nearly two meters. In order for DNA to fit into a 10-20um nucleus, the DNA must
be tightly packaged. DNA attains this structure by first wrapping around an octamer of histone
proteins, which consist of two copies of H2A, H2B, H3 and H4. About 147 base pairs of DNA
wrap 1.65 turns around the histone octamer to form nucleosomes, and variable lengths of linker
DNA separate adjacent nucleosomes (Luger et al., 1997). Through intermolecular and
intramolecular interactions, nucleosomes and linker DNA further fold into 30nm fibers
(Felsenfeld and Groudine, 2003). These fibers further condense into a higher order structure
through currently unknown mechanisms. Many studies have attempted to decipher the folding
patterns of higher order chromatin, but because of the highly compact structure, resolving the
compaction mechanisms has proved to be difficult. Understanding regulation of chromatin
structure is integral to elucidating the regulation of biological processes. While all cells have the
same genetic information, cells are differentiated to perform different functions. Thus DNA
sequence alone cannot define cellular function. Rather chromatin structure is differentially
regulated in different types of cells for proper execution of these functions. Certainly, studies
have shown that defects in chromatin structure results in misregulation of many cellular

processes (Hendrich and Bickmore, 2001).



There are many layers of chromatin regulation. Regulating the accessibility of chromatin
is necessary for DNA-dependent processes to occur at a given locus. DNA-dependent processes
such as transcription and replication require initiation factors to bind to the target loci. However,
nucleosomes can act as barriers to protein binding. Therefore, chromatin must be made
accessible in these regions for these processes to occur. Indeed, replication origins (hereafter
origins) and transcription start sites (TSSs) of genes have are depleted of nucleosomes to
facilitate recruitment of necessary factors (Bernstein et al., 2004; Eaton et al., 2010; Lee et al.,
2004). On the other hand, there are regions of the genome that need to remain inaccessible, and
are therefore associated with more compacted chromatin structure. These DNA sequences tend
to have higher nucleosome occupancy and recruit other factors that reinforce condensation
(Woodcock and Ghosh, 2010). The compact, inactive chromatin state is known as
heterochromatin, whereas the decondensed, active state is known as euchromatin. Different types
of heterochromatin exist: facultative heterochromatin can reversibly transition from inactive to
active states, and constitutive heterochromatin is always condensed, enriched in repetitive
sequences, and associated with gene poor regions (Woodcock and Ghosh, 2010). Chromatin is
also spatially organized within the nucleus. Compared to euchromatin, heterochromatin tends to
localize more at the nuclear periphery and has been shown to interact with the nuclear envelope
(Marshall, 2002). Moreover, studies suggest that there may be chromatin “territories,” in which
chromatin with similar properties associate together (Woodcock and Ghosh, 2010). Within this
spatial organization, chromatin has been shown to “loop out” specific regions of the genome in
order to regulate their accessibility (Kadauke and Blobel, 2009). Enhancer promoter interactions
are required for transcriptional activation but enhancers and promoters can be separated by

thousands of base pairs. Recent studies suggest that spatial regulation and chromatin looping



serve as mechanisms to regulate interaction between enhancers and promoters (Nolis et al.,
2009). Current studies also suggest that chromatin is constantly dynamic and chromatin mobility
can range among different regions of the genome, which has functional consequences for DNA-
dependent processes (Soutoglou and Misteli, 2007).

In order to regulate these different chromatin states, cells have many proteins whose
primary function is to regulate chromatin structure. Histone modifying enzymes can add or
remove modifications to histone proteins. Different modifications like acetylation or methylation
are associated with various chromatin activities. These modifications can either recruit specific
chromatin regulators or regulate activities of chromatin regulators. ATP-dependent chromatin
remodeling enzymes are another class of proteins that use the energy of ATP hydrolysis to alter
chromatin structure. These chromatin regulators are involved in many DNA-dependent pathways
including transcription, DNA replication, DNA repair, and chromosome segregation (Clapier and
Cairns, 2009). Mutations in chromatin regulators result in many kinds of disorders or diseases,
which highlights their importance in regulating multiple DNA-dependent pathways (Hendrich

and Bickmore, 2001).

ATP-dependent chromatin remodeling enzymes

ATP-dependent chromatin remodeling enzymes are multi-subunit complexes that alter
chromatin structure in various ways. They have been shown to slide, evict, assemble or
restructure nucleosomes (Clapier and Cairns, 2009). Remodeling factors are part of the SNF2
super family that have homology domains to DExx box helicases (Vignali et al., 2000). However
they are not known to have helicase activities. Rather, they are stimulated by nucleosomes and

use their translocase activity to affect DNA-histone interactions (Clapier and Cairns, 2009). All
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chromatin remodeling factors have a catalytic ATPase subunit but each class of ATPases has
unique domains that define the different subfamilies of remodeling enzymes. Furthermore, each
ATPase associates with different accessory subunits that specializes the factor to execute its
specific functions. There are four families of remodeling factors: SWI/SNF (switching
defective/sucrose nonfermenting), ISWI (imitation switch), CHD (chromodomain, helicase,
DNA binding) and INOS8O (inositol requiring 80) (Figure 1.1) (Clapier and Cairns, 2009). Each
family of remodeling factors participates in numerous biological processes, and because of their
importance each family is highly conserved from yeast to humans.

The SWI/SNF family of enzymes is characterized by an ATPase domain that has two
helicase-SANT (HSA) domains and a C-terminal bromodomain (Figure 1.1). The helicase-
SANT domain functions to interact with histones and DNA. Bromodomains bind to acetylated
lysine residues, and binding can promote recruitment of factors to specific locations or alter
ATPase activity. The SWI/SNF family of enzymes has been shown to slide or eject nucleosomes
(Clapier and Cairns, 2009). In yeast, there are two complexes in the SWI/SNF family, SWI/SNF
and RSC. The catalytic subunit of SWI/SNF is the Snf2 subunit. SWI/SNF has been shown to
facilitate transcription (Winston and Carlson, 1992). While mostly known to be involved in
activating transcription, there is some evidence of SWI/SNF having roles in transcriptional
repression at telomeres and the ribosomal DNA (rDNA) (Dror and Winston, 2004). Furthermore
it was shown the SWI/SNF also has roles in replication and the checkpoint response (Flanagan
and Peterson, 1999; Kapoor et al., 2015). The catalytic subunit of RSC is Sth1 and RSC has been
shown to be involved in chromosome segregation, gene expression, and DNA repair (Clapier and

Cairns, 2009).
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The ISWI family of proteins has an ATPase that consists of a C-terminal HAND-SANT-
SLIDE domain (Figure 1.1), which functions to bind to unmodified histone tails and DNA
(Clapier and Cairns, 2009). In yeast, ISWI complexes include Iswla, [swlb and Isw2. The ISWI
family is mostly known to be involved in transcriptional repression (Fazzio et al., 2001;
Goldmark et al., 2000; Ruiz et al., 2003; Sherriff et al., 2007). However, some ISWI complexes
like Drosophila NURF can promote transcription (Mizuguchi et al., 1997). ISWI complexes
have the ability alter nucleosome positioning and assemble nucleosome arrays (Clapier and
Cairns, 2009).

The CHD family proteins are distinguishable by an ATPase with tandem
chromodomains. Chromodomains function to bind methylated histones (Figure 1.1). CHD
remodeling factors have nucleosome sliding and ejecting activities (Clapier and Cairns, 2009).
Mammalian Mi-2, which forms the nucleosome remodeling and deacetylase (NuRD) complex, is
part of the CHD class of remodeling factors. Yeast only has one known CHD family protein,
Chdl. Chdl has been implicated in transcriptional elongation, as studies show co-localization
with elongating Pol II (McDaniel et al., 2008; Murawska et al., 2008). Chd1 functions alongside
Iswl and Isw2 to generate nucleosomal arrays (Gkikopoulos et al., 2011). Indeed in the absence
of all three complexes, nucleosome positioning is disrupted genome-wide (Gkikopoulos et al.,
2011).

The INOS8O family of proteins has a unique ATPase in that the ATPase domain is “split”
by a long insertion (Figure 1.1). Ino80 has been implicated in many functions including DNA
replication, repair and transcription (Clapier and Cairns, 2009). However, mechanisms of Ino80
activities are far less understood. Budding yeast Ino80 and Swr1 are part of the INO80 family of

proteins. Ino80 and Swrl were shown to have opposing biochemical activities, in which Swrl
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exchanges H2A-H2B dimers with H2A.Z-H2B dimers, and Ino80 performs the opposite reaction
(Mizuguchi et al., 2004; Papamichos-Chronakis et al., 2011). Ino80 has also been shown to have
nucleosome sliding activity (Udugama et al.). Both Ino80 and Swr1 have role in multiple
pathways and thought to be important for maintaining genome integrity (Clapier and Cairns,
2009).

Thus far chromatin remodeling factors activities have only been characterized with
histone or DNA substrates. However a recent study suggested that chromatin remodeling factor
SWI/SNF can regulate activation of a non-chromatin substrate Mec1(Kapoor et al., 2015), which
is a central checkpoint kinase. Additionally, Mot1, a protein related to chromatin remodeling
factors has the ability to displace TATA-binding protein (TBP) from promoters (Auble et al.,
1994). These studies indicate that chromatin remodeling factors may have functions beyond

altering histone-DNA interactions to regulate cellular processes.

Budding yeast Isw2

In budding yeast, the ISWI family of remodeling factors consists of Iswla, Iswlb, and
Isw2. Isw2 has been purified as either a two- or a four-subunit complex. The two-subunit
complex consists of catalytic subunit Isw2 and Itc1. The four subunit complex is made up of the
Isw2, Itcl, Dpb4, and DIs1 (Figure 1.2). Isw2 has mainly been shown slide nucleosomes into the
nucleosome depleted region (NDR) of genes to repress transcription at specific sites (Fazzio et
al., 2001; Goldmark et al., 2000; Ruiz et al., 2003; Sherriff et al., 2007). Isw2 recruitment and
activity is dependent on the basic patch in the N-terminal tail of histone H4 (Dang et al., 2006).
Isw2 is specifically recruited to target genes through transcription factor Ume6 by direct

interaction or through chromosome looping (Goldmark et al., 2000; Yadon et al., 2013). Isw2 is
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also targeted to upstream regions of tRNA genes through Bdp1, a Pol III transcription factor
TFIIIB subunit, to affect Tyl retrotransposon integration sites (Bachman et al., 2005). Recently,
Isw2 was also shown to repress long noncoding RNAs (IncRNAs), which can inhibit
transcription of the overlapping mRNA (Alcid and Tsukiyama, 2014). Outside of transcription,
Isw2 has been implicated in replication and the S phase checkpoint, and shown to be enriched at
stalled replication forks (Au et al., 2011; Vincent et al., 2008). Moreover, [sw2 was recently
shown to be involved in increasing life span (Dang et al., 2014). Furthermore, Isw2 has the
ability to translocate on ssDNA, albeit with lower affinity for ssDNA than nucleosomes (Fischer

et al., 2009).

Budding yeast Ino80

The INOS8O subfamily consists of Ino80 and Swrl in budding yeast. Ino80 is a 15 subunit
complex that has been implicated in many different cellular processes (Figure 1.2). Ino80
subunits include helicase-related proteins Rvbl and Rvb2, actin proteins Arp5, Apr8, Apr4 and
Actinl, TATA binding protein-associated factor Taf14, and Ino80-specific subunits Ies2, Ies6,
Iesl, Ies3, Ies4, lesS and Nhp10. The Nhp10 subunit, which is related to mammalian high
mobility group proteins, has been shown to bind to DNA. It is currently unknown whether Ino80
exists in multiple subcomplexes. Mechanisms of Ino80 activities are currently not well
understood. Thus far, studies have shown that Ino80 has the ability to exchange H2A.Z-H2B
dimers with H2A-H2B dimers and slide nucleosomes in vitro (Papamichos-Chronakis et al.,
2011; Udugama et al.). Ino80 also has roles in DNA repair pathways, as Ino80 is enriched at
double-stranded breaks (DSBs) and facilitates H2AX phosphorylation at DSBs (van Attikum et

al., 2004). Mutations in Ino80 subunits lead to sensitivity on replication inhibitors because Ino80
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promotes replication fork stability and recovery (Shimada et al., 2008). Regulation of Ino80
activity is not well defined, but studies have shown that phosphorylation of Ies4 subunit by
Mec1/Tell modulates the checkpoint response (Morrison et al., 2007). Ino80 was shown to be
enriched at the +1 nucleosome of TSSs, where H2A.Z exchange occurs (Yen et al., 2013).
Additionally, Ino80 and its subunits have been implicated in telomere function (Xue et al., 2015;

Yu et al., 2007).

Chromatin Structure in DNA replication

DNA replication occurs from multiple sites in the genome called replication origins
(origins). In budding yeast, origins are defined by an AT rich autonomous replication sequence
(ARS) (Marahrens and Stillman, 1992). Prior to S phase, the ARS consensus sequence (ACS) is
bound by the origin recognition complex (ORC) (Bell and Stillman, 1992; Diffley and Cocker,
1992). ORC recruits the mini chromosome maintenance (MCM) helicase complex, via Ctd1 and
Cdcb6, to form the pre-replicative complex (pre-RC) (Remus et al., 2009). The Cdc45 complex
then recruits polymerases for DNA replication, and cyclin dependent kinases (CDKs) and Dbf4-
dependent kinase (DDK) to activate the MCM complex (Fragkos et al., 2015). MCM forms a
complex with Cdc45 and the GINS to form the CMG helicase, which when activated, unwinds
DNA ahead of the fork and results in bi-directional DNA replication. However, replication
factors are limiting (Mantiero et al., 2011), hence origins do not all fire simultaneously (Brewer
and Fangman, 1991; Dubey et al., 1991). Instead, origins show temporally staggered patterns of
initiation, and in addition vary in their efficiency of initiation (Figure 1.3). Origin timing is

defined as when in S phase an origin is seen to fire on average in a population of cells. Origin
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efficiency is defined as the fraction of cells in which a given origin fires. Origin activation is
strictly regulated to ensure that re-replication does not occur.

Chromatin structure is a significant factor in establishing origin activation and
modulating DNA replication. Chromatin context has been shown to affect origin activation as
origins close to centromeres fire early (McCarroll and Fangman, 1988; Raghuraman et al., 2001),
and those close to telomeres fire late (Ferguson and Fangman, 1992; McCarroll and Fangman,
1988). Moreover, a late origin can fire early when placed on a plasmid (Ferguson and Fangman,
1992). Histone acetylation has also been implicated in controlling DNA replication and origin
activation (lizuka et al., 2006; Knott et al., 2009; Unnikrishnan et al., 2010; Vogelauer et al.,
2002). Furthermore, origins have ORC-dependent asymmetric nucleosome positions, which
affect origin initiation (Eaton et al., 2010). Chromatin remodeling factors have also been
implicated in DNA replication. We and others have shown that chromatin remodeling factors are
required for proper replication initiation and replication fork progression (Biswas et al., 2008;

Flanagan and Peterson, 1999; Vincent et al., 2008).

Chromatin Structure in S phase checkpoint

During DNA replication, cells are prone to endogenous or exogenous stresses that can
cause replication stress or DNA damage. Improper resolution of these events can lead to genome
instability and cell death. Thus cells have a mechanism in place called the S phase checkpoint to
allow cells to properly undergo DNA repair and replication before cell division (Figure 1.4).

Replication protein A (RPA) has a high affinity to ssDNA and accumulation of RPA on
DNA serves as one of the first signals for checkpoint activation. RPA binds to Ddc2 (mammalian

ATRIP), which recruits binding partner Mec1 (human ATR) to stalled replication forks (Zou and
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Elledge, 2003). In budding yeast, Mec1 is the main S phase checkpoint kinase, and is necessary
for robust activation of the S phase checkpoint (Zou, 2013). Tell also acts in parallel to Mecl,
but is a minor contributor to the S phase checkpoint as it is dispensable for checkpoint activation
(Zou, 2013). Sensor proteins Rad24 clamp loader and the 9-1-1 clamp (Rad17, Ddcl, and Mec3),
Dna2 and Dpb11 are recruited separately to stalled forks and all have the ability to activate Mecl
(Gilbert et al., 2001; Katou et al., 2003; Kondo et al., 2001; Kumar and Burgers, 2013; Majka et
al., 2006; Navadgi-Patil and Burgers, 2008). Once activated, Mec1 signals mediator proteins
Rad9 and Mrc1, which both function to activate the downstream effector kinases Rad53 and
Chkl (Alcasabas et al., 2001). Rad53 has a greater role in S phase checkpoint activation than
Chk1 in budding yeast. Once Rad53 is activated, cells slow down replication, resolve the stress,
stabilize replication forks and prevent origin firing. While checkpoint activation is important for
genome stability, checkpoint deactivation has also been found to be critical. Cells deficient in
checkpoint deactivation cannot recover from replication fork arrest, and eventually replication
forks collapse leading to cell death (Szyjka et al., 2008). One mode of checkpoint deactivation
occurs through Rad53 phosphatases that function to dephosphorylate Rad53, thereby
deactivating the checkpoint (Szyjka et al., 2008). While other modes of checkpoint deactivation
exist, these mechanisms are currently unknown.

Chromatin structure has been shown to be important in the S phase checkpoint. We have
previously shown that chromatin remodeling factors Isw2 and Ino80 can deactivate the S phase
checkpoint (Au et al., 2011). A study has also shown that Mec1 can phosphorylate Ies4 subunit
of Ino80 and this regulation can affect [no80 binding to Rad53 to modulate checkpoint activity

(Morrison et al., 2007). Mecl was also shown to phosphorylate Isw2 (Chen et al., 2010), but
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whether these phosphorylations affect the function of Isw2 are unknown. Recently SWI/SNF

was shown to directly regulate Mec1 activity to modulate the checkpoint (Kapoor et al., 2015).

Chromatin structure in rDNA stability

Ribosomal RNAs (rRNAs) are transcribed from the rDNA locus, which resides in the
nucleolus. rRNAs are the RNA components of the ribosome and are required for proper protein
synthesis. Growing cells require robust production of proteins so rRNAs are abundantly
transcribed. In fact, rRNAs make up ~80% of total RNA in the cell (Kobayashi, 2014). In order
for cells to produce many rRNAs, the rDNA locus contains multiple repeating units of rRNA
genes. In budding yeast, the rDNA locus is on chromosome XII, and wild type cells carry around
150 copies of the rDNA unit (Figure 1.5). Each unit is made up of the 35S transcription unit,
which gives rise to the 2585, 18S, and 5.8S RNAs, the 5S gene, a replication fork barrier (RFB)
and a ribosomal origin of replication (rARS). While the majority of the yeast RNAs are
transcribed by Pol II, the rRNAs are transcribed by Pol I and Pol III (Kobayashi, 2014). Pol I
transcribes the 35S, while Pol III transcribes the 5S. However, while there are many copies of the
rDNA unit, not all of these units are transcribed. Studies have reported that the rDNA exists in
two different forms. Early psoralen crosslinking experiments deduced that about half the rDNA
copies are nucleosome poor, and the other half have higher levels of nucleosomes (Dammann et
al., 1993). The nucleosome poor copies are associated with active rDNA units, whereas the
nucleosome rich copies are associated with inactive units (Dammann et al., 1993). In mammals,
a chromatin remodeling factor NoRC has been shown to be involved in silencing the inactive

copies (Strohner et al., 2004).

18



rDNA is important for genome stability and has been implicated in aging and cellular
senescence (Kobayashi, 2011). The rDNA locus is a hot spot for homologous recombination
(HR) because of its highly repetitive nature. When HR occurs at the rDNA locus, cells can both
lose or gain rDNA copies. The binding of Fob1 to the RFB and a double strand break (DSB) is
required for HR to initiate at the rDNA locus (Burkhalter and Sogo, 2004; Kobayashi et al.,
1998; Kobayashi et al., 2004). Through an unknown mechanism cells sense when rDNA copy
number is low and a rDNA amplification response is initiated. During HR, cohesion pairs sister
chromatids together at the rDNA and the cells undergo equal chromatid recombination, which
results in no changes in copy number (Figure 1.6) (Kobayashi and Ganley, 2005). In this
instance, NAD'-dependent histone deacetylase Sir2 functions to silence HR by binding to an E-
pro promoter (Kobayashi et al., 2004). However during rDNA amplification, Sir2 is redistributed
from the rDNA and in the absence of Sir2, a non-coding RNA (ncRNA) is expressed, which
displaces cohesin from the region (Kobayashi and Ganley, 2005). When HR is stimulated in the
absence of cohesion, unequal sister chromatid exchange takes place, which results in rDNA
amplification (Figure 1.6). Chromatin structure has been shown to be important in regulating
genome stability at the rDNA. SIR2 deletions result in unstable rDNA copy number and reduced

replicative life span (Kobayashi et al., 2004).

