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Abstract

All DNA-templated events, including replication and gene transcription, occur in

the context of the local chromatin environment. The passage of the replication

machinery results in disassembly of chromatin, which must be re-assembled behind

the replication fork to re-establish the epigenetic state of the cell. Many of the

factors and mechanisms regulating DNA replication and chromatin assembly have

been identified from elegant in vitro biochemical experiments, work in model systems

like Saccharomyces cerevisiae, or novel proteomic approaches. In spite of current

advances in the field, it is still not clear how the chromatin landscape is organized

and re-assembled during this process.

Current methods, while informative, lack the genome-wide base-pair resolution

required to assess the dynamics of chromatin assembly and maturation in a spatial-

temporal manner. To overcome the limitations of these studies, I have taken ad-

vantage of an epigenome mapping technique based on micrococcal nuclease (MNase)

digestion followed by paired-end sequencing. This approach facilitates the analysis

of chromatin structure by capturing not only nucleosomes, but also smaller DNA

binding protein footprints in a factor-agnostic manner. I have developed a tech-

nique based on this approach that generates Nascent Chromatin Occupancy Profiles

(NCOPs) to study the dynamics of chromatin assembly following passage of the DNA

replication fork at a genome-wide level and at single base-pair resolution in S. cere-

visiae. It employs a nucleoside analog to specifically enrich for nascent chromatin,
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which can be captured following a chase over different periods of time. Thus, NCOPs

resolve the structure of nascent and mature chromatin, facilitating the analysis of

chromatin maturation across the entire genome.

Using NCOPs, I provide a comprehensive description of the maturation process

across different genomic regions and the dynamics of small DNA binding factor as-

sociation with nascent and mature chromatin states. Our results support previous

work characterizing the structure of nascent chromatin as being more disorganized

and having poorly positioned nucleosomes. Importantly, using positioning and oc-

cupancy scores, I provide new details on the structure of nascent and mature chro-

matin at intergenic regions, including replication origins, and at highly transcribed

and poorly transcribed genes. I uncovered that local epigenetic footprints have the

potential to shape the dynamics of chromatin assembly, generating a chromatin mat-

uration landscape that is dependent on the parental chromatin. Finally, I resolved

patterns of transcription factor occupancy with nascent and mature chromatin, and

observed transient factor association in the nascent state.

In all, this work provides insight into the dynamics of chromatin assembly, and

allows for genome-wide and base-pair resolution investigation of chromatin matura-

tion. The genomic and bioinformatic approaches developed here open the door for

further investigation of the dynamics of epigenetic inheritance and the role of known

and unknown players in re-establishing the eukaryotic epigenome following passage

of the DNA replication fork.
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Introduction

DNA replication is the basis for genetic inheritance in all living organisms. During

DNA replication, the entirety of the genetic material is duplicated with high �delity

once every cell cycle. In 1958, soon after the discovery of the DNA double helix,

Arthur Kornberg puri�ed the enzyme required to synthesize it (Lehman et al., 1958;

Bessman et al., 1958). In his own words `I never thought that I would discover a

phenomenon utterly unprecedented in biochemistry: an absolute dependence of an

enzyme for instruction by its substrate serving as a template' (Kornberg et al., 1989).

This phenomenon and the `polymerase' enzyme Kornberg discovered are so essential

to life that both are conserved across all the di�erent domains of life.

The DNA of eukaryotic cells is contained within the cell nucleus in association

with proteins, forming a complex structure called chromatin. The higher order struc-

ture of chromatin is the chromosome, which helps compartmentalize the genetic ma-

terial. Together, the complex of DNA and proteins form the epigenome, referring to

the idea that all DNA-bound proteins control access to the sequence of DNA and

in doing so regulate all DNA-dependent processes. As DNA is replicated, the local

chromatin structure and epigenetic state of the parent chromosome is disrupted by
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the passage of the replication machinery and must be subsequently re-assembled on

each of the new daughter strands. Thus, DNA replication plays an integral role in

propagating the parental epigenetic state to newly copied sequences (MacAlpine and

Almouzni, 2013). This dynamic chromatin environment allows for locus-speci�c epi-

genetic states associated with distinct cell types and developmental stages (M�echali,

2010).

My thesis work focuses on two of these principles, that the chromatin architec-

ture regulates all DNA-templated processes and DNA replication is necessary to

propagate the chromatin state of the mother cell to newly synthesized DNA.

