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ABSTRACT 

 The Neurospora crassa H3K9 histone methyltransferase DIM-5 is required for 

heterochromatin formation, DNA methylation, and normal genome maintenance. Critical 

components of genome maintenance include DNA replication and repair, and cytological 

defects in these processes result in genome instability, a known hallmark of cancer. 

Recent evidence suggests that DIM-5 might have a role in the regulation of DNA 

replication. The purpose of this study is to develop new molecular tools to monitor DNA 

replication in heterochromatin-deficient mutants, and the long-term goal of this research 

is to better understand how eukaryotic organisms preserve the integrity of complex 

genomes.  
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CHAPTER 1 

INTRODUCTION 

 DNA replication and repair are critical components of genome 

maintenance, and cellular defects in these processes can result in genome instability, a 

known hallmark of cancer [1-4]. In eukaryotes, the relevant substrate for most DNA-

based processes is chromatin, a highly organized complex of DNA and proteins [4-6]. 

Local chromatin structure can be modified by attachment of small chemical 

modifications to DNA or to chromatin proteins [3-5,7-9]. These chromatin modifications 

can impact virtually all DNA-templated processes in the nucleus, [3-5,7-9], providing a 

level of control that is independent of DNA sequence. This regulation is referred to as 

epigenetic, to reflect the fact that chromatin modifications are relatively stable, yet still 

flexible to the changing needs of the cell [1,3,4]. Disruption of epigenetic regulators is 

widespread in cancer cells and pervasive in malignancy, demonstrating the importance of 

chromatin structure and function [3,4]. Therefore, epigenetic control mechanisms are 

critical to genome maintenance, and understanding how these mechanisms are involved 

in the promotion of faithful DNA replication and repair in eukaryotic cells is of great 

clinical significance.  

Eukaryotic DNA is packaged in two cytologically and functionally distinct forms 

of chromatin, euchromatin and heterochromatin [1,10,11]. Euchromatin is loosely 

packaged DNA that is typically transcriptionally active while heterochromatin is more 

tightly packaged and associated with regions of the genome that are transcriptionally 
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inactive or silent [1,10,11]. Heterochromatin is concentrated in pericentromeric and 

telomeric regions of most eukaryotic chromosomes [1], and despite its repeat-rich and 

gene poor nature, heterochromatic modification pathways play critical functions in 

numerous essential cytological operations, such as centromere formation and transposon 

silencing [1,10]. Effective DNA replication must occur in all chromatin environments to 

ensure faithful transmission of genetic information from one generation to the next.  

 The conserved histone H3 lysine K9 (H3K9) methyltransferase, DIM-5KMT1 

(Defective in methylation-5), is necessary for heterochromatin formation and genome 

maintenance in the filamentous ascomycete fungus Neurospora crassa [10-12]. 

Furthermore, the promotion of genome maintenance is a conserved role of DIM-5 

homologs in Schizosaccharomyces pombe, Drosophila melanogaster and mice 

[10,11,13]. Available data suggest that deletion of dim-5 may lead to defects in DNA 

replication, DNA repair or chromosome segregation [10,11,13].  

As will be supported in the following literature review, I hypothesize that DIM-5 

contributes to genome maintenance by promoting faithful DNA replication in N. crassa. 

The objective of my thesis work was to develop new tools to monitor DNA 

replication in both wild-type and Δdim-5 strains of N. crassa cells in order to 

examine the validity of my hypothesis. 

I will begin by summarizing a few of the important characteristics of the organism 

N. crassa that make it an ideal model system for the study of epigenetics. Next I will 

provide a short review of eukaryotic DNA packaging and chromatin structure, followed 

by a more in-depth explanation of the known functions of DIM-5, as well as the data 

supporting a possible role for this enzyme in promoting DNA replication. I will then 
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provide a review of eukaryotic DNA replication with a focus on origins of replication, 

origin priming and firing at the initiation of replication. Along the way, I will examine 

functional correlations of DIM-5 homologues in other organisms. I will discuss 

similarities in the regulation of replication in N. crassa, Saccharomyces cerevisiae and S. 

pombe. Finally, I will speculate on mechanisms for DNA replication control in 

filamentous ascomycetes.  

The work presented here details two newly developed DNA replication- 

monitoring techniques in both wild-type and Δdim-5 N. crassa cells. The first is a nascent 

strand DNA sequencing assay designed to identify origins of replication by harvesting 

asynchronously dividing cells during logarithmic growth and isolating short nascent 

DNA strands (SNS) from these cell cultures for Illumina sequencing. The second 

approach is designed to monitor the time required for individual nuclei to complete S-

phase by developing a photoconvertable fluorescent reporter construct. In concert, the 

goal is to gain an understanding of how and where DNA replication begins in this 

eukaryotic model organism, as well as how long DNA replication takes to progress. In so 

doing, I am attempting to characterize the role of DIM-5 in the promotion of faithful 

DNA replication and the maintenance of genome stability.   
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CHAPTER 2 

LITERATURE REVIEW 

Neurospora crassa 

The filamentous ascomycete fungus, N. crassa, maintains a central role as a 

model organism for studies of chromatin structure and epigenetics. Its moderate genome 

size and genetic tractability make Neurospora a very desirable choice in the laboratory. 

At about 45 megabases in size and 20% repeated DNA content, the N. crassa genome is 

significantly larger and more complex than S. cerevisiae and S. pombe (both about 12Mb 

with 1% repeated DNA) [14]. Higher eukaryotes sport much larger genome sizes with 

considerable repeated content, making them more difficult to manipulate in a laboratory 

setting. The moderate genome size and complexity of N. crassa is small enough to be 

amenable to cheap and easy sequencing-based approaches [14]. Furthermore, with an 

available whole-genome knockout library and fast growth rate (about 3-4 mm per hour at 

25°C) under simple nutritional requirements, N. crassa is relatively economical to culture 

and manipulate [15,16].  