Chromatin structure at telomere stability

Telomeres are the ends of chromosomes and function to protect the chromosomal ends
from degradation or end-to-end chromosomal fusions (Wellinger and Zakian, 2012). Haploid S.
cerevisiae has 32 telomeres and each telomere consists of both repetitive and heterogeneous

DNA sequences. Telomeres have many structural similarities, but they are also unique in their
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composition of different types of subtelomeric elements, which have the ability to recruit
different types of factors (Wellinger and Zakian, 2012). As cells undergo successive rounds of
DNA replication, telomeres begin to shorten. Telomere length is associated with cellular
senescence and aging (Wellinger and Zakian, 2012). Once telomeres become too short, cells are
programmed to undergo senescence to prevent genome instability. Budding yeast has a
telomerase enzyme that functions to lengthen telomeres and prevent genome instability.
Because of their repetitive nature, telomeres are hot spots for recombination. To prevent
genome instability, telomeres tend to be in a heterochromatic structure (Wellinger and Zakian,
2012). Transcription and DNA repair is repressed at these regions, as activation of these
activities has shown to result in genomic instability (Gravel and Wellinger, 2002; Maicher et al.,
2012). Heterochromatin at telomeres is formed through recruitment of Sir (silent information
regulator) proteins (Imai et al., 2000; Takahashi et al., 2011). Yeast DNA repair Ku complex
(Yku) along with transcription factor Rap1 bind to DNA sequences within the telomeres and
recruit Sir proteins to telomeres (Boulton and Jackson, 1996; Gilson et al., 1993). Sirs
deacetylate H4K 16 acetylation, which compacts chromatin and also recruits more Sirs to spread
heterochromatin formation (Imai et al., 2000). Mechanisms of limiting Sir spreading are
currently unknown, but recently a study implicated Ino80 to be important for establishing Sir

boundaries (Xue et al., 2015).

Description of Dissertation

The goal of my dissertation is to characterize chromatin structure and its effects in
biological processes. As discussed above, there are many levels of chromatin regulation, and for

my dissertation I specifically focus on how chromatin remodeling factors affect chromatin
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structure to regulate essential DNA-dependent processes. Saccharomyces cerevisiae is an ideal
organism to study many of these processes, and both remodeling factors are highly conserved
from yeast to humans.

Chapter 2 focuses on chromatin remodeling factors Isw2 and Ino80. Our lab previously
showed that these two remodeling factors function in parallel to facilitate DNA replication and
checkpoint deactivation. The goal of my project was to determine the mechanisms by which
Isw2 and Ino80 attenuate the S phase checkpoint. I first sought to determine the kinetics
checkpoint activation in isw2 nhp10. I then systematically screened for interacting checkpoint
partners of Isw2 and Ino80 to determine which part of the checkpoint pathway Isw2 and Ino80
functioned in. Furthermore, I investigated whether Isw2 and Ino80 affect chromatin accessibility
during replication stress to influence the checkpoint response.

Apart from DNA replication and the S phase checkpoint, in Chapter 3 I investigated the
other potential functions of Isw2 and Ino80. I screened for genetic interactions of ISW2 and
NHP10 to determine whether Isw2 and Ino80 had roles in other cellular processes. Genetic
interactions suggested that Isw2 and Ino80 have previously unknown roles at the rDNA and
telomeres. Thus I explored functions of Isw2 and Ino80 at the rDNA and telomeres. Moreover, |
observed whether Isw2 and Ino80 were targeted to these loci and how they affected chromatin
structure. I also discuss the implications of remodeling factors in these processes that regulate
genome stability and cellular senescence.

In Chapter 4, I discuss my findings on chromatin structure and its role in origin
activation. In collaboration with another post-doc in the lab, I specifically investigated how

nucleosome occupancy affects origin activities, and subsequently DNA replication. While we
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have yet to identify the factor responsible for establishing nucleosome occupancy around origins,
we speculate that this factor is likely a chromatin remodeling factor.

In Chapter 5, I discuss the conclusions of the dissertation and the implications of my
findings. I propose possible models for Isw2 and Ino80 in checkpoint deactivation, as well as in
rDNA and telomere activities. I also discuss possible mechanisms for chromatin remodeling
factors in origin activation. Finally, I suggest future plans that will be needed to answer some of

the unanswered questions from my studies.
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Figure 1.1 ATP-dependent chromatin remodeling families.

The ATPases of the SWI/SNF, ISWI and CHD and INOS8O families. The families are separated
by the different ATPase domains. Figure from Clapier, C. and Cairns, B. Annu Rev Biochem
(2009).
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ISW2

Figure 1.2 Saccharomyces cerevisiae Isw2 and Ino80 complexes.

Budding yeast Isw2 complex includes Itc1, DIs1, Dpb4 and Isw2, depicted in orange as the
ATPase. Ino80 complex is composed of Rvb1, Rvb2, Apr4, Arp5, Apr§, Actl, Nhp10, Ies1-6,
Taf14 and Ino80, which is shown in red as the ATPase. The grey subunits indicate the subunits
that exist in other complexes. The blue subunits are known to exist only in Ino80. Isw2 and
Nhp10 are highlighted in yellow, which are the subunits of focus in this dissertation.
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Figure 1.3 Replication origin initiation in a given cell.
The process of origin initiation is depicted from G1 to S phase. Origins have different timing and
efficiency patterns. Figure from Mechali, M. Nat Rev Mol Cell Biol (2010).
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Figure 1.4 The S phase checkpoint pathway.
The S phase checkpoint cascade in budding yeast. The human homologs are shown in grey.
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Figure 1.5 The rDNA locus in budding yeast.

The rDNA consists of around 150 repeating units that are clustered together on Chromosome XII
in budding yeast. Each unit contains a 35S, 5S, rDNA origin (rARS), and a replication fork block
(RFB), which is bound by Fobl. Sir2 is also found at the rDNA and is necessary to silence the E-
pro promoter, which gives rise to a noncoding RNA (ncRNA) important for regulating
homologous recombination (HR) at the rDNA locus. Figure from Ide, S. et al. PLoS Genetics
(2013).
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Figure 1.6 Homologous recombination at the rDNA.

During replication, the RFB is bound by Fob1, which results in blocking replication and inducing
a double strand break (DSB). The DSB triggers HR to occur. When rDNA copy number is
normal, Sir2 is at the rDNA and silences the E-pro promoter. Cohesion allows for sister
chromatids to pair and equal sister-chromatid recombination occurs, which does not alter copy
number. However, when cells sense that copy number is low, Sir2 is displaced and the E-pro
ncRNA is transcribed. E-pro removes cohesion from the rDNA, which results in uneqal sister

chromatid recombination and changes in rDNA copy number. Figure from Kobayashi, 7. Proc
Jpn Acad Ser B Phys Biol Sci (2014).
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CHAPTER 2

Chromatin remodeling factors Isw2 and Ino80 regulate checkpoint activity

and chromatin structure in S phase

Modified from submitted manscript.

Lee, L., Rodriguez, J., and Tsukiyama, T.

Summary

When cells undergo replication stress, proper checkpoint activation and deactivation are
critical for genomic stability and cell survival, and therefore must be highly regulated. Although
mechanisms of checkpoint activation are well studied, mechanisms of checkpoint deactivation
are far less understood. Previously, we reported that chromatin remodeling factors Isw2 and
Ino80 attenuate the S phase checkpoint activity, especially during recovery from hydroxyurea in
Saccharomyces cerevisiae (Au et al., 2011). In this study, we found that Isw2 and Ino80 have a
more pronounced role in attenuating checkpoint activity during late S phase in the presence of
methyl methanesulfonate (MMS). We therefore screened for checkpoint factors required for
Isw2 and Ino80 checkpoint attenuation in the presence of MMS. Here we demonstrate that Isw2
and Ino80 antagonize checkpoint activators and attenuate checkpoint activity in S phase in MMS
either through a currently unknown pathway or through RPA. Unexpectedly, we found that Isw2
and Ino80 increase chromatin accessibility around replicating regions in the presence of MMS,

through a novel mechanism. Furthermore, through growth assays, we provide additional
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evidence that Isw2 and Ino80 partially counteract checkpoint activators specifically in the
presence of MMS. Based on these results, we propose that Isw2 and Ino80 attenuate S phase

checkpoint activity through a novel mechanism.

Introduction

For proper propagation of cells, DNA must be faithfully copied during replication in S
phase. However, during replication, cells are prone to encountering nucleotide depletion or DNA
damage, which generates replication stress and induces replication fork stalling. Upon replication
stress, cells trigger a mechanism called the S phase checkpoint to allow for proper completion of
replication before exit out of S phase. Because this pathway is essential for genomic stability as
evidenced by the development of cancer or cell death in checkpoint mutants (Zeman and
Cimprich, 2014) and strict conservation in eukaryotic cells, mechanisms of S phase checkpoint
activation have been extensively studied (Branzei and Foiani, 2009).

When replication forks stall in budding yeast cells, excess single-stranded DNA (ssDNA)
is produced, which is bound by Replication Protein A (RPA). Accumulation of the ssDNA-RPA
complex recruits a central kinase Mecl (ATR in mammalian cells) with its interacting partner
Ddc2 (ATRIP), which activates the downstream effector kinases Rad53 (Chk2) and Chk1 (Chkl)
to stabilize replication forks, up-regulate damage-inducible genes, and slow S phase progression
through the delay of origin firing until DNA is correctly replicated (Friedel et al., 2009; Rouse
and Jackson, 2002; Zou and Elledge, 2003). The S phase checkpoint can be activated through
two different pathways, the DNA damage checkpoint (DDC) and/or the DNA replication
checkpoint (DRC), depending on the type of damage recognized by the cell (Crabbe et al., 2010).

In the DDC of budding yeast, the clamp loader RFC**** (RFC**!!") and subsequently the PCNA-
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like 9-1-1 clamp, Radl17-Ddcl-Mec3 (Rad9-Husl-Radl), are recruited to ssDNA-dsDNA
junctions to facilitate activation of the checkpoint along with Dpbll (TopBP1l) and Rad9
(Gilbert et al., 2001; Kondo et al., 2001; Majka et al., 2006; Navadgi-Patil and Burgers, 2008). In
the DRC, Tofl (TIM), Mrcl (Claspin), and Dna2 are recruited to replication forks to facilitate
activation of the checkpoint (Katou et al., 2003; Kumar and Burgers, 2013).

In contrast to S phase checkpoint activation mechanisms, mechanisms that regulate
checkpoint deactivation are far less understood. The best-characterized mechanism of checkpoint
deactivation is through Rad53 phosphatases Pph3 and Ptc2. Deletion of Pph3 and Ptc2 results in
elevated sensitivity to replication inhibitors and complete replication fork arrest (Szyjka et al.,
2008). This result demonstrates that proper control of the amplitude and inactivation of the S
phase checkpoint are also essential for DNA replication control in the presence of replication
stress. It has also been shown that other modes of checkpoint deactivation exist that have yet to
be identified, highlighting the need for more studies on checkpoint deactivation mechanisms
(Travesa et al., 2008).

We have recently proposed that the highly conserved chromatin remodeling factors Isw2
and Ino80 play roles in S phase checkpoint attenuation (Au et al., 2011). Chromatin remodeling
factors use the energy of ATP hydrolysis to alter chromatin structure, and have been implicated
in many DNA-dependent processes including transcription, DNA replication, DNA repair, and
checkpoint regulation (Morrison and Shen, 2009). Isw2 has been demonstrated to slide
nucleosomes in vivo (Fazzio and Tsukiyama, 2003). Functionally, Isw2 has been shown to
repress transcription of genes by sliding nucleosomes over transcriptional start sites (Goldmark
et al., 2000; Whitehouse et al., 2007). Ino80 can replace the histone variant Htzl within

nucleosomes with canonical histone H2A (Papamichos-Chronakis et al., 2011). Ino80 is required

31



for proper DNA damage response after DNA double strand breaks (Shen et al., 2000; van
Attikum et al., 2004), as well as replication stress responses such as maintaining fork stability
and promoting recovery of stalled forks (Papamichos-Chronakis and Peterson, 2008; Shimada et
al., 2008). However, how this complex performs these functions remains largely unknown.

We previously reported that Isw2 and NhplO, a subunit of Ino80 complex, function
together to attenuate the S phase checkpoint after transient exposure to the DNA replication
inhibitor hydroxyurea (HU) (Au et al., 2011). In this study, we show that Isw2 and Nhpl0
exhibit a much stronger effect in attenuating checkpoint activity in the presence of the DNA
alkylating agent MMS throughout late S phase. Through systematic genetic tests, we show that
Isw2 and Nhp10 antagonize checkpoint activators and facilitate checkpoint attenuation in MMS
either through a currently unknown pathway or through the single stranded DNA binding protein
RPA. In investigating changes in chromatin structure in isw2 nhp10 during replication stress, we
unexpectedly found that Isw2 and Ino80 increase chromatin accessibility around replicating
regions, through a mechanism unrelated to their known biochemical activities. Consistent with
checkpoint activity control, growth assays in the presence of MMS reveal that Isw2 and Ino80
partially oppose checkpoint activators specifically in the presence of MMS. Based on these
results, we propose that Isw2 and Ino80 alter chromatin structure at replicating regions and

attenuate the S phase checkpoint through currently unknown mechanism(s).

Results

Isw2 and Ino80 attenuate the checkpoint upon MMS treatment in mid-late S phase
Saccharomyces cerevisiae Isw2p is the ATPase subunit of the [sw2 chromatin

remodeling factor involved in gene repression (Goldmark et al., 2000; Whitehouse et al., 2007).
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Nhp10p is a subunit of Ino80 that is known to exclusively exist within the Ino80 complex and
facilitates interactions with chromatin (Morrison et al., 2004). We previously reported that the
isw2 nhp 10 mutant exhibits two phenotypes in the presence of replication inhibitors: 1) slow
growth due to a prolonged S phase without an increase in cell death, and 2) over-activation of the
checkpoint during S phase (Au et al., 2011; Vincent et al., 2008). Previously, we reported that
isw2 nhp10 elevates and prolongs checkpoint activity during S phase in the presence of
replication inhibitors, especially after transient exposure to HU (Au et al., 2011). Our Rad53 in
situ auto-phosphorylation assay (ISA) revealed rapid loss of the checkpoint activity in wild type
(WT) cells, but not in isw2 nhp10 cells, after transient treatment with HU (Au et al., 2011).
However, upon examining Rad53 checkpoint activity by Western blot, we noticed that Rad53
protein could no longer be detected in later time points when samples were prepared according to
the protocol used in our previous report (Au et al., 2011) (Figure 2.1A). Importantly, Rad53
protein was lost at much earlier time points in WT than in isw2 nhp10 (Figure 2.1A). We found
that the loss of Rad53 protein could be attributed to an increase in cell volume as the time course
went on, which we did not previously adjust for, causing inefficient TCA precipitation of
proteins. Due to slower S phase progression in isw2 nhp10 cells, Rad53 is lost later in isw2
nhpl0 compared to WT (Figure 2.1A). Thus, the apparent checkpoint hyperactivity in isw2
nhp10 after HU treatment detected by ISA could be attributed to inefficient recovery of Rad53
protein in WT cells (Figure 2.1A and Figure 2.1B). We therefore prepared protein samples
adjusting for the differences in cell numbers between WT and isw2 nhp10 cells (see Materials
and Methods for details) and repeated the ISA assay. This procedure revealed that, although

Rad53 protein is still slightly more phosphorylated based on Western blotting in isw2 nhp10
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compared to WT cells after HU treatment (Figure 2.1B), the difference in phosphorylation is not
to the same degree as what we previously reported using ISA (Figure 2.1A).

These results prompted us to re-examine checkpoint activity of WT and isw2 nhp10 cells
under various conditions using both Western blotting and Rad53 ISA while accounting for cell
volume. These tests revealed that the difference in Rad53 checkpoint activity between WT and
isw2 nhp10 is much more robust upon MMS treatment, as compared to HU treatment (Figure
2.1B and Figure 2.1C). To investigate how Isw2 and Ino80 attenuate checkpoint activity in
MMS, we sought to determine when, during S phase, Isw2 and Ino80 perform their roles by
defining the kinetics of checkpoint activity. To this end, we performed a time course experiment
in which cells were arrested in G1 and released into S phase into rich medium containing MMS
and we monitored cell-cycle progression and checkpoint activity by flow cytometry and Rad53
ISA, respectively (Figure 2.1D and Figure 2.2A). Consistent with our previous report (Vincent et
al., 2008), isw2 nhp10 has a delay in S phase progression, which is not a result of incomplete
replication as shown by DNA profiles (Figure 2.1D and Figure 2.2B). The delay is associated
with stronger and prolonged checkpoint activity in the presence of MMS (Figure 2.1E). This
experiment revealed that the biggest difference in checkpoint activity occurs during mid-late S
phase (Figure 2.1E). Consistent with the fact that early origin firing is not greatly affected in
isw2 nhp10 (Vincent et al., 2008), these results suggest that Isw2 and Ino80 function after
replication has already been initiated. Once checkpoint activity is more strongly triggered in S
phase, activation remains elevated through transition into G2/M phase in isw2 nhp10 (Figure
2.1C). Taken together, our results suggest that Isw2 and Ino80 prevent hyperactivation of the
checkpoint activity in mid to late S phase in the presence of MMS to allow for efficient

replication progression and transition into G2/M phase.
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Isw2 and Ino80 function outside of DNA repair or fork protection pathways

Because checkpoint activity is much more strongly activated in isw2 nhp10 by MMS than
HU, we next tested whether ZSW2 and NHP10 could function through DNA repair or replication
fork protection pathways. We have previously showed, by genetic tests, that ISW2 and NHP10
do not function through several genes involved in replication fork protection and DNA repair
pathways (Vincent et al., 2008), leading to a conclusion that they do not function through these
pathways (Au et al., 2011). However, these tests were not very quantitative and additional genes
involved in DNA damage response and replication fork protection were identified after our
previous tests (Crabbe et al., 2010; Engels et al., 2011; Gonzalez-Prieto et al., 2013; Hegnauer et
al., 2012; Kubota et al., 2013). We therefore performed more comprehensive genetic tests to
determine whether ISW2 and NHP10 function in these pathways. ISW2 and NHP10 were deleted
in a given mutant to create a triple mutant, and the single and triple mutant growth phenotypes
were compared on gradient plates of rich media with increasing concentrations of MMS (Figure
2.3A). If ISW2 and NHP10 function through a pathway in which a DNA damage response or
replication fork protection gene plays a central role, the single and the triple mutant should
exhibit similar MMS sensitivity. In contrast, if ISW2 and NHP10 function independently of a
DNA damage response or replication fork protection gene, the phenotypes should be additive
and the triple mutant should be more sensitive than the single mutant. CTF[8, ELGI and SGS1
all influence checkpoint activity (Crabbe et al., 2010; Hegnauer et al., 2012; Kanellis et al.,
2003). All of the triple mutants within these mutant backgrounds show additive MMS sensitivity,
suggesting that these genes are not required for ZSW2 and NHP10 function (Figure 2.3A). Other

genes involved in fork protection (lavender), replication (grey) and different DNA damage
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response pathways (teal) also show that Isw2 and Ino80 act independently of these pathways
(Figure 2.3B). DNA polymerase € (Pol €) associates with Dpb11 to facilitate DNA replication
and the S phase checkpoint (Masumoto et al., 2000), and the Dpb4 subunit of Pol € also exists in
the Isw2 complex (lida and Araki, 2004; McConnell et al., 2004). Therefore, to test genetic
interactions of Pol € with Isw2 and Nhp10, we used a po/2-12 mutant, which attenuates S phase
checkpoint activity (Li et al., 2008). However, the pol2-12 isw2 nhp 10 mutants exhibited
extreme growth defects and readily picked up suppressor mutations (data not shown). While we
were not able to measure MMS sensitivity of this mutant, the additive effect even in the absence
of replication stress suggests that Isw2 and Nhp10 have functions independent from Pol €.
Together, these results reinforce the conclusion that Isw2 and Ino80 do not function through a

single DNA damage response or replication fork protection pathway.