1.1 DNA replication

Replication is a conserved and essential process required for the maintenance and

integrity of the genome, and it is precisely regulated to ensure that the genetic

material is copied only once per cell cycle (Bell and Dutta, 2002). Start sites of

DNA replication, termed origins, are selected by the binding of the origin recognition

complex (ORC) to DNA. ORC is a heterohexameric protein complex that promotes

DNA replication by serving as a sca�old for the association of other replication

factors (Bell and Dutta, 2002). In G1-phase of the cell cycle, ORC recruits additional

factors to the origin resulting in the loading of the Mcm2-7 replicative helicase and

the formation of the pre-replication complex (pre-RC) (Alabert and Groth, 2012).

Assembly of the pre-RC `licenses' the origin for activation in the subsequent S-phase

(M�echali, 2010).

ORC binding and recognition of replication origins is a complex process. In

Saccharomyces cerevisiae, ORC binds to an 11 base pair consensus sequence neces-

sary, but not su�cient, for replication origin activity (Bell, 2002). Of the thousands

of potential motif sites in the yeast genome, only a few hundred are occupied by

ORC, indicating that other epigenetic features are likely needed to de�ne origin lo-
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cations (Xu et al., 2006). Despite the high homology of the ORC proteins across

all eukaryotes, ORC exhibits little sequence speci�city in higher eukaryotes includ-

ing Drosophila melanogaster(Remus et al., 2004) and humans (Vashee et al., 2003),

and a conserved sequence motif has not emerged. This suggests that the chromatin

environment is the primary determinant for ORC localization and origin selection in

higher eukaryotes. In fact, nucleosome positioning, chromatin remodeling, and the

presence of histone variants known to be found at replication origins are important

for ORC binding (Deal et al., 2010; Eaton et al., 2010, 2011; MacAlpine et al., 2010).

1.2 Chromatin overview

In the late 1800s, German biologist and anatomist Walther Flemming �rst coined the

term chromatin when he observed an intricate sca�old within the nucleus that could

be easily stained using techniques he had developed (Flemming, 1879). The smallest

subunit of chromatin, the nucleosome, was �rst described in 1975 as the complex of

� 200 bps of DNA (146 base-pairs plus linker DNA) and 8 histone proteins (Oudet

et al., 1975). The idea that nucleosome formation could modulate the accessibility

to the DNA sequence and regulate processes that use DNA as a template has been

transformative in itself, and has o�ered a new perspective to many areas of study,

including the DNA replication �eld. Thus, to understand the importance of the

nucleosome unit, we need to evaluate its individual components.

1.2.1 Histones

Histones were �rst discovered in the late nineteenth century as nuclear proteins

(Kossel, 1884). However, it was not until almost a century later that their role

in forming chromatin and their properties in modulating DNA templated processes

were characterized. There are four main canonical histone variants, H2A, H2B, H3

and H4. These are highly conserved across all eukaryotic species (Mari~no-Ram��rez
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Table 1.1: Major histone variants. Nomenclature varies across species. (Kamakaka
and Biggins, 2005; Sarma and Reinberg, 2005)

Histone Function Organism

H3 Canonical Core Eukaryotes

H3.3 Transcription activation Metazoans

CenH3 Kinetochore assembly Eukaryotes

H4 Canonical Core Eukaryotes

H2A Canonical Core Eukaryotes

H2A.X DNA repair and recombination Metazoans

H2A.Z Transcription activation and repression Eukaryotes

H2B Canonical Core Eukaryotes

et al., 2005), and together form the octamer at the core of nucleosomes by assembling

a tetramer of (H3 - H4)2 and two dimers of H2A-H2B. Other variants exists that

can take the place of the canonical histone proteins and confer a distinct biological

function to the genomic location where they are located. Unlike the canonical his-

tones, their variants are deposited in a replication independent manner. In this way,

the replacement of canonical histones with speci�c variants makes the chromatin

architecture highly dynamic.

While many histone variants exist in higher eukaryotes, H2A.Z and CenH3 are

the only variants in S. cerevisiae, replacing H2A and H3 respectively (Eriksson et al.,

2012). CenH3 is found at the chromosome centromeres, locations responsible for kine-

tochore attachment and subsequent chromosome segregation during mitosis. H2A.Z

is a versatile variant that has been associated with a variety of roles, including tran-

scription activation and repression, RNA Pol II elongation, heterochromatin mainte-

nance, DNA replication, DNA repair, chromosome segregation, and genome stability

(Heniko� and Smith, 2015). In yeast, the presence of H2A.Z is correlated with
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poorly transcribed genes (Guillemette et al., 2005; Mavrich et al., 2008); however,

it is not known whether its function in positioning nucleosomes at the promoters

of these genes facilitates their transcription. Nonetheless, the current evidence sug-

gests a role for H2A.Z in chromatin remodeling by which, whether its deposition

or by recruitment of other chromatin remodelers, aids in organizing the chromatin

environment at yeast promoters (Guillemette et al., 2005; Mavrich et al., 2008).