Isw2 and Ino80 antagonize checkpoint activators and attenuate checkpoint activity
independently of any single checkpoint factor downstream of RPA

The results above are consistent with our model that Isw2 and Ino80 play a direct role in
attenuating the S phase checkpoint activity. Thus to gain insight into the mechanism of
checkpoint attenuation by Isw2 and Ino80 we performed systematic genetic tests to screen for
checkpoint factors required for Isw2 and Ino80 checkpoint function using the Rad53 ISA assay.
Based on a similar reasoning as above, if a checkpoint protein is required for Isw2 and Ino80 to
attenuate checkpoint activity, we would expect deletion of ISW2 and NHP10 to not increase
checkpoint activity in the relevant mutant background. Alternatively, if a given checkpoint
protein is not required for Isw2 and Ino80 function, then deletion of ISW2 and NHP10 would still

increase the deficient checkpoint activity in the checkpoint mutants. Through these analyses, we
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aimed to identify the most upstream checkpoint factor by which Isw2 and Ino80 attenuate
checkpoint activity. We screened all major checkpoint factors known to be required for robust S
phase checkpoint activity (Figure 2.4A). Unless otherwise indicated, the checkpoint mutants
tested were null mutations. The S phase checkpoint cascade has two partially overlapping
pathways (Figure 2.4A), the DRC and DDC, that both function to activate the S phase
checkpoint. Although the DDC, in blue, is primarily activated in the presence of MMS, the DRC,
in pink, can redundantly function to partially activate the S phase checkpoint in the absence of
DDC factors (Branzei and Foiani, 2009). Checkpoint components in yellow function in both the
DDC and DRC, and thus are the most critical for proper activation. Complete deletion of a DRC
component resulted in severe MMS sensitivity because they are also involved in DNA
replication, in addition to the DRC (Figure 2.3B). Therefore, for checkpoint factors that also
have roles in DNA replication, we used mrci-aq (Szyjka et al., 2005), dpb11-600 (Pfander and
Diffley, 2011), and dna2-WY-AA (Kumar and Burgers, 2013), which are alleles that were
previously shown to be specifically deficient in checkpoint activation. Unexpectedly, we found
that isw2 nhp10 mutation partially rescued checkpoint activity in all the checkpoint-deficient
mutants tested, for both DRC and DDC mutants, as indicated by a checkpoint activity ratio (see
Materials and Methods) significantly higher than one upon ISW2 and NHP10 deletion (Figure
2.4B). These results suggest that Isw2 and Ino80 antagonize checkpoint activators in affecting S
phase checkpoint activity. Mecl plays central roles in S phase checkpoint activation, and
absence of the Mec! kinase severely abrogates the S phase checkpoint (Branzei and Foiani,
2010). Perhaps most surprisingly, even in mecl smll cells, where checkpoint activity is mostly
depleted, the deletion of ISW2 and NHP10 still results in higher checkpoint activity during S

phase, indicating that Isw2 and Ino80 function independently of Mec1 (Figure 2.4C and 2.4D).
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Residual checkpoint activity in the mecl smll mutant is due to the partially redundant function
of Tell (Mantiero et al., 2007). The mode of Tell activation in S phase is not well understood,
but in the absence of Mecl, Tell can activate the checkpoint to a much lesser degree (Zou,
2013). We attempted to examine the effects of Isw2 and Ino80 when the S phase checkpoint is
completely abolished by making a mec! tell smll isw2 nhp10 mutant. However, tell deletion
alone causes strong synthetic growth defects with isw2 nhp 10 mutation independent of S phase
checkpoint function (see Figure 2.8A below). Because of this genetic interaction, the quintuple
mutant had extreme growth defects and readily picked up suppressors (data not shown), making
phenotype analyses impossible. The dna2-WY-AA ddcl mutant, which abolishes Mec1 activation
through both the DRC and DDC pathways (Kumar and Burgers, 2013), also displayed higher
checkpoint activity upon ISW2 and NHP10 deletion (Figure 2.4B). This result is consistent with
the partial rescue of the checkpoint activity of mec/ mutant by isw2 nhp10. These findings
suggest that Isw2 and Ino80 deactivate checkpoint activity independently of both DRC and DDC
pathways. We were unable to test RPA due to the lack of an 7pa mutant allele that solely affects
checkpoint activity. Because RPA is essential for viability and has various roles in DNA
replication, checkpoint activation, DNA damage response, and recombination, deleting /SW2 and
NHPI0 in rpa mutant backgrounds, rfal-degron and the rfal-t11 (Lisby et al., 2004; Umezu et
al., 1998), causes severe growth defects (data not shown). While the strong synthetic growth
defects of rpa isw2 nhpl0 were not unexpected, it made measuring the checkpoint activity in the
mutant impossible. Nevertheless, our data demonstrate that no known S phase checkpoint factor
downstream of RPA is required for Isw2 and Ino80 to attenuate checkpoint activity. These
results collectively suggest that Isw2 and Ino80 function either through currently unidentified

checkpoint activator(s) or through RPA, which feeds into multiple independent checkpoint
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activation pathways. For MRC1, DPBI11 and DNA2, we cannot rule out the possibility that the

alleles we used did not inactivate their relevant checkpoint activation function.

Isw2 and Ino80 do not affect abundance of checkpoint factors

We envision that Isw2 and Ino80 attenuate checkpoint activity through at least two
possible mechanisms. One possibility is that Isw2 and Ino80 may facilitate removal of a
checkpoint protein from replication forks. Alternatively, they may down-regulate the activity of a
checkpoint protein. We first tested whether Isw2 and Ino80 alter the abundance of chromatin-
bound RPA by chromatin fractionation from cells in G1 and S phase with 0.02% MMS (Figure
2.5A), followed by Western blotting. This analysis revealed that relative levels of chromatin-
bound RPA were similar in both WT and isw2 nhp10 in G1 and S phase, indicating that higher
checkpoint activity in the mutant is not a result of RPA accumulation on bulk chromatin (Figure
2.5B). Consistent with this result, overexpression of Rad51 and Rad52, proteins involved in
displacement of RPA from double strand break sites (Sugiyama and Kowalczykowski, 2002), did
not affect MMS sensitivity of isw2 nhp10 cells (data not shown). In order to test whether Isw2
and Ino80 affect the abundance of other checkpoint proteins bound to chromatin, we performed
stable Isotope Labeling by Amino Acids in cell culture (SILAC) mass spectrometry to compare
differences in global levels of chromatin bound proteins in WT and isw2 nhp10. This method
was successfully used to find an abnormal increase in chromatin bound replisome components in
Actf18 (Kubota et al., 2011). This analysis revealed no notable difference in the abundance of the
vast majority of chromatin-bound proteins between WT and isw2 nhp10 in the presence of MMS
(r* = 0.92), including DNA replication, replication checkpoint, and DNA repair proteins (Figure

2.5C). The outliers that increase the most in abundance in isw2 nhp10 are Sen34p (~20 fold), a
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subunit of the tRNA splicing endonuclease, Hsp26p (~20 fold), a small heat shock protein, and
Gpx2 (~7 fold), a phospholipid hydroperoxide glutathione peroxidase that is normally induced
upon replication stress (Tkach et al., 2012). Outliers that correspond to the most reduced
abundance in isw2 nhp10, include Stslp (~1/8-fold), which is involved in protein transport and
ribosomal RNA stability, Ptc2p (~1/5-fold), a Rad53 phosphatase, and not surprisingly other
Ino80 subunits like Ies1 (~1/4-fold). Other than Ptc2p, no outliers have been previously
described to have a function in the S phase checkpoint. No other Rad53 phosphatases were found
to have different protein abundance in the SILAC data, and due to the redundancy of the Rad53
phosphatases, Ptc2 alone plays only a minor role in checkpoint recovery after MMS treatment
(Szyjka et al., 2008). Furthermore, we have previously shown that Isw2 and Ino80 clearly
function independently of the Rad53 phosphatases (Au et al., 2011). Taken together, our results
show that Isw2 and Ino80-dependent checkpoint attenuation cannot be explained by changes in

the abundance of chromatin bound proteins, at least at the bulk level.

Chromatin accessibility around replication forks is decreased in isw2 nhpl0 in the presence

of MMS

Previously, we (Vincent et al., 2008) and others (Papamichos-Chronakis and Peterson,
2008; Shimada et al., 2008) showed that both Isw2 and Ino80 are enriched at stalled replication
forks. Therefore we considered the possibility that [sw2 and Ino80 may affect chromatin
structure around replication forks, thereby altering checkpoint activity. [no80 functions in
opposition to Swrl and exchanges nucleosomal H2A.Z/H2B dimers for H2A/H2B dimers
(Papamichos-Chronakis et al., 2006; Papamichos-Chronakis et al., 2011). Meanwhile, Isw2 alters

chromatin structure by sliding nucleosomes away from coding regions or toward gene promoters
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(Fazzio and Tsukiyama, 2003; Yadon et al., 2010). We sought to determine whether these known
biochemical activities might be required for S phase functions of Isw2 and Ino80. If the
important role of Nhp10 is in Htzl exchange, we can expect to see partial rescue of the MMS
sensitivity of isw2 nhpl0 cells by deleting H7Z1. However, htzI mutation not only showed no
rescue but increased the MMS sensitivity of isw2 nhp10, suggesting that Htz1 exchange is not
the relevant activity of Isw2 and Nhp10 in MMS (Figure 2.6A). To confirm that the genetic
interaction with Htzl was representative of Ino80 complex rather than Nhp10 alone, we tested
another subunit of Ino80, Ies5. The isw2 ies) htzl displayed an even stronger additive growth
defect in the presence of MMS (Figure 2.7A). Deleting swrl in isw2 nhpl0 also resulted in a
stronger growth defect in the presence of MMS compared to either swrl or isw2 nhp10 (Figure
2.7B). These results collectively suggest that Htzl deposition is not the relevant biochemical

activity for growth in MMS.

We also mapped nucleosome positions around replicating regions in WT and isw2 nhp10
in both G1 and S phase in MMS. For this experiment, harvesting cells in early S phase was
necessary to achieve the best possible synchrony of replication forks. We first confirmed that
nucleosome positions at known Isw2 targets shift in isw2 nhp10 as anticipated. However, we did
not detect significant changes in nucleosome positioning at replicating regions either in G1 or
early S phase in MMS (data not shown). Although this negative result has caveats that
replication forks are not completely synchronous within cell population, and that the resolution
of our nucleosome mapping may not be high enough, it does not support a model that regulation
of nucleosome positions account for the mechanism behind checkpoint regulation by Isw2 and

Ino&0.

We next tested whether chromatin accessibility might be altered in isw2 nhp10 around
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replication forks. We have recently developed a method to measure chromatin accessibility to
micrococcal nuclease (MNase) in a way normalized for nucleosome occupancy, called
Normalized Chromatin Accessibility to MNase (NCAM) (Rodriguez et al., 2014; Rodriguez and
Tsukiyama, 2013). To measure NCAM, we digest chromatin with MNase, purify
monoucleosomal DNA, and hybridize the nucleosomal DNA to high-density tiled microarrays.
We then quantify nucleosome signals, which can be affected by both nucleosome occupancy and
sensitivity of nucleosomes to MNase at any given site (Rodriguez and Tsukiyama, 2013; Weiner
et al., 2010). At the same time, we perform chromatin immuno-precipitation using anti histone
H3 antibody to measure nucleosome occupancy. By normalizing the strength of MNase signals
to nucleosome occupancy, we can calculate NCAM, which measures the relative amount of
MNase digestion per nucleosome (Rodriguez and Tsukiyama, 2013). As expected for both WT
and isw2 nhp10, overall NCAM increases compared to genome average at regions of active
replication, which is depicted near early origins that have fired in most cells at this time point.
However, NCAM is significantly reduced in isw2 nhp10 compared to WT (Figure 2.6B and
2.6C). It is unlikely that the lower NCAM at this time point is caused by inefficient replication
initiation in the mutant, as we have shown previously that isw2 nhp10 do indeed efficiently fire
early origins similarly to WT (Vincent et al., 2008). Indeed, WT and isw2 nhp10 cell exhibit
similar levels of DNA synthesis around early-firing origins at this time point (Figure 2.6B). In
contrast, non-replicating regions, which are represented by chromatin surrounding late origins
that have not fired at this time point, are overall less accessible compared to the rest of the
genome as expected (Figure 2.6B and 2.6C). We did detect minor decreases in NCAM in isw2
nhpl0 compared to WT at these non-replicating regions, which is most likely attributed to

passive replication occurring at these sites (Figure 2.6C). Taken together, these results suggest
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that Isw2 and Ino80 complexes affect NCAM around actively replicating regions. Furthermore,
the reduction in NCAM of isw2 nhp10 is not a result of global reduction in NCAM signal
because NCAM is very similar or even slightly increased in the mutant at transcriptional start
sites, both in G1 and in S phase in MMS (Figure 2.6D). These results collectively show that
Isw2 and Ino80 increase chromatin accessibility specifically around replication forks in the
presence of MMS. Although the decrease in NCAM in isw2 nhpl0 at actively replicating regions
can be partially attributed to differences in nucleosome occupancy, the changes are mainly
driven by a decrease in nucleosome signal (Figure 2.7C and 2.7D). We have confirmed the
genome-wide decrease in nucleosome signals around replication forks in isw2 nhp10 cells by

deep sequencing nucleosomal DNA (data not shown).

isw2 nhpl0 partially rescues MMS sensitivity of severe checkpoint deficient mutants
Because isw2 nhpl0 can stimulate checkpoint activity even in the absence of the known
checkpoint activators, we sought to determine whether deletion of isw2 nhp10 in checkpoint
deficient mutants could also rescue cell growth in the presence of MMS. The DRC checkpoint
specific mutations yielded WT-like MMS sensitivity, consistent with previous reports that the
DRC checkpoint components are dispensable for the checkpoint in MMS (Alcasabas et al., 2001;
Crabbe et al., 2010) (Figure 2.8A). Deletion of ISW2 and NHP10 in these backgrounds did not
cause detectable genetic interactions. On the other hand, the DDC mutants were more sensitive
to MMS than WT cells as expected (Hustedt et al., 2013), and unexpectedly, deletion of ISW2
and NHP10 did not yield an additive phenotype despite a rescue in checkpoint activation shown
earlier (Figure 2.8A and 2.8B). These results showed, for the first time, that checkpoint over-
activation and growth in MMS are genetically separable, as checkpoint over-activation does take

place without affecting MMS sensitivity in DDC mutants (Figure 2.8A and 2.8B). However, in
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the mutants that could not activate either the DRC or the DDC in S phase, isw2 nhp10 partially
rescued MMS sensitivity, which is consistent with the partial rescue in checkpoint activity
(Figure 2.8A and 2.8C). We previously failed to detect the rescue of the MMS sensitivity of
mecl mutant by isw2 nhp1(0 mutation (Au et al., 2011), because the rescue is slight and can be
detected only after an extended period of time, due to very slow growth of the mutant. While the
rescue of the mec! phenotype by isw2 nhpl0 was modest, we saw a more prominent rescue in
ddcl dna2-WY-AA (Figure 2.8A and 2.8C). Because sensitivity of mec/ to MMS is a result of
both an abrogated checkpoint and replication fork protection defect, it is not surprising that isw?2
nhp10 only slightly rescues MMS sensitivity. In contrast, isw2 nhp10 dramatically rescues ddcl
dna2-WY-AA, which has been shown to be sensitive to replication inhibitors solely due to its
defect in activating the checkpoint. To determine whether the rescue was specific to MMS, we
also tested genetic interactions on other replication inhibitors, including HU and camptothecin
(CPT) (Figure 2.9A and 2.9B). Both CPT and HU exposure yielded either minimal or additive
sensitivity when ISW2 and NHP10 were deleted in the checkpoint deficient mutants (Figure 2.9A
and 2.4B). These results are consistent with the observation that Isw2 and Ino80 only minimally
affect checkpoint activity upon HU treatment (Figure 2.1B). While growth sensitivity to MMS
does not always directly reflect the changes in checkpoint regulation, a partial rescue of the
severe MMS sensitivity of these checkpoint deficient mutants by isw2 nhp10 is consistent with

the notion that Isw2 and Ino80 oppose checkpoint activators in the presence of MMS.

Discussion

We had previously shown that [sw2 and Ino80 are important for attenuation of the S

phase checkpoint, especially after transient HU treatment (Au et al., 2011). However, in this
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study, we discovered that the previous method of protein preparation resulted in the loss of
Rad53 protein. Using a method that can efficiently retain Rad53 protein, we found that Isw2 and
Ino80 play much bigger roles in attenuating the S phase checkpoint activity in the presence of
MMS than in HU. Consistent with this finding, growth assays also show that Isw2 and Ino80
antagonize checkpoint activators more profoundly in the presence of MMS compared to other
replication inhibitors. Although isw2 nhp10 is sensitive to other replication inhibitors (Vincent et
al., 2008), our results suggest that [sw2 and Ino80 may play distinct roles in the presence of
different replication inhibitors.

Based on previous findings (Au et al., 2011; Vincent et al., 2008) and this study, we
believe that isw2 nhp10 cells do not have increased replication fork problems or DNA damage
response defects, leading to our model that they directly attenuate checkpoint activity. We cannot
completely exclude the possibility that there is an increased uncoupling of the replicative
helicase to DNA polymerase (Byun et al., 2005) in isw2 nhp10 cells in MMS, which could be the
cause of stronger checkpoint activation and slower S phase progression. However, we do not
favor this model. As we have shown previously (Au et al., 2011) and here, the dissociation of
replicative helicase and DNA polymerases in the presence of MMS is detrimental in the absence
of replication fork protection by S phase checkpoint. For example, we previously reported that
deletion of CTF4 or TOF'1, which are implicated in coupling MCM helicase with DNA
polymerase during replication (Katou et al., 2003; Tanaka et al., 2009), in the mec! background
lead to strongly additive MMS sensitivity (Au et al., 2011). In contrast, isw2 nhp (0 mutations
cause no increase but partially rescue the MMS sensitivity of severe checkpoint mutants such as

mecl and ddcl dna2-WY-AA.

45



How do Isw2 and Ino80 complexes function? We do not believe Isw2 and Ino80 function
by affecting transcription because there were no significant differences in transcription between
MMS-treated WT and isw2 nhp10 cells (Vincent et al., data not shown). Our checkpoint activity
assays suggest that Isw2 and Ino80 attenuate checkpoint activity independently of all major
checkpoint activators outside of RPA. Therefore, we propose that they function either through a
currently unidentified checkpoint regulator(s) or through RPA. We show here that Isw2 and
Ino80 do not affect the amounts of chromatin-bound checkpoint proteins including RPA at the
bulk level, but it is possible that they affect the location of checkpoint proteins on chromatin.
Isw2 has the ability to translocate on ssDNA (Fischer et al., 2009). Furthermore, chromatin
remodeling factors have been shown to interact with non-histone proteins, and Motl, an ATPase
highly related to chromatin remodeling factors, can displace TBP, a non-histone protein, from
DNA (Auetal., 2011; Auble et al., 1994; Moreau et al., 2003; Sugimoto et al., 2011). Because
Isw2 and Ino80 physically interact with RPA (Au et al., 2011), we initially considered the
possibility that they may be able to directly remove RPA from ssDNA template using DNA
translocase activity. However, the results of the direct test for this possibility in vitro have been
negative so far (data not shown). We have also attempted RPA ChIP-chip and ChIP-seq, which
have yet to yield any conclusive results due to the difficulty of capturing RPA peaks on
replication forks that are moving with imperfect synchrony (data not shown). While it is still
possible that Isw2 and Ino80 could be affecting RPA localization at sites of stalled replication,
we currently do not have the adequate tools to address this scenario. Although it seems unlikely
based on biochemical activities of chromatin remodeling factors, it is also possible that Isw2 and
Ino80 directly affect the activity of a checkpoint kinase rather than localization of checkpoint

proteins.
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Most intriguingly, we demonstrate for the first time that Isw2 and Ino80 promote
chromatin accessibility around actively replicating regions. Together with the fact that both Isw2
and Ino80 are enriched at stalled replication forks (Vincent et al., 2008), this observation is
consistent with a model that the chromatin remodeling factors function at stalled replication
forks. Multiple reports suggested that chromatin remodeling factors can alter chromatin structure
to facilitate replication fork progression (Fyodorov et al., 2004; Poot et al., 2004; Shimada et al.,
2008; Vincent et al., 2008). Moreover, we previously showed that chromatin accessibility
increases around replication forks to promote replication (Rodriguez and Tsukiyama, 2013).
Therefore, one possibility is that Isw2 and Ino80 may attenuate checkpoint activity by changing
the way checkpoint protein(s) interact with chromatin at stalled forks, which in turn affects
replication progression and checkpoint dynamics. Because we found that Isw2 and Ino80 likely
do not function through their known biochemical activities, we speculate that Isw2 and [no80
function in a currently unknown manner. This can be either by modifying how DNA and core
histones interact, or by changing histone turnover rate, which may influence other factors to bind
and potentially affect checkpoint factor localization or activity. For example, weakening histone-
DNA interactions around stalled replication forks could cause an increase in accessibility to
recruit checkpoint repressors to facilitate removal of checkpoint factor(s) and promote
resumption of DNA replication. Indeed another ATP-dependent chromatin remodeling factor,
Fun30 and its mammalian counterpart SMARCAD1, were both found to be recruited to sites of
DSBs to promote resection, presumably by removing Rad9 from DSB ends (Chen et al., 2012;
Costelloe et al., 2012). Alternatively, checkpoint hyper-activation in the chromatin remodeling
factor mutant may be the cause of the observed decrease in chromatin accessibility. Interestingly,

we have previously shown that a mutation in mec/ also results in decreased chromatin
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accessibility at replicating regions in S phase in HU (Rodriguez and Tsukiyama, 2013).
However, because Mecl facilitates chromatin accessibility around stalled replication forks
(Rodriguez and Tsukiyama, 2013), it is difficult to explain the increased checkpoint activity in
isw2 nhp10 cells as the direct cause of the decreased chromatin accessibility in the mutant.
Whether these changes in chromatin structure are related to the phenotypes of isw2 nhp10 in
MMS remains to be explored and will be investigated in future work. Finally, it is also possible
that the changes in chromatin accessibility are separable from checkpoint activation.

Our findings suggest that Isw2 and Ino80 likely function through currently unknown
mechanisms to regulate both chromatin accessibility and S phase checkpoint attenuation. In the
future, understanding the molecular mechanisms underlying Isw2- and Ino80-dependent
chromatin accessibility at replication forks will be crucial in defining new biochemical activities
of chromatin remodeling factors as well as elucidating a currently unknown mechanism of

checkpoint control.

Materials and Methods

Yeast Strains and culture

All yeast strains are MATa and congenic to W303-1a with a correction for the weak rad5
allele in the original W303 (Thomas and Rothstein, 1989; Zhao et al., 1998). Strains used for
SILAC mass spectrometry were in a Alys2 Aarg4 CANI+ background. Strains were constructed

using standard gene knockout protocols and genetic crosses (Table 2.1).

Cell synchronization and Flow Cytometry (FACS)
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All yeast strains were grown at 30°C to early log phase to a density of ODgeo= 0.2-0.25,
then arrested in G1 phase with a final concentration of Sug/mL alpha factor. Cells were filtered
on a 0.45-mm nitrocellulose membrane, washed twice with YPD, and released into half the
volume of pre-warmed YPD containing 0.02% MMS. Cells were harvested at each time point
and stored in a final concentration of 66.7% (v/v) ethanol, then processed for flow cytometry as

described previously (Vincent et al., 2008).

Rad53 In Situ Autophosphorylation Assay (ISA) and Rad53 Western

Cells were arrested in G1 by alpha factor (5pg/ml) and released into rich media (YPD)
containing 0.02% MMS as described in the text. In the initial protein preparation method, about
25 mL of cells were harvested for each time point. However, in the modified method accounting
for cell density, 10° cells were harvested at each time point. Cells were washed once with water,
then with 20% trichloroacetic acid (TCA). Protein samples were prepared as described
previously and run on a 8% sodium dodecyl sulfate (SDS)-polyacrylamide gel (Pellicioli et al.,
1999). Rad53 autophosphorylation was normalized by autophosphorylation of non-specific
proteins within the same sample that served as a loading control. For Rad53 western blotting,
goat polyclonal Rad53 (yC-19) antibody (Santa Cruz Biotech, sc-6749) was used. The
checkpoint activity was quantified by taking the ratio of Rad53 autophosophorylation signal to

the other kinases with ISA signal.

Chromatin Fractionation and SILAC

Strains were grown in either YC media with 15mg/L L-arginine and 30mg/L L-lysine or

15mg/L [*Cg]L-arginine and 30mg/L [*Ce, ""N,]L-lysine. 4 x 10’ cells were harvested at mid-S
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phase in 0.02% MMS and chromatin was prepared as described previously (Kubota et al., 2012).
The chromatin pellet was resuspended in 1.5x Tris-glycine SDS sample buffer. A H2B Western
blot using the H2B C-term antibody (Active Motif) was used for normalization. RPA
polycolonal antibody (Agrisera, AS07 214) was used to detect Rfal. Equivalent amounts of
protein were loaded onto a 8-16% Tris-glycine gel (Thermoscientific), washed in sterile water,
stained with GelCode Blue Safe Protein Stain (Thermoscientific), then destained in water. The

lane was cut into 10 slices and subjected for mass spectrometry.

LC-MS/MS and Data Analysis

The 10 gel pieces were destained with 50% methanol 5% acetic acid and washed
consecutively with water twice and 50% acetonitrile. After rinsing once more with 100 mM
ammonium bicarbonate in water, the gel pieces were dehydrated using acetonitrile. The protein
was digested over-night at 37°C with 12.5 ng/uL trypsin (Promega Corporation) in 50 mM
ammonium bicarbonate. After transferring excess solutions to separate vials, the peptides were
first extracted using 0.1% trifluoroacetic acid in water for 30 min, then acetonitrile was added to
make 50% acetonitrile, 0.1% trifluoroacetic acid. The pooled extracts were dried in a speed vac
and cleaned using ZipTip™ C18 (Millipore Corporation) before the subsequent MS analysis
following manufacture’s protocols. LC-MS/MS analysis was performed with an Easy-nLC 1000
(Thermo Scientific) coupled to an Orbitrap Elite mass spectrometer (Thermo Scientific). The LC
system configured in a vented format (Licklider et al., 2002) consisted of a fused-silica
nanospray needle (PicoTip™ emitter, 50 um ID, New Objective) packed in-house with Magic
C18 AQ 100A reverse-phase media (Michrom Bioresources Inc.) (25 cm), and a trap

(IntegraFrit™ Capillary, 100 um ID, New Objective) containing Magic C18 AQ 200A (2 cm).
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The peptide sample was diluted in 10 uL of 2% acetonitrile and 0.1% formic acid in water and 8
pL was loaded onto the column and separated using a two-mobile-phase system consisting of
0.1% formic acid in water (A) and 0.1% acetic acid in acetonitrile (B). A 90-minute gradient
from 7% to 35% acetonitrile in 0.1% formic acid at a flow rate of 400 nL/minute was used for
chromatographic separations. The mass spectrometer was operated in a data-dependent MS/MS
mode over the m/z range of 400-1800. The mass resolution was set at 120,000. For each cycle,
the 15 most abundant ions from the scan were selected for MS/MS analysis using 35%
normalized collision energy. Selected ions were dynamically excluded for 30 seconds. Data
analysis was performed using Proteome Discoverer 1.4 (Thermo Scientific). The data were
searched against Saccharomyces cerevisiae strain S288C protein sequences that were updated on
February 3, 2011 from Saccharomyces Genome Database (SGD, http://www.yeastgenome.org/),
which included common contaminants. Trypsin was set as the enzyme with maximum missed
cleavages set to 2. The precursor ion tolerance was set to 10 ppm, and the fragment ion tolerance
was set to 0.6 Da. Variable modifications were set to methionine oxidation (+15.995 Da), 6 x °C
(+6.020 Da) on arginine, and 6 x >C and 2 x "°N on lysine. Sequest (Eng et al., 1994) was used
for search, and search results were run through Percolator (Kall et al., 2007) for scoring. The
ratio between heavy and light amino acids was normalized to an average of all histone proteins

detected by mass spectrometry.

Genomic DNA Profiles, Microarray Hybridization and Data Analysis
DNA samples were amplified, fragmented and labeled as previously described
(Rodriguez and Tsukiyama, 2013). S phase DNA samples were competitively hybridized to G1

DNA for replication profiling to custom tiled arrays, as described previously (Rodriguez and
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Tsukiyama, 2013). The data was smoothed using a previously established pseudomedian method
(Royce et al., 2007) with a 50-bp moving window. Relative RPA levels were ranked based on
increasing amounts of genomic DNA content for both WT and isw2 nhp10 samples, where the
average amounts of RPA were further smoothed with a 100-bp sliding window. The rDNA locus

and outliers from either extremely low or saturated DNA signal were left out of the analysis.

NCAM (normalized chromatin accessibility to MNase) assay

Cells were harvested from G1 and at an early time point S phase in 0.02% MMS, where FACS
profiles were similar between WT and isw2 nhp10. Sample harvest, preparation and analysis
were performed as described previously (Rodriguez et al., 2014; Rodriguez and Tsukiyama,
2013). Z-score normalization was performed as described previously (Rodriguez and Tsukiyama,
2013), but based on digestion patterns at the +2 to +6 nucleosomes within ORFs genome-wide
rather than transcriptional start sites (TSSs), because promoter regions tend to be targets for [sw2
and Ino80 remodeling (Papamichos-Chronakis et al., 2011; Whitehouse et al., 2007). The
NCAM graphs were generated by integrating the signal over 40kb regions surrounding three
classes of origins: early high (n=11), early low (n=12), and late (n=37). To determine S phase
specific changes, NCAM from G1 was subtracted from S phase. NCAM was averaged over a
40kb region surrounding the origin or 3kb region surrounding TSSs to quantitate relative NCAM

signal.
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Figure 2.1 isw2 nhp10 displays stronger checkpoint activity throughout S phase and into
G2/M phase in the presence of MMS.

A) Rad53 Western blot of WT and isw2 nhp10 using the protein preparation methods in our
previous report (Au et al. 2011). Cells were arrested in G1 with a-factor for 90 minuets, released
into 200mM HU for 90 minutes, then HU was washed out. "rec" denotes recovery time in
minutes. B) Rad53 Western blot of protein preparations that used amounts of TCA that had been
normalized for differences in cell volumes. C) A Western blot (W) and in situ auto-
phosphorylation assay (ISA) of Rad53 of samples taken from indicated time points. Time points
indicated in purple represent when cells are in S phase. D) Cell cycle profiles of WT and isw2
nhpl10 cells after release from a-factor into media containing MMS. Asynchronous profiles are
shown in grey. FACS profiles shown in purple indicate time points in S phase. E) Quantitation of
Rad53 ISA time course. WT checkpoint activity was measured at 60 min for mid-S, 90 min for
late S, 120 min for early G2/M, and 150 min for late G2/M. isw2 nhp 10 checkpoint activity was
measured at 120 min for mid-S, 180 min for late S, 240 min for early G2/M and 300 min for late
G2/M. The error bars denote the standard errors of the mean from two experiments using
independently created strains.
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Figure 2.2 Checkpoint hyperactivation is not a result of insufficient replication in isw2
nhpl0.

(A) The Rad53 ISA shown in Figure 1C with nonspecific bands. WT and isw2 nhp10 were
arrested in G1 and released into S phase in the presence of 0.02% MMS. Phosphorylation of
Rad53 is depicted by the arrow and phosphorylation of two nonspecific bands are indicated by
the asterisks. The nonspecific bands were used as loading controls to normalize and quantitate
Rad53 phosphorylation. The times in purple denote times in S phase. (B) A snap shot of DNA
profiles from Chromosome XII for WT (bottom) and isw2 nhp10 (top) in S phase as shown in
blue. The DNA profiles represent S phase DNA that was competitively hybridized against G1
DNA. Cells with similar flow cytometry profiles were taken at a late time point in S phase, 90
min. in WT cells and 150 min. in isw2 nhp10 cells, but at this time point the checkpoint was
more highly activated in isw2 nhpl0 as shown in A. The green boxes indicate origins of
replication (ORIs) and in black depicts the chromosomal coordinates.
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Figure 2.3 Isw2 and Ino80 function is independent of DNA damage response or fork
protection pathways.

A) Representative results of the spot tests on 0.02% MMS gradient plates performed as
previously described (Au et al. 2011). The top panel shows that deletion of replication
components such as ELGI or CTF 18 results in additive MMS sensitivity with isw2 nhp10. The
bottom panel shows deletion of a DNA resection factor SGS1 is additive with isw2 nhp10 as
well. mecl smll serves as a control to determine the severity of sensitivity on MMS. B) A
summary of the spot test results with genes involved in DNA repair and replication fork
protection. MMS sensitivity is ranked on a scale of 1-6, with 1 being the least sensitive (WT
level) and 6 being the most sensitive. Repair genes are shown in teal, replication fork protection
genes are shown in lavender, and other genes involved in replication are shown in grey.
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Figure 2.4 Isw2 and Ino80 function are independent of any single checkpoint factor
downstream of RPA.

A) A schematic drawing of S phase checkpoint pathway, which is divided into the DNA
replication checkpoint (DRC) in pink, DNA damage checkpoint (DDC) in blue, and factors
present in both pathways in yellow. B) A bar graph showing the ratio of S phase checkpoint
activity in checkpoint mutants in the absence of ISW2 and NHP10 compared to the checkpoint
mutant alone. The dashed red line indicates the expected S phase checkpoint ratio if a given
checkpoint protein is required for Isw2 and Ino80 function. C) Rad53 ISA of mec! smll and
mecl smll isw2 nhpl0 cells released from G1 into S phase containing 0.02% MMS. Time points
in S phase are denoted in purple. D) Corresponding flow cytometry profiles of time points from
the ISA with profiles in purple denoting time points in S phase.
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Figure 2.5 Bulk levels of chromatin-bound checkpoint proteins are largely unchanged

between WT and isw2 nhpl0.
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A) FACS profiles of samples used for chromatin preparation in B) during G1 and S phase in
0.02% MMS. B) A Western blot of RPA and H2B levels from whole cell extracts and
fractionated chromatin of WT and isw2 nhp10. Levels of RPA were normalized to H2B and the
quantitation is shown. C) A chart graphing the SILAC mass spectrometry data of nuclear
proteins from WT vs. isw2 nhp10 in mid-S phase in 0.02% MMS. Total protein was normalized

based on total amount of histones.
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Figure 2.6 Isw2 and Ino80 increase chromatin accessibility at replicating regions.

A) Spot assay of htzl and htzl isw2 nhp10 grown at 30°C as previously described (AU et al.
2011) on YPD and YPD with 0.01% MMS. B) Graphs represent NCAM and DNA profiles over
a 40kb window from three classes of origins on chromosomes III, VI and XII: early, high-
efficiency (n=11), early, low-efficiency (n=12) and late (n=37). The dashed lined indicates the
origin midpoint. C) Measurement of NCAM around replication origins in WT and isw2 nhp10.
WT is depicted in blue, while isw2 nhp10 is in red. NCAM has been Z-score normalized by the
+2 to +6 ORF nucleosomes. To visualize S phase specific changes, S phase NCAM was
subtracted from G1 NCAM. The bar graph quantitates the average S phase specific differences in
NCAM from 40kb around origins in C and 3kb around transcriptional start sites (TSSs) in D. D)
NCAM signal from all TSSs (n=780) at G1 and S phase in MMS in a 3kb window. The dashed
line indicates the TSS midpoint.
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Figure 2.7 Isw2 and Ino80 function in S phase using novel mechanisms.

A) A spot assay of htzl and htzl isw2 ies5 on YPD and YPD with 0.015% MMS. B) Spot assay
of swrl and isw2 nhp10 swrl on YPD and YPD with 0.01% MMS. C) Graphs represent Z-score
normalized MNase and H3 ChIP profiles from cells in G1 over a 40kb window from 3 classes of
origins on chromsomes III, VI and XII: early high (n=11), early low (n=12) and late (n=37). WT
is in shown in blue and isw2 nhp10 is shown in red, with the dashed line indicating the origin
midpoint. D) Z-score normalized MNase and H3 ChIP profiles from cells in early S phase.
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Figure 2.8 Isw2 and Nhp10 antagonize checkpoint activators.

A) A summary of the spot test results with checkpoint proteins. MMS sensitivity is ranked on a
scale of 1-6, with 1 being the least sensitive (WT level) and 6 being the most sensitive. Mutated
genes are grouped into colored boxes with pink representing the DRC genes, blue representing
the DDC genes and yellow present- ing components of both the DRC and DDC. Results are
color-coded with blue indicating additive sensitivity, red indicating similar sensitivity and green
indicating a partial rescue in sensitivity with the deletion of ISW2 and NHP1(0. The mutations in
black did not show detectable MMS sensitivity as single mutants and exhibited no genetic
interactions with isw2 nhp10. B) The gradient plate shows the lack of genetic interactions
between ISW2, NHP10 and RAD24. C) Both gradient plates show a partial rescue of varying
degrees to MMS sensitivity of either mecl sml1 (top panel) mutant or ddc! dna2-WY-2A (bottom
panel) by isw2 nhp 10 mutation.
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Figure 2.9 Checkpoint deficient mutants show additive MMS sensitivity with isw2 nhp10.
A) Gradient plates comparing mec! smll and mecl smll isw2 nhp10 with increasing amounts of
10mg/mL CPT and 5mM HU. B) Gradient plates comparing ddc! dna2-WY-AA and ddcl dna2-
WY-AA isw2 nhp10 with increasing amounts of 10mg/mL CPT and 50mM HU.