1.2.2 Histone post-translational modi�cations

One of the key structural features of the core histone proteins is their N-terminal

tails, which extend out from the nucleosome. Their N-terminal tails are rich in lysine

residues that can be modi�ed by covalent post-translational addition of, primarily,

acetyl and methyl groups (Figure 1.1). Other less frequent lysine modi�cations

include SUMOylation, ubiquitination, and ribosylation (MacAlpine and Almouzni,

2013). Earlier studies found that removal of these histone tails causes a decrease in

chromatin condensation, indicating that they are critical for modulating chromatin

dynamics (Allan et al., 1982). The high lysine content increases the positive charge

of the tails; thus, making lysine residues a critical source of regulation. For instance,

adding a negatively charged acetyl group leads to reduced a�nity with DNA, prompt-

ing a more open chromatin state (Bowman and Poirier, 2015). Tails in H3 and H4

are preferentially used as sites of epigenetic regulation. H2A and H2B are also post-

translationally modi�ed, but their modi�cations do not seem to play a widespread

role in chromatin architecture and their function is much less understood (Wyrick

and Parra, 2009). Consequently, many post-translational modi�cations (PTMs) exist

with unidenti�ed roles.

The histone PTMs not only change the chromatin architecture, but in doing so

they also modulate DNA-templated processes. Initialin vitro observations on the dy-

namics of histones with DNA showed that highly acetylated histones that remained
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bound to DNA did not interfere with RNA polymerase activity (Allfrey et al., 1964),

sparking interest in understanding how acetylation and methylation a�ect gene ex-

pression (Allfrey et al., 1964; Pogo et al., 1966). Years of work led to thehistone

codehypothesis, proposing that classes of histone PTMs, and combinations thereof,

provide a readout for an epigenetic signature across di�erent genomic locations (e.g.

open vs condensed chromatin) and biological phenomena (e.g. active vs. repressed

gene states) (Turner, 2000; Jenuwein and Allis, 2001).

Figure 1.1 : Main histone post-translational modi�cations in humans and yeast.
Most lysine residues can be either methylated or acetylated. Represented here are
the most common modi�ed forms of these residues at each position. K= lysine,
me=methylation; ac= acetylation; ub=ubiquitination. Adapted from (Bannister
and Kouzarides, 2011; Millar and Grunstein, 2006)
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PTMs largely inuence the epigenetic landscape and have the potential to con-

trol cellular processes like DNA replication. Studies inS. cerevisiaefound that origin

sequences located in the highly condensed telomeres were able to start replication

e�ciently when translocated to another genomic location, and the opposite was true

when an e�cient origin was placed in a telomeric region (Ferguson and Fangman,

1992), demonstrating that the location of replication origins along the genome reg-

ulates their activity. In line with this, recruitment of a histone acetylase to a late

origin led to its earlier activation, and deletion of a deacetylase caused global early

origin �ring in S. cerevisiae(Vogelauer et al., 2002), indicating that histone acety-

lation inuences the �ring of replication origins. Similarly, early activating origins

of replication are found in euchromatic locations enriched in highly acetylated nu-

cleosomes in the fruit y D. melanogaster(Eaton et al., 2011). In another example

of histone PTM regulation of the replication program, monomethyltransferases of

H3K27 were shown to be necessary to prevent re-replication of heterochromatic re-

gions rich in transposon sequences inArabidopsis thaliana, (Jacob et al., 2010). Thus,

histone PTMs are important not only to regulate the time of activation, but they

also prevent uncontrolled replication.

1.3 DNA replication dependent chromatin assembly

The development of sequencing technologies has provided a detailed look into the

organization of nucleosomes and the characterization of chromatin features across

the genomes of organisms from yeast to humans. Despite our understanding of the

chromatin organization genome-wide, however, we do not know how the architecture

is re-established following DNA replication, transcription, and repair. Nucleosome

assembly during these DNA-templated processes becomes even more important in

the context of epigenetic inheritance, since the blueprints of epigenetic information

are stored in the histones and their PTMs.
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1.3.1 Nucleosome disassembly ahead of the fork and parental histone recycling

The nature of the DNA replication program dictates that all proteins, including

histones and other DNA binding proteins, need to be partially displaced ahead of

the fork to facilitate passage of the replication machinery. However, the process by

which nucleosomes are disassembled is not well understood. DNA unwinding could

serve as the �rst step of this process as it has been shown that unwinding leads to

nucleosome eviction (Shundrovsky et al., 2006). Thus, it is plausible that helicase

activity ahead of the fork primes nucleosomes for disassembly. Furthermore, it is

likely that this process of nucleosome disassembly is aided by chromatin remodelers

and histone chaperones. Although there is not direct evidence of their activity, the

remodeling factors Ino80 and Isw2 may have a role in fork progression as they have

been found at sites of active replication (Vincent et al., 2008; Lee et al., 2014). In

this context, fork progression could be tied to the remodeling of nucleosomes ahead

of the fork to facilitate passage of the replication machinery through disassembly of

parental nucleosomes.