62



Table 2.1 Chapter 2 yeast strains

Strain Genotype Source

W1588-4c | MATa ade2-1 canl-100 his3-11,15 leu2-3,112 (Thomas and Rothstein,
trpl-1 ura3-1 RAD5+ 1989; Zhao et al., 1998)

YTT3777 | MATa Aisw2::NatMX Anhp10::Hyg (Auetal., 2011)

YTT4960 MATa Poll-3FLAG-KanMX (Rodriguez and

Tsukiyama, 2013)

YTT5031 MATa Poll-3FLAG-KanMX Aisw2::NatMX This study
Anhp10::Hyg

YTTS5787 MATa Aexol.::KanMX This study

YTTS805 MATa Aexol::KanMX Aisw2::NatMX This study
Anhp10::Hyg

YTTS5822 | MATa Asgsl::KanMX This study

YTTS5852 | MATa Asgsi::KanMX Aisw2::NatMX This study
Anhp10::Hyg

YTT2616 MATa Arad50:: KanMX (Vincent et al., 2008)

YTT2653 MATa Arad50::KanMX Aisw2::NatMX (Vincent et al., 2008)
Anhp10::Hyg

YTT5969 | MATa Aslx4.::KanMX This study

YTT5931 MATa Asix4::KanMX Aisw2::NatMX This study
Anhp10::Hyg

YTTS5277 | MATa Aelgl::KanMX This study

YTTS5279 | MATa delgl::KanMX Aisw2::NatMX This study
Anhp10::Hyg

YTT3203 MATa Amrcl::KanMX (Vincent et al., 2008)

YTT3224 MATa Amrcl::KanMX Aisw2::NatMX (Vincent et al., 2008)
Anhp10::Hyg

Ssy072 MATa Amrcl::HISS5 pRS405-mrclaq::LEU2 (Szyjka et al., 2005)

YTT5860 | MATa Amrcl::HIS5 pRS405-mrclaq::LEU2 This study
Aisw2::NatMX Anhp10::Hyg

YTT5952 | MATa Arad9::KanMX Amrcl::HIS5 pRS405- This study
mrclaq::LEU2

YTT5956 | MATa Arad9::KanMX Amrcl::HIS5 pRS405- This study
mrclaq::LEU2 Aisw2::NatMX Anhp10.:Hyg

YTT3394 MATa Atof1::KanMX (Vincent et al., 2008)

YTT3409 MATa Atof1::KanMX Aisw2::NatMX (Vincent et al., 2008)
Anhp10::Hyg

YTT5986 MATa dna2-WY-AA Modified (Kumar and

Burgers, 2013)

YTT5990 MATa dna2-WY-AA Addcl::KanMX This study

YTT5994 MATa dna2-WY-AA Aisw2::NatMX Anhp10::Hyg | This study

YTT5996 MATa dna2-WY-AA Addcl::KanMX This study
Aisw2::NatMX Anhp10::Hyg

YTT3759 | MATa Actf18::KanMX This study
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YTTS5275 | MATa Actf18::KanMX Aisw2::NatMX This study
Anhp10::Hyg

YTT2883 MATa Addcl::KanMX (Vincent et al., 2008)

YTT2904 MATa Addcl ::KanMX Aisw2::NatMX (Vincent et al., 2008)
Anhp10::Hyg

YBP&2 MATa dpb11-600::Hyg (Pfander and Diffley,

2011)

YTTS5831 MATa dpb11-600.:Hyg Aisw2::NatMX This study
Anhp10::KanMX

YTT5943 | MATa dpb11-600::Hyg Addcl::URA3 This study

YTTS5948 | MATa dpb11-600::Hyg Addcl::URA3 This study
Aisw2::NatMX Anhp10::KanMX

YTT2953 MATa Avadl7::KanMX (Vincent et al., 2008)

YTT2958 MATa Aradl7::KanMX Aisw2::NatMX (Vincent et al., 2008)
Anhp10::Hyg

YTT2938 MATa Avad24::KanMX (Vincent et al., 2008)

YTT2943 MATa Avad24::KanMX Aisw2::NatMX (Vincent et al., 2008)
Anhp10::Hyg

YTT2885 MATa Arad9.: KanMX (Vincent et al., 2008)

YTT2909 MATa Arad9::KanMX Aisw2::NatMX (Vincent et al., 2008)
Anhp10::Hyg

YTT4976 MATa Amecl ::KanMX Asmll::NatMX (Auetal., 2011)

YTT4967 MATa Amecl::KanMX Asmll::NatMX (Auetal., 2011)
Aisw2::LEU2 Anhp10.:Hyg

YTT4560 | MATa Atell::KanMX This study

YTTA4584 | MATa Atell::KanMX Aisw2::NatMX This study
Anhp10::Hyg

YTT5327 | MATa Achkl::KanMX This study

YTT5329 | MATa Achkl::KanMX Aisw2::NatMX This study
Anhp10::Hyg

RDKY2218 | MATa rfal-til (Umezu et al., 1998)

YTT6113 MATa rfal-tll Aisw2::NatMX Anhp10::Hyg This study

YTT5293 MATa ADE2 URA3::CUPI-Ub-Rfal-8ala-CFP Modified (Lisby et al.,

2004)

YTTS5683 | MATa ADE2 URA3::CUPI1-Ub-Rfal-8ala-CFP This study
Aisw2::NatMX Anhp10::Hyg

YTT3621 MATa Ahtzl::KanMX This study

YTT3636 | MATa Ahtzl::KanMX Aisw?2::NatMX This study
Anhp10::Hyg

YTT6083 | MATa Alys2 Aarg4::HIS3 CANI1+ Aisw2::NatMX | This study
Anhp10::Hyg

YTT6080 | MATa Alys2 Aarg4::HIS3 CANI+ This study

YTT6184 | MATa Arad51::KanMX This study

YTT6192 | MATa Arad51::KanMX Aisw?2::NatMX This study

Anhp10::Hyg

64




YTT6188 | MATa Arad52::KanMX This study
YTT6196 | MATa Arad52::KanMX Aisw2::NatMX This study
Anhp10::Hyg
YTT5323 MATa dpbll-1 (Masumoto et al., 2000)
YTTS5325 MATa dpbl1-1 Aisw2::NatMX Anhp10::Hyg This study
YTT6277 | MATa yku70::KanMX This study
YTT6282 | MATa yku70::KanMX Aisw2::NatMX This study
Anhp10::Hyg
YTT6115 | MATa rad52-21 (Miles et al., 2013)
YTT6117 | MATa rad52-21 Aisw2::NatMX Anhpl10::Hyg This study
YTT6355 MATa orc2-1 This study
YTT6357 | MATa orc2-1 Aisw2::NatMX Anhp10::KanMX This study
YTT2612 | MATa Aswrl::Hyg This study
YTT6363 MATa Aswrl::Hyg Anhp10.:KanMX This study
YTT6365 | MATa Aswrl::Hyg Aisw2::NatMX This study
YTT6367 | MATa Aswrl::Hyg Aisw2::NatMX This study
Anhp10::KanMX
YTT3122 | MATa Ahtzl::Hyg This study
YTT2189 | MATa Aisw2::NatMX Aies5::KanMX This study
YTT6371 MATa Aisw2::NatMX Aies5::KanMX Ahtzl::Hyg | This study
06328 MATa pol2-12 (Li et al., 2008)
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CHAPTER 3

Functions of chromatin remodeling factors Isw2 and Ino80 at telomeres and

ribosomal DNA

Summary

Vast portions of eukaryotic genomes are made up of non-protein coding and highly
repetitive DNA, and these elements are integral in maintaining genome stability. Both the
ribosomal DNA (rDNA) and telomeres have been shown to have significant roles in cellular
senescence and aging. To prevent genome instability, these elements must maintain strict
regulation of the cellular processes that occur at these loci. Chromatin structure has been shown
to be a key regulator in controlling these cellular processes. Both the rDNA and telomeres have
distinct chromatin structures that change during cellular growth, however, it is not well
understood which factors are responsible for establishing and maintaining these chromatin
structures. Here we show that chromatin remodeling factors Isw2 and Ino80 have roles at the
rDNA and telomeres. Isw2 and Ino80 genetically interact with rDNA and telomere maintenance
genes and contribute to proper structural integrity and transcription. Interestingly, Isw2 and
Ino80 localize and alter chromatin structure at the rDNA, but are absent at telomeres. Despite
their absence at telomeres, we found that Isw2 and Ino80 affect the distribution of Sir histone
deacetylases, which are targeted to both the rDNA and telomeres to repress transcription.

Furthermore, Isw2 and Ino80 interact with Sirs to regulate DNA-dependent processes. Taken
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together our results show novel roles for chromatin remodeling factors at these repetitive

elements that are important for genome stability.

Introduction

Once perceived as “junk DNA”, non-protein coding, highly repetitive DNA has shown to
be extremely important in maintaining genome integrity, and thus highly conserved across
eukaryotes (Postepska-Igielska and Grummt, 2014). These large repetitive regions make up a
vast amount of the genome and are located at telomeres, centromeres and ribosomal DNA
(rDNA). Because of their repetitive nature, they tend to be hot spots for homologous
recombination (HR) and vulnerable for chromosomal aberrations. Therefore mechanisms to
strictly regulate cellular processes at these loci are necessary to prevent genome instability.
While structurally telomeres, centromeres and rDNA share similar features, they vary diversely
in function (Postepska-Igielska and Grummt, 2014). Recent studies have suggested that both
rDNA and telomeres act as “sensors” for aging. Indeed, as cells age, both the rDNA and
telomeres become unstable resulting in cell senescence (Kobayashi, 2011).

The rDNA locus gives rise to the ribosomal RNAs (rRNAs), which are required for
ribosome biogenesis. Because robust production of ribosomes is required during cell growth, the
rDNA is the most transcriptionally active region in the genome, making up about 80% of total
RNA in the cell (Warner, 1999). In order to transcribe rRNAs at such high levels, multiple
copies of the rDNA unit cluster together in the nucleolus. In Saccharomyces cerevisiae, wild
type cells have about 150 copies of a 9.1kb rDNA unit, which resides on Chromosome XII
(Figure 1.5). Each rDNA unit has a 35S gene, which is transcribed by Poll and processed into
the 2585, 5.8S and 18S RNAs. Pol III transcribes a separate 5S gene within the unit. The 35S and

58S are separated by a spacer region, which contains a replication fork block (RFB), an origin of
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replication (rARS) and a noncoding RNA promoter (E-pro). Interestingly, rDNA copy number
can vary in cells. As mentioned, rDNA is highly recombinogenic and is prone to recombinational
deletions. Recombination can occur within rDNA repeats of the rDNA locus leading to loss of
repeats and formation of extra chromosomal rDNA circles (ERCs). To maintain rDNA copy
number, cells have a system to amplify the rDNA (Kobayashi and Ganley, 2005) (Figure 1.6).
The mechanism entails Fob1 binding to RFBs and an induction of a double stand break (DSB),
which triggers HR at the rDNA (Burkhalter and Sogo, 2004; Kobayashi et al., 2004). In cells
with normal rDNA copy number, histone deacetylase Sir2 binds to the E-pro promoter to silence
transcription of a noncoding RNA (ncRNA) (Kobayashi et al., 2004). In the absence of the
ncRNA, sister chromatids at the rDNA are held together in register by cohesion; if there is
recombination between the sisters, there is no change in copy number (Kobayashi and Ganley,
2005). However, when rDNA copy number is low, Sir2 is released from the rDNA and the
ncRNA is expressed, resulting in displacement of cohesion, which allows unequal sister
chromatid recombination and expansion or reduction of rDNA repeats (Kobayashi and Ganley,
2005). Continued unequal sister chromatid recombination results in rDNA copy number
variation, genomic instability, and subsequently cell senescence (Kobayashi, 2014).

Despite the demand for abundant transcription of rRNAs, not all rDNA units behave the
same transcriptionally. Studies show that rDNA exists in two structurally distinct chromatin
populations (Dammann et al., 1993). About half of the copies are nucleosome free copies and
actively transcribed, while the other half are nucleosome dense and transcriptionally inactive
(Dammann et al., 1993). What is the biological significance of this phenomenon? A study has
shown that in a strain where all rDNA copies are active, cells are more sensitive to DNA

damaging agents and genetically unstable (Ide et al., 2010). It was postulated that if the
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transcription machinery occupies all the rDNA units, then factors involved in proper
recombination repair are unable to access the rDNA, resulting in genomic instability (Ide et al.,
2010). Therefore both HR and transcription at the rDNA must be tightly regulated and chromatin
structure has a significant role in regulating these processes. As indicated, HDACs like Sirs
participate in silencing of unequal sister chromatin recombination (Kobayashi et al., 2004). In
mammals, the ATP-dependent chromatin remodeling factor nucleolar remodeling complex
(NoRC), a member of the ISWI family of proteins, is a key component for silencing rRNA genes
and maintaining rDNA stability (Postepska-Igielska and Grummt, 2014). NoRC slides rDNA
promoter nucleosome downstream of the transcription start site (TSS) and recruits other factors
involved in heterochromatin formation (Li et al., 2006; Santoro et al., 2002). In yeast remodeling
factors Chdl1, Isw1 and Isw2 have also been shown to localize to active rDNA units and affect
transcription termination of rRNAs (Jones et al., 2007).

Like the rDNA, telomeres are also highly repetitive heterochromatic structures in the
genome. Telomeres are defined as the ends of chromosomes, and while all telomeres share some
similarities, each telomere can vary in structure and sequence (Wellinger and Zakian, 2012).
Telomere maintenance is extremely important for genome stability and cellular senescence.
Telomere capping protects DNA ends from degradation and improper fusion events with other
chromosomal ends (Wellinger and Zakian, 2012). In addition, telomere length regulates cellular
senescence and aging. Studies suggest that aged cells have shorter telomeres, and that
lengthening telomeres increase lifespan (Joeng et al., 2004; Lundblad and Szostak, 1989).
Telomeres shorten progressively after every replication cycle because the 3’ end of telomeres
cannot be replicated, since the last RNA primer cannot be replaced with DNA. To preserve

telomere ends, an enzyme called telomerase lengthens telomeres (Greider and Blackburn, 1985).

69



Furthermore, telomere silencing is necessary for telomere length maintenance, as derepression of
genes close to telomeres can also result in telomere shortening (Maicher et al., 2012). Like the
rDNA, many of these processes are regulated by chromatin structure. Interestingly, Sir2, which
associates with the rDNA, also localizes to telomeres (Moretti et al., 1994; Roy et al., 2004). At
telomeres, Sir2, in collaboration with Sir3 and Sir4, form heterochromatin to promote telomeric
silencing (Kueng et al., 2013). Similarly, NoRC was found to establish heterochromatin at
telomeres in mammals (Postepska-Igielska et al., 2013). In addition, budding yeast chromatin
remodeling factors were suggested to have roles at telomeres. Ino80 was suggested to establish
Sir boundaries at telomeres (Xue et al., 2015), while SWI/SNF was proposed to evict Sir3 from
telomeres (Manning and Peterson, 2014).

Multiple reports highlight the presence of chromatin regulators at the rDNA and
telomeres, and having functional roles in the processes that maintain genomic stability at these
loci. However, chromatin structure is highly dynamic and complex, and we have only scratched
the surface of chromatin regulation at these highly structured elements. The downstream
outcomes of changing chromatin structure and their associated mechanisms at the rDNA and
telomeres need to be further elucidated to provide insight in the pathways that regulate genome
stability and aging. Therefore in this study we sought to further explore the effects of chromatin
structure at these repetitive regions and characterize the functional consequences. We have found
that chromatin remodeling factors, Isw2 and Ino80 have previously unknown roles at the
telomere and rDNA. We show that ISW2 and NHP10, an Ino80 subunit, interact with rDNA and
telomere maintenance genes. Moreover, we demonstrate that [sw2 and Ino80 are important for
maintaining proper telomere length and rRNA transcription. Surprisingly, while Isw2 and [no80

only localized to the rDNA and not telomeres, Sir distribution was altered at both of these
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regions in isw2 nhpl0. Finally, we found that Isw2 and Ino80 function with Sirs to regulate

rRNA transcription and telomere maintenance.

Results

ISW2 and NHP10 genetically interact with rDNA and telomere maintenance genes

The eukaryotic genome is comprised of constitutively heterochromatic and repetitive
regions, such as the rDNA, telomeres and centromeres that are highly conserved and important
for maintaining genomic integrity. Chromatin regulators have been implicated in regulating
DNA-dependent processes at these elements. In mammals, ATP-dependent chromatin
remodeling factor NoRC, part of the ISWI family of proteins, has been shown to localize to both
the rDNA and telomeres to form heterochromatin. However the budding yeast counterpart of
NoRC and other chromatin regulators that establish chromatin structure at these regions remain
unknown. Previously, we showed that deletion of ISW2 and NHP10, a subunit of Ino80, resulted
in sensitivity to replication inhibitors, such as DNA alkylating agent methyl methanesulfonate
(MMS) (Vincent et al., 2008). In attempting to discover the pathways that [sw2 and Ino80
participate in, we screened for genes that interacted with ZSW2 and NHP10 in the presence of
MMS. Interestingly, we found that ZSW2 and NHP10 genetically interacted with many genes
known to affect rDNA biology (Figure 3.1A-C). Sir2 is known to silence replication and
homologous recombination (HR) at the rDNA, while Fob1, which localizes to the replication
fork block (RFB), is known to promote HR. Deletion of SIR2 rescued the sensitivity of isw2
nhp10, indicating that Sir2 functions in opposition to Isw2 and Ino80 to promote growth on
MMS (Figure 3.1A). Similarly, overexpression of FOBI, using a plasmid with galactose

inducible promoter fused to FOBI (GAL-FOB1), also rescued isw2 nhp10 (Figure 3.1B). In
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contrast, deletion of FOB1 showed no growth phenotype (data not shown). Histone deacetylase
Rpd3 also acts at the rDNA to counter Sir2 and promote rDNA replication (Yoshida et al., 2014).
The isw2 nhp10 rpd3 exhibited stronger growth defects both in the absence and presence of
MMS (Figure 3.1C). However because Rpd3 has roles outside of rDNA replication, this genetic
interaction may not be due to defects in rDNA pathways. We also tested interactions of ISW?2
and NHP10 with telomere mutants. Surprisingly, in mutating telomere genes in an isw2 nhp10
background, we found that ISW2 and NHP10 strongly interacted with telomere mutants (Figure
3.1D). Even in the absence of MMS, an additional telomere mutation in isw2 nhp10 resulted in
severe growth sensitivity or cell death (Figure 3.1D). Taken together these results suggest that

Isw2 and Ino80 may have roles at the rDNA and telomeres.

Isw2 and Ino80 affect rDNA and telomere structure

Because of the striking genetic interactions with rDNA and telomere genes, we next
tested whether Isw2 and Ino80 could affect structural integrity at these regions. Previous studies
have observed nucleolus structure by imaging Fob1-GFP tagged cells (Defossez et al., 1999).
Microscopy of live cells showed brighter and more discrete Fob1-GFP foci in the isw2 nhp10
compared to wild type, suggesting that nucleolar structure is more condensed in the mutant
(Figure 3.2A). To determine whether changes in nucleolar structure could cause rDNA
instability, we performed a Southern blot to test for ERC production. ERCs accumulate over time
and are prevalent in aged cells (Sinclair and Guarente, 1997). However mutants that have an
unstable rDNA, like sir2, accumulate ERCs much earlier (Pasero et al., 2002). In isw2 nhp10,
there was no indication of early ERC accumulation, suggesting that Isw2 and Ino80 do not

contribute to ERC formation (Figure 3.2B). We also examined telomere structure using telomere
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length assays. Previously it was shown that Tell regulates telomere length and in te// mutants,
telomeres are stable but short (Greenwell et al., 1995). Like the rDNA, we found that telomeres
also have structural changes, with isw2 nhp10 displaying shorter telomeres in comparison to wild
type (Figure 3.2C). These results suggest that Isw2 and Ino80 are required for proper

maintenance of rDNA and telomere structures.

Isw2 and Ino80 affect rDNA but not telomere transcription

Transcriptional regulation at rDNA and telomeres has been shown to affect genome
stability (Ide et al., 2010; Maicher et al., 2012). Around half the rDNA copies are
transcriptionally silent, and loss of these silent copies result in genome instability (Ide et al.,
2010). At telomeres, transcriptional depression can cause telomere shortening and cell
senescence (Maicher et al., 2012). To address whether Isw2 and Ino80 have roles in
transcriptional regulation at these repetitive regions, we performed RNA-seq analysis in cycling
wild type and isw2 nhp10 cells. Averaging all RNA transcripts from the end of the DNA to 15kb
into the centromere shows low levels of overall transcription at telomeres for both WT and isw?2
nhp10 (Figure 3.3A). Furthermore, levels of RNA transcripts do not change in isw2 nhp10,
indicating that Isw2 and Ino80 do not regulate transcription at telomeres (Figure 3.3A). In
contrast, IDNA transcription is significantly reduced in isw2 nphl0 (Figure 3.3B and 3.3C).
Equal amounts of total RNA were loaded on a gel and stained with ethidium bromide, which
shows that the stable 35S, 5.8S and 18S transcripts are down regulated in isw2 nhp10 compared
to wild type cells (Figure 3.3B). The data suggest that [sw2 and Ino80 could be involved in either
rRNA processing or transcription. Thus to directly determine whether Isw2 and Ino80 had roles

in transcription, we performed a northern blot probing for the nascent 35S transcript. The
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northern showed that transcription of the nascent 35S rRNA is indeed dampened in isw2 nhp10
(Figure 3.3C). We next determined whether the changes in transcription at the rDNA were an
indirect result of the transcriptional changes in isw2 nhp10. RNA-seq analysis suggests that
overall transcription is very similar between WT and isw2 nhp10 (Figure 3.3C). The few outliers
we found were unrelated as they were mostly RNAs involved in retrotransposition. These results
suggest that transcription of rRNAs, but not telomere RNAs, are significantly altered in isw2

nhpl0.

Isw2 and Ino80 are targeted to the rDNA but not to telomeres

To further validate that Isw2 and Ino80 are functioning directly at the rDNA and
telomeres, we performed Isw2 and Nhp10 chromatin immunprecipitation followed by high
throughput sequencing (ChIP-seq) to determine whether these factors are targeted to these
regions. Sequencing reads were normalized for read count excluding reads from the rDNA locus.
In a previous report, wild type Isw2 was shown to be difficult to ChIP because of transient
interactions with chromatin, and instead, catalytically inactive Isw2-K215R was established to
stabilize interactions and crosslink better (Gelbart et al., 2005). Therefore in this study, [sw2-
K215R was used to examine Isw2 targeting. Interestingly, we found that both Isw2 and Nhp10
were enriched at the rDNA in cycling cells (Figure 3.4A). Both factors localized across the 35S
gene body. Levels of Nhp10 were reduced around the rDNA origin (rARS) as well as the 5S
(Figure 3.4A). However Isw2 was highly enriched at the rARS and 5S (Figure 3.4A). These
results suggest that Isw2 and Ino80 directly localize to the rDNA. In contrast, we could not
detect enrichment of Isw2 and Nhp10 at any of the telomeres (Figure 3.4B). It is possible that

Isw2 and Ino80 are binding to the very ends of the telomeres, a region that is difficult to
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sequence due to the highly repetitive DNA nature. Nevertheless, we find that by sequencing

there is no evidence for Isw2 and Ino80 being targeted to telomeres.

Chromatin structure at the rDNA locus is altered in isw2 nhp10

Chromatin remodeling factors primarily function to alter chromatin structure. Therefore
we sought to determine whether Isw2 and Ino80 altered chromatin structure at the rDNA and
telomeres. We examined two parameters of chromatin structure: H3 occupancy as measured by
H3 ChIP-seq and nucleosome positioning as measured by (micrococcal nuclease) MNase-seq. At
the rDNA, there were changes in both nucleosome occupancy and in nucleosome positioning
(Figure 3.5A and 3.5B). Consistent with previous findings, on average the rDNA units have low
levels of nucleosomes compared to genome average, especially within the promoter and gene
bodies of the rRNA genes (Figure 3.5A) (Dammann et al., 1993). In isw2 nphi0 cells,
nucleosome occupancy was significantly increased at the rDNA locus, which could be the cause
for a more condensed nucleolus in the mutant (Figure 3.2A). Simultaneously, nucleosomes
positions are altered specifically shifting towards the promoter regions of the 35S and 58S, and the
rARS in isw2 nhp10 (Figure 3.5B). These results further indicate that Isw2 and Ino80 are
important for regulating chromatin structure at the rDNA. In contrast, the results were not as
clear for telomeres. While Isw2 and Ino80 did not localize to the telomeres using ChIP-seq, it is
still possible that Isw2 and Ino80 could indirectly affect chromatin structure. The data show that
Isw2 and Ino80 affect chromatin structure at some telomeres, and not others (Figure 3.5C). In
isw2 nhp10, some telomeres displayed changes in nucleosome occupancy, whereas at other
telomeres did not (Figure 3.5C). However, there was no clear pattern of changes in nucleosome

occupancy. On the other hand, nucleosome positions at telomeres did not seem to change much
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between WT and isw2 nhp10 (Figure 3.5C). Meanwhile, chromatin structure is highly similar for
the rest of the genome in wild type and isw2 nhp10 (data not shown). Taken together, these
results suggest that Isw2 and Ino80 promote active chromatin structures at the rDNA, whereas

their roles in chromatin structure at telomeres still remain undefined.

Isw2 and Ino80 affect Sir localization and function with Sirs

While Isw2 and Ino80 function directly at the rDNA to affect chromatin structure, it is
unclear how Isw2 and Ino80 function at telomeres. Normally during DNA replication, only 20%
of rARSs fire in a given S phase (Linskens and Huberman, 1988). Previously it was reported that
de-repression of rARS firing results in reduced origin firing at other origins in the genome,
presumably due to increased competition for limiting initiation factors (Yoshida et al., 2014).
This study proposed the idea that the rDNA can act as a sponge to soak up limiting factors
(Yoshida et al., 2014). To determine whether the telomere phenotypes were an indirect result of
the function of Isw2 and Ino80 at the rDNA, we sought to determine whether Isw2 and Ino80
could affect localization of other factors targeted to both loci. Sir proteins are limiting and known
to localize to both the rDNA and telomeres (Kueng et al., 2013). Thus we performed ChIP-seq of
Sir proteins in WT and isw2 nhp10. First we examined the rDNA locus and found that both Sir2
and Sir3 localized to the rDNA and telomeres, similar to previous findings (Figure 3.6A-D).
However in isw2 nhp10, we saw a marked reduction in both Sir2 and Sir3 levels at the rDNA
(Figure 3.6A and 3.6B). Simultaneously at telomeres we found that both Sir2 and Sir3 levels
increased in isw2 nhp10 (Figure 3.6C and 3.6D). These results suggest that Isw2 and Ino80
regulate Sir localization. Next we sought to determine whether Isw2 and Ino80 functioned

through Sirs to regulate rDNA and telomere function. To this end we performed northern blots to
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assess nascent rRNA transcription of the 35S rRNA in sir2 and sir2 isw2 nhp1(0 mutants.
Interestingly, Sir2 was required for robust rRNA transcription, and transcription of rRNAs by
Isw2 and Ino80 was dependent on Sir2 (Figure 3.6E). These results are consistent with the
possibility that Isw2 and Nhp10 function through Sirs to regulate rRNA transcription. We also
tested whether the change in Sir distribution was responsible for the change in telomere length.
However, we found that Sir2 actually acts with [sw2 and Ino80 to maintain telomere length
(Figure 3.6F). These results suggest that [sw2 and Ino80 regulate telomere length in parallel with

Sir2.

Discussion

Here we show novel roles for chromatin remodeling factors Isw2 and Ino80 in rDNA and
telomere functions. While functions of chromatin remodeling factors in transcription have been
well characterized, their functions in other biological processes are far less characterized.
However, we and others suggest that chromatin remodeling factors have significant roles at
constitutively heterochromatic regions, which are required for maintaining genome stability
(Dror and Winston, 2004; Manning and Peterson, 2014; Postepska-Igielska and Grummt, 2014;
Xue et al., 2015). Chromatin remodeling factors have previously been shown to localize to
rDNA telomeres, and centromeres but their functions at these regions are not fully understood. In
mammals, chromatin remodeling factor NoRC coordinates the establishment of heterochromatin
at telomeres, rDNA and centromeres (Postepska-Igielska and Grummt, 2014). Yeast SWI/SNF
and INO8O0 families of proteins have also been implicated at regulating activities at the rDNA
and telomeres (Dror and Winston, 2004; Manning and Peterson, 2014; Xue et al., 2015). Because

these structures are highly organized and complex, there are probably numerous chromatin
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regulators that are necessary to establish and maintain their unique chromatin structure.
Therefore future work to identify the layers of chromatin regulation and their mechanisms will
contribute to elucidating regulation of genome stability and aging.

While Isw2 and Ino80 were not found at telomeres by ChIP-seq, we cannot exclude the
possibility that Isw2 and Ino80 are binding to the ends of chromosomes. Previously it was shown
that subunits of Ino80 bind to telomeres by ChIP PCR (Yu et al., 2007), but we could not
reproduce this result by either ChIP PCR (data not shown) or ChIP-seq. One possibility is that
Isw2 and Ino80 are functioning directly at telomeres through chromosome looping. Indeed DNA
looping was shown to facilitate Isw2 targeting (Yadon et al., 2013). Furthermore,
heterochromatin is known to form close domains with each other allowing for interactions based
on close proximity. However, it is also entirely possible that Isw2 and Ino80 do not function
directly at telomeres. Rather the effect of Isw2 and Ino80 on the rDNA could result in
redistribution of factors involved in telomere homeostasis. While the change in Sir binding does
not seem to be the reason for shorter telomeres, there could be redistribution of other factors that
would result in downstream consequences for telomeres. Many HR proteins also function at
telomeres and the changes in chromatin structure likely alter interactions with many of these
factors. Therefore more mechanistic work will be needed to determine how chromatin regulates
these factors and their downstream effects.

An interesting result is that Isw2 and Ino80 seem to promote transcription of rRNAs and
this occurs in a Sir-dependent manner. While it is well documented that Sirs have roles in
silencing Pol II transcription (Kueng et al., 2013), it has not been shown that Sirs are required for
Pol I transcription. Transcription has been linked to rDNA stability (Ide et al., 2010). Cells that

have only active rDNA copies have defects in sister chromatid cohesion, which results in
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unstable rDNA (Ide et al., 2010). While heavily transcribed rDNA is detrimental to cells, there
have been no reports exploring how rDNA stability is affected in cells that have too many
inactive copies. Presumably, not enough rRNAs will be made to keep up with cell growth.
Indeed, we do see slower growth in isw2 nhp10 in the presence of rapamycin, which mimics a
cell starvation response (data not shown). While ERC production does not change in
logarithmically growing isw2 nhp10, it is still possible that rDNA stabllity is affected. Recent
reports suggest the ERC accumulation is a downstream effect of rDNA instability, but rDNA still
occurs in the absence of ERCs as well (Ganley et al., 2009).

This work establishes novel roles for chromatin remodeling factors in new and important
biological processes. While we establish important functions for Isw2 and Ino80 at these
constitutively heterochromatic regions, future work will be needed to investigate whether they
directly affect genome stability and cellular aging. Furthermore, in this study we did not
characterize their functions at centromeres. While we do not have any evidence that [sw2 and
Ino80 are targeted to centromeres, we have yet to explore whether they affect centromere
functions. Characterizing the chromatin regulators in genome stability will help us elucidate their

function in aging and cancer.

Materials and Methods

Yeast Strains and culture
All yeast strains are MATa and congenic to W303-1a with a correction for the weak rad5 allele
in the original W303 (Thomas and Rothstein, 1989; Zhao et al., 1998). Strains were constructed

using standard gene knockout protocols and genetic crosses.
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Chromatin Immunprecipitation (ChIP)

Cells were fixed and harvested, and chromatin was prepped as previously described (Rodriguez
and Tsukiyama, 2013). 30 ul of Protein G beads (Invitrogen) as conjugated to 4 pl of FLAG
polyclonal antibody (Sigma). Bead conjugation and the ChIP protocol can be found at

http://www.thcre.org/science/labs/tsukiyama.

Sequencing
ChIP and input sequencing libraries were prepared using the manufacturer’s protocol from the
NuGEN Ovation Ultralow System v2 (Nugen). Libraries were deep sequenced, aligned and

normalized as previously described (McKnight and Tsukiyama, 2015).

Spot Tests

Yeast were grown and plated on MMS as previously described (Au et al., 2011).

Flourescence Microscopy
Fob1-GFP cells were grown mid log phase and 1 ml of cells were harvested. 2ul of the cells and

2ul of 1.4% agarose was pipetted onto a microscope slide and live cells were imaged.

Southern Blot
DNA isolation and Southern blot was performed as previously described (Fazzio and Tsukiyama,
2003). DNA digestions and probes were designed as previously described for telomeres (Singer

et al., 1998), and rDNA (Sinclair and Guarente, 1997).

80



Northern Blot
10ug of total RNA was loaded and Northern blots were performed as previously described (Alcid
and Tsukiyama, 2014). ACT1 and ITS1 RNA probes were generated with T7 polymerase as

described (Alcid and Tsukiyama, 2014; Kuhn et al., 2009).

MNase-seq

DNA was isolated and digested with MNase as previously described (Rodriguez and Tsukiyama,
2013). The resulting DNA was run on a 1.8% low melt agarose gel (GeneMate) and mono-
nucleosomes were size selected for library construction. Libraries were prepared using the
manufacturer’s protocol from the NuGEN Ovation Ultralow System v2 (Nugen). Sequencing and

analysis were performed as previously described (McKnight and Tsukiyama, 2015).

RNA-seq

RNA was isolated, sequenced, and analyzed as previously reported (McKnight and Tsukiyama,

2015).

81



A) 0.015% MMS

sir2
sir2 nhp10
isw2 nhp10
sir2 isw2 nhp10
sir2 isw2 nhp10

B) Gal + 0.01% MMS

wT
GAL-FOB1
GAL-FOB1
isw2 nhp10 { i .o
GAL-FOB1isw2nhp10 § & & K ., rf"h- e
GAL-FoB1iswznnp1o L A & K & O

C)
isw2 nhp10 [ ] QD @ -o!
rpd3 isw2 nhp10 [ ‘
D)
Mutant (isw2 nhp10 background) Growth Sensitivity
tel1 Sick
yku70 Synthetic Lethal
yku80 Synthetic Lethal
est Sick
rif1 Synthetic Lethal
pift Synthetic Lethal
mrel11 Sick

Figure 3.1 ISW2 and NHP10 genetically interact with rDNA and telomere genes.

A) Spot assay to assess genetic interactions between ISW2 and NHP10 with SIR2. Yeast strains
were grown to saturation and 1:5 serial dilutions were spotted on YPD and YPD with 0.015%
MMS. B) Same as in A) to observe interactions between ISW2 and NHP1(0 with overexpression
of FOBI, which was fused to the GAL promoter and induced by addition of galactose. Spots
were plated on YPD, YP with galactose, and YP with galactose and 0.01% MMS. C) Same as in
A) to observe interactions between ISW2 and NHP10 with RPD3. D) A table of genetic
interactions of ISW2 and NHP10 with telomere genes.
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Figure 3.2 Isw2 and Ino80 alter rDNA and telomere structure.

A) Microscopy images of the nucleolus, indicated by Fob1-GFP, from live WT and isw2 nhp10
cells. B) Southern blot of 9.1kb rDNA unit to examine ERC production. The band corresponds to
the endogenous rDNA locus. C) Southern blot of Y’ element in the subtelomeric region of

chromosomes. Telomere length is assessed WT, tell, isw2, nhp10, and two independent isolates
of isw2 nhp10.
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Figure 3.3 Isw2 and Ino80 regulate rRNA transcription.

A) Averaged RNA-seq transcripts in WT (blue) and isw2 nhp10 (red) at all telomeres from the
end of the chromosome to 15kb towards the centromere. B) Log phase cells were counted on a
hemocytometer and RNA was purified and quantified. 1ug of total RNA was loaded on a 0.8%
agarose gel and stained with ethidium bromide. C) Northern analysis of ITS1, which corresponds
to the 35S nascent transcript, and ACT1, which was used as a loading control. D) WT RNA

transcripts (x-axis) plotted against isw2 nhp 10 RNA transcripts (y-axis) from RNA-seq data. The
correlation coefficient is shown as the R? value.
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Figure 3.4 Isw2 and Ino80 are targeted to the rDNA.
A) ChIP-seq of Nhp10-3FLAG (pink) and Isw2-3FLAG (maroon) read mapped to two units of

the rDNA on Chromosome XII. B) The same as in A), but at a representative telomere on the left
end of Chromosome I.
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Figure 3.5 Isw2 and Ino80 alter chromatin structure at rDNA and telomeres.

A) ChIP-seq of H3 in WT (blue) and isw2 nhp10 (orange) at the rDNA. B) MNase-seq of WT
and isw2 nhp10 at the spacer region of the rDNA. A nucleosome map corresponds to the
nucleosome positions. C) Same as in A) but at telomeres. The telomere at the left end of
chromosome IV, and the telomere at the right end of chromosome XV are shown. D) Same as in
B) but for the telomere at the right end of Chromosome XV.
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Figure 3.6 Isw2 and Ino80 redistribute Sir proteins and interact with Sirs to regulate rDNA
and telomere functions.

A) ChIP-seq of Sir2-3FLAG at the rDNA in WT (light blue) and isw2 nhp10 (lavender). B)
Same as in A) but Sir3-3FLAG ChIP. C) ChIP-seq of Sir2-3FLAG at the left end of telomere
XIII in WT and isw2 nhp10. D) Same as in C) except Sir3-3FLAG ChIP. E) On the left, a
northern blot of ITS1, which corresponds to the 35S nascent transcript, in WT, sir2, isw2 nhp10,
and sir2 isw2 nhp10. ACT1 is used as a loading control. On the right, a Southern blot of the Y’

element in the subtelomeric region in WT, tell, isw2, nhp10, isw2 nhp10, and two independent
isolates of isw2 nhp10 sir2.
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Table 3.1 Chapter 3 yeast strains

Strain Genotype Source

W1588-4¢c | MATa ade2-1 canl-100 his3-11,15 leu2- (Thomas and Rothstein,
3,112 trpl-1 ura3-1 RAD5+ 1989; Zhao et al. 1998)

YTT3337 | MATa Aisw2::NatMX Anhp10::Hyg (Auetal,2011)

YTT3339 | MATa Aisw2::NatMX Anhp10::Hyg (Auetal,2011)

YTT3320 | MATa Aisw2::NatMX (Vincent et al., 2008)

YTT3333 | MATa Anhpl0::Hyg (Vincent et al., 2008)

YTT6168 | MATa Asir2::KanMX This study

YTT6121 | MATa Asir2::KanMX Aisw2::NatMX This study
Anhp10::Hyg

YTT6122 | MATa Asir2::KanMX Aisw2::NatMX This study
Anhp10::Hyg

YTT4560 | MATa Atell::KanMX This study

YTT6441 | MATa Sir2-2L-3FLAG-KanMX This study

YTT6445 | MATa Aisw2::NatMX Anhp10.:Hyg Sir2-2L- | This study
3FLAG-KanMX

YTT6443 | MATa Sir3-2L-3FLAG-KanMX This study

YTT6446 | MATa Aisw2::NatMX Anhp10.:Hyg Sir3-2L- | This study
3FLAG-KanMX

YTT1996 | MATa Isw2K215R-3FLAG-KanMX (Gelbart et al., 2005)

YTT3426 | MATa Nhpl0-3FLAG-KanMX (Vincent et al., 2008)

*All strains are MATa and congenic to W1588-4c with a correction for the weak rad5 allele
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CHAPTER 4

Nucleosome occupancy as a novel chromatin parameter for replication origin

functions

Modified from submitted manuscript.

Rodriguez, J.*, Lee, L.*, Lynch, B., and Tsukiyama, T.

Summary

Eukaryotic DNA replication initiates from multiple discrete sites in the genome termed
origins of replication (origins). Prior to S phase multiple origins are bound by the pre-replicative
complex (pre-RC) and are ready to initiate replication. Origin activation must be tightly
regulated, but not all the parameters that control origin activation have been elucidated. Many
studies have suggested chromatin to be an important determinant in regulating origin initiation.
To explore the role of chromatin structure in regulating origin properties, we used H3 chromatin
immunoprecipitation followed by deep sequencing to comprehensively analyze nucleosome
occupancy around origins. We show that nucleosome occupancy in G1 varies greatly among all
origins. Classification of origins by nucleosome occupancy shows that the nucleosome
occupancy around origins correlates with many properties of origins. We further demonstrate
that nucleosome occupancy around origins in G1 is established during transition from G2/M to
G1, and this cell cycle dependent change in nucleosome occupancy is contingent upon pre-RC

assembly. Importantly, the loss of changes in nucleosome occupancy around origins in orcl-161
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mutant is associated with misregulation of origin initiation. We propose that nucleosome

occupancy contributes along with other factors to regulate origin activation.

Introduction

DNA replication is an essential process in all organisms, and faithful completion of
replication is required for proper cell division, differentiation and the maintenance of genome
integrity (Bell and Dutta, 2002). Eukaryotic DNA replication initiates from multiple discrete
sites called origins of replication (hereafter origins). In Saccharomyces cerevisiae, origins have
an AT-rich DNA sequence known as an autonomously replicating sequence (ARS) (Marahrens
and Stillman, 1992). However, the ARS consensus sequence (ACS) alone is not sufficient for
defining origins because many ACSs do not initiate replication (Brewer and Fangman, 1991;
Dubey et al., 1991). A six subunit origin recognition complex (ORC) binds to a limited number
of ACSs throughout the cell cycle (Bell and Stillman, 1992; Diffley and Cocker, 1992). Then in
G1, double hexamers of the mini chromosome maintenance (MCM) complex are subsequently
recruited to origins to form the pre-replicative complex (pre-RC) (Remus et al., 2009). Once the
pre-RC is formed, origins are licensed to fire. However, to prevent re-replication and maintain
genomic integrity, origin activation must be tightly regulated and thus limiting replication factors
are distributed to only a subset of origins to initiate in a given S phase (Fragkos et al., 2015).