Unlike chromatin remodelers, the role of histone chaperones has been linked di-

rectly to the recycling of histones. The histone chaperone activity of MCM2, a

subunit of the replicative helicase, is central to histone recycling and it is responsible

for symmetrical segregation of parental histones into the leading and lagging strands

(Gan et al., 2018; Petryk et al., 2018). This process occurs through formation of a

complex between MCM2, an H3-H4 dimer, and the H3-H4 chaperone ASF1 (anti-

silencing function 1), which subsequently transfers the dimers to CAF-1 (chromatin

assembly factor 1) complex and Rtt106 (regulator of Ty transposition) for deposition

behind the fork (Clemente-Ruiz et al., 2011; Huang et al., 2015; Sauer et al., 2017).

CAF-1 is associated with PCNA (proliferating cell nuclear antigen), the DNA sliding

clamp, facilitating proper histone deposition behind the fork. While much is known
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about the dynamics of H3-H4 dimer and tetramer recycling, our understanding of

how H2A and H2B are recycled is less clear. In contrast to the complete recycling

of parental H3-H4 behind the fork, the pool of parental H2A-H2B do not seem to

be recycled it is entirety (Alabert and Groth, 2012). However, FACT (facilitates

chromatin transcription) is a versatile histone chaperone capable of associating with

H3-H4 dimers and preferentially with H2A and H2B, and it has been shown to be

both necessary and su�cient to assemble nucleosomesin vitro (Kurat et al., 2017).

FACT has also been found in complex with MCM2 and the histone proteins (Foltman

et al., 2013; Yang et al., 2016), indicating that this association may facilitate FACT

recycling of H2A and H2B at the fork. This deposition of parental histones behind

the replication fork is important for re-establishment of the epigenetic landscape

and serves as the basis of epigenetic memory. Indeed, recent work has shown that

the proper recycling of parental histones reproduces the histone post-translational

modi�cation landscape of parental chromatin (Rever�on-G�omez et al., 2018).

1.3.2 Nucleosome assembly behind the DNA replication fork

The process of nucleosome assembly following replication requires the synthesis and

deposition of new histones. Newly synthesized H3-H4 dimers are carried by ASF1

from the cytosol to CAF-1. Newly synthesized H3-H4 histones are di�erentiated

by their actylation marks, particularly at H3K56 in S. cerevisiae(Yu et al., 2018)

and H4K5 in mammalian cell lines (Petryk et al., 2018). Recent work revealed that

(H3 - H4)2 tetramers are formed by association of two CAF-1-H3-H4 complexes in

a reaction that requires DNA (Sauer et al., 2017), indicating that tetramers are

formed on the DNA template and not prior to deposition. An important observation

is that new H3-H4 does not form tetramers with old H3-H4. Early studies aiming at

understanding the stability of the histone proteins used uorescence and radiolabeled

amino acids to mark and trace newly synthesized histones. The results revealed that

9



Figure 1.2 : Chromatin assembly following DNA replication. Nucleosomes ahead
of the fork are destabilized with the help of ATP-dependent chromatin remodelers
and DNA unwinding by the MCM2-7 helicase. Interactions between the helicase
and the histone chaperones ASF1 and FACT contribute to nucleosome disassembly
and parental histone recycling. ASF1 shuttles both parental histones (through its
association with MCM2) and new H3-H4 dimers for deposition to CAF-1. CAF-1
association with PCNA facilitates proper histone delivery to both leading and lagging
strands. H2A-H2B parental dimers are recycled with the help of FACT, and newly
synthesized H2A-H2B are shuttled by NAP1.

new H3-H4 were found almost exclusively with new H3-H4 tetramers, with little

evidence of tetramer formation of new and old H3-H4 (Prior et al., 1980; Jackson,

1990). This indicates that (H3 - H4)2 tetramers are conserved during chromatin

assembly in a manner that persists through subsequent cell cycles. This work in

conjunction with current studies allows for a model in which the process of new H3-

H4 deposition is tightly regulated and independent from the recycling of parental

H3-H4, despite the fact that the ASF1 and CAF-1 intermediaries facilitate both
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