Each budding yeast origin has distinct properties. Some origins tend to initiate replication
(fire) early in S phase while others tend to fire late in S phase. Moreover, in a given population
of cells, each origin has a distinct probability of activation, which is defined as origin efficiency.
Although population studies have demonstrated that each origin has distinct timing and
efficiency properties (Alvino et al., 2007; McCune et al., 2008; McGuffee et al., 2013; Muller et

al., 2014; Raghuraman et al., 2001; Yabuki et al., 2002), molecular combing experiments have
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shown that DNA replication occurs stochastically in individual cells, and therefore is not as
deterministic as population analyses suggest (Czajkowsky et al., 2008; Patel et al., 2006). These
findings can by reconciled by averaging the heterogeneous replication kinetics of a large number
of cells, which recapitulates the observed data from population studies (Czajkowsky et al., 2008).
This observation has led to the postulation that in yeast, origin firing is a largely stochastic event
in which different origins have different probabilities for firing. Importantly, the probable time of
firing of a given origin is decided in a cell cycle regulated manner. For instance, the property of
origin ARS501 to fire late in S phase is established at some point between G2/M and G1
(Raghuraman et al., 1997), suggesting that the signal for origin activation takes place prior to a
given S phase.

What dictates the probability of origin initiation? The local chromatin environment has
been suggested to be one of the key contributors in affecting origin firing. For example,
introducing a nucleosome within an ARS resulted in marked reduction of origin activation
(Simpson, 1990). In addition, a previous study showed that a late-firing origin ARS501 fires early
when the origin placed on a plasmid, indicating that chromatin context is important (Ferguson
and Fangman, 1992). Chromosomal elements like telomeres are also associated with late firing
origins (Ferguson and Fangman, 1992; McCarroll and Fangman, 1988), while centromeres are
associated with early firing origins (McCarroll and Fangman, 1988; Raghuraman et al., 2001).
Because of these reports, many studies have tried to establish the parameters of chromatin that
are involved in origin firing. We and others have shown that histone modifications such as
acetylation affect origin timing and efficiency (lizuka et al., 2006; Knott et al., 2009;
Unnikrishnan et al., 2010; Vogelauer et al., 2002). Moreover, asymmetric nucleosome positions,

determined by ORC, are important for origin activity (Eaton et al., 2010; Lipford and Bell,
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2001), and genome-wide MNase mapping further shows that nucleosome positions dictate the
association of Mcm2-7 with origins (Belsky et al., 2015). Many of these studies have contributed
to comprehending how chromatin can affect origin regulation, but a complete understanding of
the chromatin dynamics involved in origin initiation is still lacking. Perhaps one of the most
glaring aspects of chromatin structure that has not been thoroughly explored in origin regulation
is nucleosome occupancy at origins.

In order to determine how nucleosome occupancy affects origin properties, we performed
high-resolution histone chromatin immunoprecipitation followed by deep sequencing (ChIP-seq)
to measure nucleosome occupancy around origins. Here we show that nucleosome occupancy in
G1 varies greatly among origins, and correlates well with many properties of origins and the
level of pre-RC formation. We further found that the nucleosome depleted region (NDR) around
origins expands between G2/M and G1, and these cell cycle changes are dependent upon the pre-
RC. Finally, we provide evidence supporting the idea that nucleosome occupancy is important
for proper origin timing and efficiency. Our work thus establishes nucleosome occupancy as a

novel and useful parameter of chromatin structure for proper origin control.

Results

Nucleosome occupancy varies across origins in G1 and is ORC-dependent

It has been long suggested that chromatin structure affects origin activities (Eaton et al.,
2010; Knott et al., 2009; Lipford and Bell, 2001; Simpson, 1990), but the chromatin parameters
that affect origin properties are not well understood. We therefore sought to determine how the
local chromatin environment around replication origins affects their properties. To this end, we

systematically analyzed chromatin structure around all 798 predicted origins listed in the OriDB
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database (Nieduszynski et al., 2007) in G1 phase. Origins are typically located within
nucleosome depleted regions (NDRs), which are surrounded by well positioned nucleosomes
(Eaton et al., 2010). However, nucleosome occupancy around origins has yet to be properly
analyzed genome-wide. To measure nucleosome occupancy, we performed chromatin
immunoprecipitation (ChIP) using antibodies against histone H3 followed by deep sequencing
(ChIP-seq). Nucleosome occupancy is often measured by the height of nucleosome signals after
micrococcal nuclease (MNase) digestion of chromatin. However, the levels of nucleosome
signals after MNase digestion are determined by both the occupancy and the MNase sensitivity
of the nucleosome (Rodriguez and Tsukiyama, 2013; Weiner et al., 2010). Therefore, histone
ChIP after sonication is a better method to measure nucleosome occupancy. As expected,
nucleosomes are depleted around most ARS consensus sequences (ACSs) as shown previously
(Belsky et al., 2015; Eaton et al., 2010). However, surprisingly, nucleosome occupancy in G1
varied very significantly around 397 ORC-bound origins (Belsky et al., 2015) (Figure 4.1A and
4.1B, left). As a control, we measured nucleosome occupancy around 401 ORC-unbound ACS
sequences (Belsky et al., 2015), which revealed significantly shallower NDRs (Figure 4.1A and
4.1B, right). Because ORC has been shown to position nucleosomes at origins (Eaton et al.,
2010; Lipford and Bell, 2001), we tested whether ORC affects NDR formation at origins. The
orcl-161 allele is a temperature sensitive mutation that inhibits ORC from binding DNA at the
restrictive temperature (Aparicio et al., 1997). ORC does bind origins at permissive temperatures
in orcl-161, albeit at slightly reduced levels. H3 ChIP-seq performed in orc/-161 in G1 ata
permissive temperature (25 °C) revealed higher nucleosome occupancy at ORC-bound origins
(Figure 4.1B, left). In contrast, nucleosome occupancy was significantly less affected in orci-

161 mutant at ORC-unbound ACSs (Fig 4.1B, right), as well as transcription start sites (TSSs)
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and transcription termination sites (TTSs) (Figure 4.1C). Because H3 levels were similar across
TSSs in WT and orcl-161 (Figure 4.1C), H3 ChIP was z-score normalized at TSSs in the
following analyses to account for slight differences in the degree of sonication (see Materials and
Methods for details). These results collectively showed that nucleosome occupancy at origins is
reduced in an ORC-dependent manner in G1. We classified ORC-bound origins into three
classes based on nucleosome occupancy around the ACS, and these classes are used in the

subsequent analyses.

Nucleosome occupancy in G1 correlates with origin properties

We next sought to determine whether nucleosome occupancy around origins during G1
correlates with various origin properties. Comparison of origin firing time, defined by origin
firing patterns in hydroxyurea (HU) (Belsky et al., 2015), to nucleosome occupancy revealed a
statistically significant correlation between low nucleosome occupancy and early firing
(p=0.0057: % test) (Figure 4.2A). Global origin firing efficiencies were established from deep
sequencing of Okazaki fragments (McGuffee et al., 2013). Lower nucleosome occupancy was
associated with higher origin efficiencies, while higher nucleosome occupancy was associated
with lower efficiencies (p=1.02x10'5: X2 test) (Figure 4.2B). Previously, a systematic comparison
of ORC binding properties in vitro on naked DNA versus those in vivo led to the classification of
origins into DNA-dependent, chromatin-dependent and weak ORC binding classes (Hoggard et
al., 2013): ORC strongly binds origins both in vitro and in vivo in the DNA-dependent class,
while it binds origins much more strongly in vivo than in vitro in the chromatin-dependent class.
Comparison of nucleosome occupancy around origins with these published ORC binding

properties revealed a statistically non-significant correlation (p = 0.119: Fisher’s exact test).
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However, this is likely due to the small number of origins (n=66) that were classified in this
manner, as there was a clear trend that DNA-dependent origins were associated with lower
nucleosome occupancy and chromatin-dependent origins were associated with higher
nucleosome occupancy (Figure 4.2C). It was also recently reported that Forkhead transcription
factors, Fkh1 and Fkh2, bind near origins, and their presence can dictate origin timing (Knott et
al., 2012). We found no correlation between origins with altered timing in Afkhlfkh2 with
nucleosome occupancy (p=0.194, ¥ test) (Figure 4.2D). Taken together, these results support the

idea that nucleosome occupancy in G1 correlates well with various properties of origins.

Nucleosome occupancy in G1 correlates with pre-RC formation

As nucleosome occupancy around origins correlated with many origins properties, we
next investigated whether it correlated with pre-RC formation. Comparison of Mcm?2-7 ChIP-seq
signals (Belsky et al., 2015) at all ORC-bound origins in G1 with nucleosome occupancy
revealed that Mcm?2-7 loading is highest at origins with low nucleosome occupancy (Figure
4.3A). Interestingly, the average MCM ChIP-seq signals at origins with mid and high
nucleosome occupancy were virtually indistinguishable (Figure 4.3A). All functional origins are
bound by ORC in S phase. While ORC binding is detectable at most origins throughout the cell-
cycle by standard ChIP assay (Eaton et al., 2010), ORC footprinting by MNase identified two
classes of origins: origins that exhibit ORC footprints at both G2/M and G1, and those that do so
only in G1, with the former class enriched for origins that fire earlier and more efficiently
(Belsky et al., 2015). We found that origins with lower nucleosome occupancy had a higher

frequency of binding to ORC in G2/M, which was statistically significant (p=0.000546: y* test)
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(Figure 4.3B). These results suggest the possibility that nucleosome occupancy around origins

may be associated with pre-RC formation.

Nucleosome occupancy around ORC bound origins is cell-cycle regulated

It was previously shown that the late firing property of ARS501 is established between
G2/M and G1 (Raghuraman et al., 1997). To determine whether nucleosome occupancy is cell-
cycle regulated, we compared nucleosome occupancy around origins in G2/M and G1. This
analysis showed that nucleosome occupancy around ORC-bound origins is higher in G2/M,
suggesting that nucleosomes around these origins are lost between G2/M and G1 (Figure 4.4A).
Subtraction of nucleosome occupancy in Gl from that in G2/M showed that nucleosome
occupancy decreases almost 2-fold on average (Figure 4.4B). Interestingly, the strongest loss in
nucleosome occupancy takes place immediately adjacent to the ACS, which coincides with
MCM ChIP signals in G1 (Figure 4.3A). Ranking origins by the degree of loss in nucleosome
occupancy from G2/M to Gl revealed that almost all ORC-bound origins exhibit significant
changes in histone levels within the NDR (Figure 4.4C). In contrast, nucleosome occupancy
around ORC-unbound ACSs and TTSs did not change significantly between G2/M and Gl
(Figure 4.4A-C). To examine how much the nucleosome loss after G2/M contributes to
nucleosome occupancy in G1, we correlated the degree of nucleosome occupancy loss with G1
occupancy. This analysis revealed that origins with lower nucleosome occupancy in G1 tend to
exhibit higher occupancy loss between G2/M to G1, and vice versa (Figure 4.4D). These results
suggested that the nucleosome loss between G2/M and G1 plays major roles in determining the

occupancy in G1.
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Changes in nucleosome occupancy between G2/M and G1 are dependent upon pre-RC
components

Based on our results that G1 nucleosome occupancy around origins is partially dependent
on ORC, and is strongly affected by nucleosome loss between G2/M and G1, we hypothesized
that histone loss around origins may depend on pre-RC formation. To test this model, we first
performed H3 ChIP-seq in orcl-161 in G2/M at a permissive temperature (25°C). We found that
nucleosome occupancy in the orc/-16/ mutant in G2/M is much higher that that of wild type
cells (Figure 4.5A, left and center). In addition, there is a much smaller degree of loss in
nucleosome occupancy between G2/M and GI in this mutant as compared to wild type cells
(Figure 4.5B, left and center). This was the case across all ORC-bound origins, including those
that exhibit the biggest loss of histones between G2/M and G1 in wild type cells (Figure 4.5C,
left and center). To test whether the MCM complex affects nucleosome occupancy, we
constructed an auxin degron (Nishimura et al., 2009) allele of MCM?2 (mcm2-AID). To measure
G2/M nucleosome occupancy, we arrested cells in G2/M, added auxin to degrade Mcm2, then
performed H3 ChIP-seq. For Gl occupancy, we arrested cells in G2/M, added auxin, then
released cells into alpha factor in the presence of auxin (see Materials and Methods for details),
followed by H3 ChIP-seq. These experiments showed that the loss of MCM during G2/M does
not appreciably affect nucleosome occupancy around origins (Figure 4.5A, right). However, the
loss of histone occupancy between G2/M and G1 is almost entirely diminished in the absence of
Mcm?2 (Figure 4.5A and 4.B, right). This was the case across all ORC-bound origins (Figure
4.5C). Together, these results demonstrate that cell-cycle dependent changes in nucleosome

occupancy at origins are dependent upon Mcm2-7 complex loading.
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The decrease in nucleosome occupancy loss at origins is associated with altered origin
activities

We next sought to address whether the change in nucleosome occupancy between G2M
and G1 is important for origin activities. To this end, we took advantage of the fact that the orci-
161 allele causes a significant loss in cell-cycle dependent nucleosome occupancy changes even
at the permissive temperature, a condition in which cells do not exhibit severe growth defects.
Genome-wide BrdU ChIP experiments (Viggiani et al., 2010) revealed that origin firing is
significantly altered in the orc/-161 mutant (an example shown in Figure 4.6A). At a time point
in which cells have undergone similar amounts of replication, some origins that have relatively
low activity in wild type cells exhibit higher activity in orc/-161 mutant, whereas other origins
exhibit lower activities in the mutant. Importantly, this pattern is observed across the genome.
Although replication profiles are similar between the individual biological replicates for wild
type and orcl-161 (r*=0.99 and 0.92), they exhibit markedly different origin activities on a
global scale (*=0.47) (Figure 4.6B). To further analyze the effects of the orcI-161 mutation, we
first ranked origins by timing then efficiency as described (Belsky et al., 2015; McGuffee et al.,
2013) (Figure 4.6C and 4.6D, left columns), then examined how this ranking correlates with the
effects of the orc/-161 mutation on origin activity (Figure 4.6C and 4.6D right columns). This
analysis revealed that the majority of early firing origins lose activity (Figure 4.6C), whereas
efficient late firing origins gain activity (Figure 4.6D) in orc/-161 mutant. For unknown reasons,
some inefficient late firing origins also lose activity in the mutant. To examine whether
nucleosome occupancy at origins are associated with changes in origin activities, we compared
the effects of orci-161 on cell-cycle changes in nucleosome occupancy and origin activities

(Figure 4.6E). Origins were ranked by the degree of cell-cycle changes in nucleosome occupancy
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(column 1), which was compared to cell-cycle occupancy changes in orc/-161 mutant (column
2), the effects of orci-161 on nucleosome occupancy changes between G2/M and G1 (column
3), and the effects of orcl-161 on origin activities (column 4). This analysis revealed a slight
trend in which origins that lost more nucleosome occupancy between G2M and G1 in wild type
cells (higher in ranking) tended to be more strongly affected by orcl-16/ mutation for both
nucleosome occupancy changes and origin activities. These results are consistent with the
possibility that regulation of nucleosome occupancy at origins partially contributes to the proper

control of origin properties.

Discussion

For the first time, we show that origins have varying degrees of nucleosome occupancy in
G1, and that the loss of nucleosomes between G2/M and G1 plays a major role in establishing
nucleosome occupancy around origins. These results suggest that nucleosome occupancy around
origins is reset after S phase, then re-established in every cell-cycle. We also provide evidence
supporting the notion that this change in nucleosome occupancy between G2/M and G1 at
specific origins is a significant determinant of origin properties. It should be noted that
nucleosome occupancy measured by H3 ChIP-seq reflects the fraction of cells within a
population that has nucleosomes at any given locus. This means that a large fraction of cells
loses nucleosomes around origins between G2/M and G1, and that the fraction that loses
nucleosomes varies among origins. This nature of nucleosome occupancy is therefore consistent
with findings from single cell analyses that origin firing is stochastic and that origin properties

define the probability of origin activation (Czajkowsky et al., 2008).
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Our results suggest that there are multiple factors that affect origin properties, and that
nucleosome occupancy is one of these factors. For example, Fkh1 and Fkh2 (Knott et al., 2012),
and the proximity to telomeres and centromeres are known to affect origin properties, but
nucleosome occupancy does not significantly correlate with these parameters. Indeed, while
orcl-161 abolishes major changes in nucleosome occupancy at origins between G2/M and G1
and greatly disrupts proper origin firing, changes in nucleosome occupancy do not perfectly
correlate with the changes in origin activities. Although this is likely in part due to the general
increase in nucleosome occupancy at all origins even in G2/M in orcl-161, which is associated
with a global reduction in origin firing, our results suggest the presence of other mechanisms that
affect origin properties. Hoggard et al. previously showed that ORC binding, and subsequently
origin activation, was dependent upon DNA sequence for only a subset of origins, while the local
chromatin environment was more important for other origins (Hoggard et al., 2013). Our analysis
revealed that “chromatin-dependent” origins tend to have higher nucleosome occupancy in G1
and tend to lose nucleosomes to a lesser degree between G2/M and G1. We suspect that
“chromatin-dependent” origins are regulated by other chromatin factors, which makes these
origins rely less on nucleosome occupancy to control their properties. It is not unexpected that
origins are regulated by multiple factors, given that strict regulation of origin activation is
necessary for proper DNA replication.

What is the molecular basis for the loss of nucleosome occupancy around origins
between G2/M to G1? Histone-DNA interactions within nucleosomes are very stable, and active
mechanisms are usually used to slide, evict or replace histones at gene promoters for
transcriptional regulation (Li et al., 2007). One possibility is that the pre-RC recruits chromatin

regulators to facilitate the removal of nucleosomes around origins. The histone chaperone FACT
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(facilitates chromatin transcription) was shown to bind histones together with Mcm2-7 and
maintain proper levels of nucleosome occupancy at subtelomeric regions (Foltman et al., 2013).
The mecm2-24 mutation in the amino terminal tail prevents Mcm2-7 from binding histones with
FACT, but is dispensable for DNA replication (Foltman et al., 2013). We tested whether Mcm?2-
7 and FACT could regulate changes in nucleosome occupancy from G2/M to G1 by measuring
nucleosome occupancy in the mcm2-24 mutant. However, the mutant did not exhibit significant
changes in the loss of nucleosome occupancy around origins between G2/M and G1 (Figure 4.7).
While this result does not exclude the possibility that the MCM complex collaborates with
unidentified factors, it does suggest that the histone binding activity of Mcm2 alone is not
sufficient for regulating levels of nucleosome occupancy at origins. Another possibility is that
chromatin regulators could affect pre-RC binding, which in turn can alter nucleosome formation
at origins. Indeed, nucleosome positions were found to be important for loading Mcm2-7 onto
origins in a specific manner (Belsky et al., 2015). We preliminarily screened for potential
chromatin regulators, (Rsc, Serl, Chd, Iswl, Isw2, Snf2 and histone acetylation) using H3 ChIP-
seq, but thus far have not found any chromatin regulator responsible for the reduction in
nucleosome occupancy around origins at G1. While we cannot exclude the possibility that the
change in histone density in GI1 is just a consequence of pre-RC binding, this seems highly
unlikely because the affinity of ORC to origins alone (Hoggard et al., 2013) cannot explain the
nucleosome occupancy in G1. Furthermore, Mcm?2-7 ChIP-seq revealed that Mcm2-7 localizes
to origins to a similar extent in both mid and high H3 classes of origins, supporting the idea that
the changes in nucleosome occupancy is a regulated process and not just a result of pre-RC
binding. Given that genetic screens for mutants that alter origin properties are likely difficult to

establish, biochemical screens for such factors may be more useful. Recently established in vitro
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DNA replication systems (Heller et al., 2011; Yeeles et al., 2015), if combined with nucleosomal
templates, will likely be a very powerful tool for this purpose.

Thus far, understanding mechanisms of origin regulation has proven to be difficult
because of the multiple factors contributing to origin activation. Origin initiation must be strictly
controlled but also able to adapt to diverse cellular environments. We propose nucleosome
occupancy is an important factor in origin regulation and believe further work will help elucidate
how nucleosome occupancy functions, together with other determinants of origin activation, in

the regulation of origin activities.

Materials and Methods

Yeast strains

The yeast strains used in this study are listed in SI1 Table. All yeast strains are MATa and
congenic to W303-1a with a correction for the weak rad5 allele in the original W303 (Thomas
and Rothstein, 1989). Strains used for BrdU profiles had an integrated BrdU vector as previously

described (Viggiani and Aparicio, 2006).

Cell synchronization

Yeast strains were grown at 30°C (25°C for orcl-161) to early log phase to a density of ODgg =
0.2-0.25. Cells were arrested in Gl phase by alpha factor (Spug/mL) or in G2/M phase by
nocodazole (15ug/mL). After 2 hours of G2/M arrest in the mcm2-AID strain, 500uM of TAA
was added for 30 min. Half the culture was taken for the G2/M time point, then the rest of the

culture was released into alpha-factor and 500uM IAA for 90 mins.
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Chromatin preparation and ChIP

Cells were harvested and chromatin was prepared as previously described (Rodriguez et al.,
2014). 30 wl of Protein G beads (Invitrogen) was conjugated to Sul of H3 C-term rabbit
polyclonal antibody (Active Motif). Bead conjugation and the ChIP protocol can be found at

http://www.fhcre.org/science/labs/tsukiyama.

BrdU ChIP

G1 arrested cells filtered on a 0.45-mm nitrocellulose membrane, washed twice with YPD, and
released into half the volume of pre-warmed YPD containing BrdU (800ug/mL) for 33 minutes
at 24°C. G1 and S phase cells were harvested by adding a 0.1% final concentration of sodium
azide. Genomic DNA was prepared and BrdU-labeled DNA was immunoprecipitated as

previously described (Viggiani et al., 2010).

Sequencing
ChIP and input sequencing libraries were prepared using the manufacturer’s protocol from the
NuGEN Ovation Ultralow System v2 (Nugen). Libraries were deep sequenced, aligned and

normalized as previously described (McKnight and Tsukiyama, 2015).

Analysis and ranking of nucleosome occupancy

Z-score normalization was performed as described previously using nucleosome occupancy from
1kb upstream and downstream of 4,551 transcription start sites (TSSs) (Nagalakshmi et al.,
2008). As a control locus, H3 occupancy was averaged at 5,120 transcription termination sites

(TTSs) (Nagalakshmi et al., 2008). H3 occupancy was determined for 798 total origins from
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OriDB (Nieduszynski et al., 2007) aligned at the highest scoring ACS (Eaton et al., 2010).
Origins were classified into 397 ORC bound and 401 ORC unbound based on ORC footprinting
by MNase-seq (Belsky et al., 2015). To calculate the difference in H3 occupancy between G2/M
and G1, the log2 ratios were subtracted. H3 occupancy was ranked as low, mid and high based
on averaged H3 signal 500bp upstream and downstream from the midpoint of the ACS for 393
ORC bound origins, excluding 4 origins that were too close to the ends of chromosomes or

poorly annotated regions.

Analysis of origin properties and pre-RC binding

Origin timing data was obtained from hydroxyurea (HU) experiments (Belsky et al., 2015), and
origin efficiency data was determined from deep sequencing of Okazaki fragments (McGuffee et
al., 2013) for 393 origins. Origin efficiency was classified as follows: the numerical origin
efficiency metric (OEM) of 0.6-1.0 was assigned high efficiency, 0.3-0.6 was assigned mid
efficiency, 0-0.3 was assigned low efficiency, and 0 and -1 either detected no firing or were in
fork merger zones so they were considered as indeterminable. We correlated H3 occupancy with
66 origins that were classified based on differences in ORC binding properties (Hoggard et al.,
2013), and used the Fisher’s Exact Test to calculate statistical significance due to the small
sample size of origins. A study reported 350 origins that were Fkh1 and Fkh2 dependent (Knott
et al., 2012), which was used in our analysis. Mcm2-7 ChIP-seq and ORC footprinting datasets
(Belsky et al., 2015) were used for analysis of pre-RC binding. Unless stated otherwise,

statistical significance was calculated using the Chi-squared test for all correlations.

Analysis of DNA replication
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To compare replication, BrdU ratios of wild type or orcI-161 biological replicates were linearly
correlated. BrdU signal was averaged 1kb upstream and downstream from the midpoint of the
ACS, and the difference in replication was calculated by subtracting log2 ratios of orc/-161 from

wild type.
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Figure 4.1 Nucleosome occupancy varies across origins in G1 and is Orc-dependent.

A) Ranked H3 ChIP-seq signals (log2) in G1 aligned at the ACS for 798 predicted yeast origins
from the OriDB database (Nieduszynski et al., 2007). Origins are classified based on ORC
binding (397 ORC bound and 401 ORC unbound). B) Average H3 signal after z-score
normalization across all ORC bound (left) and ORC unbound origins (right) spanning 1kb
upstream and downstream of the ACS. The dotted line represents the midpoint of the ACS. WT
H3 is shown in blue and orc-161 H3 is in red. C) Average H3 signal 1kb upstream and
downstream of 4,551 TSSs and 5,120 TTSs (Nagalakshmi et al., 2008). D) Average H3 signals
of ORC bound origins (393) classified based on average H3 levels 500bp upstream and
downstream of the ACS: Low H3 includes the bottom 33% (blue), mid H3 includes the middle
33% (red), and high H3 includes top 33% (green).
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Figure 4.2 Nucleosome occupancy in G1 correlates with origin properties.

A) All origins classified by nucleosome occupancy (n=393) were correlated to origin timing (late
or early firing), which was defined from previous BrdU experiments in the presence of HU
(Belsky et al., 2015). B) Correlation of nucleosome occupancy with origin efficiency. Previously
established values for origin efficiency metric (McGuffee et al., 2013) were used to classify
origins as high (blue), mid (red), low (green) or indeterminate (purple) efficiency (see Materials
and Methods). C) Nucleosome occupancy correlated to ORC binding for 66 origins, which were
previously classified as DNA-dependent (red), chromatin-dependent (blue) or weak (green)
(Hoggard et al., 2013). D) Nucleosome occupancy was correlated to origins where activation
depended on Forkhead proteins (Knott et al., 2012). Origins that decrease (blue), increase (green)
or unchanged (red) in activity in fkhlfkh2 mutant are shown.
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Figure 4.3 Nucleosome occupancy in G1 correlates with pre-RC binding.
A) Mcm2-7 ChIP signals (Belsky et al., 2015) were correlated to nucleosome occupancy. The
left panel shows a heat map of Mcm2-7 signals across all ORC bound origins, ranked based on
H3 levels. The right panel displays average Mcm?2-7 binding aligned at the ACS based on
classification by nucleosome occupancy with low H3 in blue, mid H3 in red, high H3 in green
and ORC unbound in purple. B) Nucleosome occupancy classes were correlated to cell-cycle
ORC footprinting data (Belsky et al., 2015). Blue denotes ORC binding of origins in both G1

and G2, while red denotes ORC binding in G1 only.
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Figure 4.4 ORC bound origins lose nucleosomes during the G2/M to G1 transition.

A) H3 ChIP signals (log2) were averaged within a 2kb window for ORC bound origins (left),
ORC unbound origins (center), and TTSs (right) with signals from G1 in blue and G2/M in red.
The dotted line represents the midpoint of the ACS. B) The difference in H3 occupancy (log2)
between G2/M and G1 (G2M-G1) was plotted in orange for each corresponding group of origins
or TSSs. C) Heat maps of the difference in H3 signasl from G2/M to G1 within a 2kb window of
the ACS for ORC bound and ORC unbound origins that are ranked based on the difference in
nucleosome occupancy. D) The decrease in nucleosome occupancy between G2/M and Glwas
correlated to origins classified by occupancy in G1. Low H3 is shown in blue, mid H3 is shown
in red, high H3 is shown in green and ORC unbound is shown in purple.
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Figure 4.5 The decrease in nucleosome occupancy from G2/M to G1 is pre-RC dependent.
A) The average H3 signals around ORC bound origins from wild type (WT), orciI-161, and
mem2-AID during G1 and G2/M. G1 signals are in blue and G2/M signals are in red. B) The
difference in nucleosome occupancy between G2/M and G1 (log 2) is shown in orange. C) Heat
maps of H3 ChIP signals at all ORC bound origins that are ranked by the difference in H3 levels

between G2/M and G1. For the purposes of comparison, wild type profiles are shown again from
Fig 4.
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Figure 4.6 Loss of changes in nucleosome occupancy is accompanied with changes in origin
usage profiles in orcI-161.

A) A snapshot of BrdU profiles for WT in blue and orc/-161 in orange. The region spans from
100,000 and 200,000 on chromosome I. The green bars indicate annotated ARSs and the purple
bar indicates the centromere. B) Graphs correlating averaged BrdU signals from all origins.
Biological replicates of BrdU profiles from WT (left) and orci-161 (center) were correlated. WT
and orci-161 profiles (right) were correlated with each other. C) Heat map of the difference in
average BrdU signal at early firing origins between WT and orci-161, which is ranked based on
efficiency (OEM = -1 to 1) (Belsky et al., 2015; McGuffee et al., 2013). D) Same as C), but for
late firing origins. E) Heat maps of the average difference in nucleosome occupancy between
G2/M and G1 in wild type (column 1), difference in nucleosome occupancy in orci-161 (column
2), difference in nucleosome changes that are caused by orc/-161 (column 3), and difference in
BrdU signal between WT and orcl-161. The columns are sorted based on column 1 for all ORC
bound origins.
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Figure 4.7 Changes in nucleosome occupancy around origins are independent of MCM
histone binding activity.
A) Average H3 signals 1kb upstream and downstream of the ACS for all origins, ORC bound
origins and ORC unbound origins. H3 signals from G1 are shown in blue and signals from G2/M
are shown in red. The dotted lines represent the midpoint of the ACS. B) The difference in H3
from G2/M to G2 is graphed in orange for the corresponding origins. The WT plots are shown
here again for the sake of comparison to the mcm2-24 mutant. C) Average H3 signals around
origins for mcm2-24 in G1 and G2/M. D) The difference of average H3 in G2/M and GlI in

orange.
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Table 4.1 Chapter 4 yeast strains

Strain Genotype Source

W1588-4¢c | MATa ade2-1 canl-100 his3-11,15 leu2- (Thomas and Rothstein,
3,112 trpl-1 ura3-1 RAD5+ 1989; Zhao et al. 1998)

YTT4709 | Poll-3FLAG-KanMX (Rodriguez and

Tsukiyama, 2013)
YTT5095 | Poll-2L-3FLAG-KanMX (Rodriguez and
Tsukiyama, 2013)

YTT6270 | URA3::p306-BrdUinc This study

YTT6271 | URA3::p306-BrdUinc This study

OAy661 Abarl :hisG Aorcl:: hisG leu2::orcl-161 (Aparicio et al., 1997)
(LEU2)

YTT6290 | Abarl:hisG Aorcl:: hisG leu2::orcl-161 This study
(LEU2) URA3::p306-BrdUinc

YTT6291 | Abarl:hisG Aorcl:: hisG leu2::orcl-161 This study
(LEU2) URA3::p306-BrdUinc

YTT6269 | Mcm2-AID::KanMX ura3-1:0S8TIRI- This study
9myc:URA3

YTT6266 | Mcm2-AID::KanMX ura3-1:0S8TIRI- This study
9myc:URA3

YMP504- | mem2-Y82A4-Y914-9MYC (kITRP1) (Foltman et al., 2013)

13

YMP514 mem2-Y82A4-Y91A::Hyg (hphNT) (Foltman et al., 2013)

*All strains are MATa and congenic to W1588-4c with a correction for the weak rad5 allele
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CHAPTER 5

Conclusions and Perspectives

In this dissertation I showed the importance of chromatin structure on many DNA-
dependent processes. Many studies have highlighted the importance of chromatin remodeling
factors in transcription (Clapier and Cairns, 2009). However more recent investigations also
show their relevance in other pathways (Clapier and Cairns, 2009). My findings reveal novel
roles for chromatin regulation, and contribute to elucidating the regulatory mechanisms of a wide
variety of processes important for genomic stability. Here, I have shown that chromatin
remodeling factors Isw2 and Ino80 oppose functions of checkpoint activators. I also show that
Isw2 and Ino80 also have previously unknown roles at the rDNA and telomeres. Specifically,
Isw2 and Ino80 are important for regulating structure and activities at the rDNA and telomeres.
Finally, in collaboration with Jairo Rodriguez, we show that nucleosome occupancy is a
previously underappreciated parameter for origin activation.

In all of these major cellular processes, there are drastic changes in chromatin structure.
The major questions going forward are to understand how these changes in chromatin are
established and what their functional consequences are. In order to address these questions, it
will be important to understand how chromatin regulators are recruited to their targeted loci.
Transcription factors were shown to recruit remodeling enzymes, and chromosome looping can
facilitate interaction of these remodeling enzymes with other regions in the genome that are
within close proximity (Gelbart et al., 2005; Goldmark et al., 2000; Hartley and Madhani, 2009;
Yadon et al., 2013). However, the majority of targeting mechanisms for remodeling factors are

unknown. Furthermore, it will be important to characterize all of the functional consequences
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that occur as chromatin structure changes. Here I discuss some of the potential mechanisms of

targeting and subsequent outcomes that occur from the changes in chromatin structure.

Mechanisms of Isw2 and Ino80 in the replication stress response

In our genetic screen, we concluded that Isw2 and Ino80 either function through RPA or
an unknown pathway to regulate the S phase checkpoint. Furthermore, it has been shown that
Isw2 and Ino80 both can interact with RPA (Au et al., 2011). One possibility is that Isw2 and
Ino80 could be targeted to replication forks through RPA and function to displace RPA from
stalled forks to deactivate the S phase checkpoint. In mammalian cells, HARP, which is part of
the SWI/SNF family of remodeling factors, was shown to rewind RPA-ssDNA (Yusufzai and
Kadonaga, 2008). Moreover, other related families of proteins, like Motl, have been shown to
interact with non-histone proteins (Auble et al., 1994). A recent study showed that chromatin
remodeling factor SWI/SNF has the ability to interact and activate Mec1, the major budding
yeast checkpoint kinase (Kapoor et al., 2015). This study illustrates that a chromatin remodeling
factor can indeed act on a non-histone protein. Thus far, most studies have looked at chromatin
remodeling factors’ function on DNA and histones. However it is possible that chromatin
regulators can act on other proteins.

We also examined chromatin structure at replication forks during S phase in MMS and
found that chromatin accessibility was significantly reduced in isw2 nhp10. One of the major
questions going forward is to determine whether this change in chromatin accessibility is a cause
or result of the checkpoint phenotype. One possibility is that [sw2 and Ino80 could be targeted
by RPA to promote accessibility to checkpoint repressors, which would thereby deactivate the

checkpoint. Alternatively, the change in accessibility could be a result of the presence of more
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checkpoint factors present at the fork. Further experimentation will be needed to test these

models.

Roles for Isw2 and Ino80 at repetitive elements

Increasing evidence suggests that chromatin remodeling factors function at repetitive
elements (Dror and Winston, 2004; Manning and Peterson, 2014; Postepska-Igielska and
Grummt, 2014; Xue et al., 2015). Ino80 has been implicated in functioning at telomeres to
establish boundaries for Sir proteins and interact with telomere components to regulate telomere
length and telomere telomere position effect (TPE) (Xue et al., 2015). SWI/SNF has also been
implicated in interacting and evicting Sirs at telomeres (Manning and Peterson, 2014), and in
silencing Pol II transcription at the rDNA (Dror and Winston, 2004). NoRC is a mammalian
SWI/SNF family member that has been shown to be involved in silencing at telomeres,
centromeres and the rDNA (Postepska-Igielska and Grummt, 2014). However, while many of
these studies show that chromatin remodeling factors have roles at these heterochromatic
domains, the mechanisms by which they function are still poorly understood. Isw2 and Ino80
targeting to the rDNA still needs to be determined. Previously our lab showed that Isw2 could
localize to Ty elements through Pol III transcription factor TFIIIB subunit Bdpl (Bachman et al.,
2005). Given that Isw2 had minor roles in regulating Ty transposition and transcription, it was
puzzling to us as to why Bdp! recruited Isw2. However, one explanation could be that the
primary function of Isw2 recruitment by Bdp! is to regulate transcription of the 5S rRNA. This
raises the question of whether Isw2 and Ino80 can also be targeted by a Pol I transcription factor.

It is interesting that Isw2 and Ino80 have such strong interactions with telomere mutants,

yet they do not seem to be targeted to the telomeres. We cannot rule out the possibility that Isw2
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and Ino80 still interact with telomeres through looping or binding to the telomere ends. Thus
chromosome conformation capture (3C) experiments will be useful to determine whether Isw2
and Ino80 are actually targeted to the telomere through interchromosomal interactions.
Alternatively, Isw2 and Ino80 could affect telomeres indirectly by altering factor distribution. At
the rDNA, Isw2 and Ino80 seem to be promoting a more open conformation resulting in
activation of rRNA transcription. These changes could alter not only Sir distribution but also

change localization or activity of other factors to indirectly influence telomere function.

Mechanisms of regulating nucleosome occupancy in origin activation

As mentioned, there are multiple replication origins throughout the genome. However, as
replication factors are limited (Mantiero et al., 2011), origin activation must be properly
regulated to prevent genome instability. We show that among other factors, nucleosome
occupancy is also a key contributor to regulating origin firing. It is clear that nucleosome
occupancy varies widely among origins. What establishes the difference in nucleosome
occupancy in some origins versus others? The most likely explanation is that a chromatin
regulator alters nucleosome occupancy and targeted to origins by pre-RC components.
Alternatively, a chromatin regulator could alter pre-RC binding, which would in turn affect
nucleosome occupancy because nucleosomes can compete with DNA binding factors. Either
way, we believe a chromatin regulator is involved in altering nucleosome occupancy. We
preliminarily screened for chromatin remodeling factors that could be affecting nucleosome
occupancy between G2/M and G1, and thus far the most promising candidate is remodeling
factor SWI/SNF. If SWI/SNF is the factor responsible for nucleosome occupancy at origins, we

favor the first model because SWI/SNF was shown to bind to the Orcl BAH domain (Manning
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and Peterson, 2014). Once targeted by ORC, SWI/SNF could evict nucleosomes from origins,
resulting in more space for the replication machinery to bind.

One of the other major questions from our findings is how Isw2 and Ino80 affect origin
firing in the context that multiple other factors have been shown to affect origin activation
(Belsky et al., 2015; Hoggard et al., 2013; Knott et al., 2012; Vogelauer et al., 2002). There are
clear instances in which origin activation is not dictated by nucleosome occupancy. Indeed,
origins that were affected by Fkh1 and Fkh2 did not correlate with nucleosome occupancy.
Chromosomal context also seems to override nucleosome occupancy, as there was no clear trend
in occupancy and firing with origins located in telomeres or centromeres (data not shown).
Going forward further investigations of which factors are important in which contexts will be

needed to better understand origin regulation.

Chromatin structure is integral to genome stability

Many processes in the cell are essential and when they are misregulated, genomic
instability occurs. There is emerging evidence that chromatin structure is a key regulatory step in
maintaining genome stability. Both here and in other studies, chromatin regulators have
increasing roles in DNA repair, chromosome segregation, rDNA stability and telomere
homeostasis (Clapier and Cairns, 2009). Moreover, many chromatin regulator mutations result in
disease and have emerging roles in cancer (Hargreaves and Crabtree, 2011). However because of
their ubiquitous roles in maintaining genomic stability it is currently difficult to understand
which mutations are responsible for which disorders. Therefore it will be crucial to understand
their mechanisms in all of these pathways so we can specifically determine which mechanisms

are clinically relevant. Interestingly, chromatin remodeling factors of all families seem to be
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involved in many similar pathways (Clapier and Cairns, 2009). The different families have
various activities and functions, so studies showing how all these factors interact and cooperate

with each other to regulate chromatin will be significant.
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