Additionally, the organization of the N. crassa genome is more similar to higher 

eukaryotes than that of the model yeasts. For example, only 3% of the S. pombe genome 

is packaged into heterochromatin [17], whereas the genomes of higher eukaryotes such as 

D. melanogaster and humans have heterochromatin compositions >30% [18,19]. The N. 

crassa genome is ~18% heterochromatin and includes centromeres, subtelomeres and 

dispersed domains along chromosome arms, making it a tractable model system for 
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studying heterochromatin structure [1,14]. Additionally, Neurospora possesses many 

conserved molecular features of heterochromatin that are present in higher eukaryotes but 

absent in yeast. These include DNA methylation, H3K9 methylation, and 

Heterochromatin Protein 1 (HP1) [7,14].  Therefore, N. crassa offers a manageable 

genome for epigenetic study that contains many important similarities to the genomes of 

higher order eukaryotes.  

DNA Packaging 

A foundational knowledge of chromatin structure is necessary before epigenetic 

regulation can be understood. The typical eukaryotic nucleus ranges between 10-20 

microns in diameter [6], yet it must house an entire genome within its borders. The DNA 

must therefore be condensed to fit inside the nucleus. The process of DNA condensation 

is referred to as DNA packaging, and the basic, repeating unit of packaged DNA is the 

nucleosome. A nucleosome consists of approximately 146bp of DNA wrapped 

approximately 1.7 times around a core histone octamer and effectively shortens the DNA 

fiber length by about seven-fold [6]. Nucleosomes are liked together via ~20 bp of 

“linker DNA” [6]. When viewed under electron microscopy, nucleosomes joined by 

linker DNA give the appearance of beads on a string. Chromatin is then coiled into 

higher-order structures, such as 30 nm fibers, in order to further condense the genome. 

Amazingly, at its completion, DNA packaging is an effective method of condensing the 

genomes of eukaryotic organisms to sizes that do, in fact, fit inside their corresponding 

nuclei.  

A closer look at the core of the nucleosome illuminates how critical histone 

proteins are to the structure and function of DNA packaging. Histones are positively 
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charged proteins that attract and tightly bind negatively charged DNA [6]. There are four 

conserved core histone proteins, H2A, H2B, H3, and H4. Each nucleosome consists of a 

histone octamer, comprised of two copies of each of the four core histone proteins [6].  

Importantly, the N-terminal tails of histones are not a part of the histone core, meaning 

that steric hindrance is eliminated in these regions and the amino acid residues of the 

histone tail are accessible to enzymatic modification. Post-translational histone 

modifications, along with direct DNA modification, compose the core mechanisms of 

epigenetic control. 

Chromatin 

The eukaryotic genome is packaged in two cytologically and functionally distinct 

chromatin environments [1,10,11]. While euchromatin is gene-rich and exists in an open 

conformation allowing easy access of transcriptional machinery, heterochromatin 

remains conformationally compact and transcriptionally silent. Additionally, constitutive 

heterochromatin typically replicates late in S phase and contains hypermethylated 

domains in organisms that exhibit DNA methylation [12].  

Furthermore, heterochromatin tends to be gene-poor, but A:T and repeat-rich 

[1,10-12]. Because of this supposed lack of genetic content, heterochromatin was 

historically labeled “junk DNA.” However, recent findings have demonstrated that 

transcriptional inactivity of heterochromatin domains does not correlate to a lack of 

function [1,10,11]. In fact, heterochromatin is believed to play a pivotal role in genome 

maintenance, and proper heterochromatin formation and regulation is required for a 

variety of normal cell cycle operations that do not rely on gene coding capacity. 

Regulation of proper centromere formation and function, normal chromosome 
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organization, transposon silencing, and telomere protection are all documented functions 

of heterochromatin [1,10,11]. 

Post-translational Histone Modification 

As previously mentioned, the unhindered N-terminal tails of histone proteins are 

subject to various post-translational covalent modifications, such as acetylation, 

methylation, phosphorylation, and ubiquitylation [3-5,7-9]. Many conserved enzymes are 

involved in adding and removing histone modifications in response to varying signals and 

stimuli. These modifications, along with the enzymes responsible for “writing” and 

“erasing,” or adding and removing them respectively, make up what is known as the 

histone code [8,9].  

Post-translational histone modifications have been shown to impact gene 

expression, alter chromatin structure, and recruit additional remodeling enzymes to 

perform various regulating functions [8,9]. Fascinatingly, many of the functions of 

histone modifications are conserved as well. For example, chromatin associated with 

actively expressed genes often contains hyper-acetylated histones and is methylated at 

lysine 4 (K4) on the N-terminal tail of histone H3. Conversely, tri-methylation at the 

lysine 9 residue of histone H3 results in transcriptional silencing and heterochromatin 

formation [10]. Although many histone modifications have been identified, the field of 

epigenetics is rapidly developing and there is much to be learned about how the histone 

code impacts genome maintenance.  

Heterochromatin Formation in N. crassa 

DIM-5 is a key chromatin regulator that is required for heterochromatin formation 

and DNA methylation in N. crassa [7,11,12,20-22]. DIM-5 is a member of the lysine 
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methyltransferase 1 (KMT1) family of histone methyltransferases. KMT1 enzymes are 

conserved in plants, animals and some fungi [12,20]. This family of enzymes establishes 

transcriptionally silent heterochromatin domains through post-translational methylation 

of the lysine-9 (K9) residue on the N-terminal tail of histone H3 [12,21]. DIM-5 

methylates H3K9 as part of a five-component protein complex known as DCDC. DCDC 

is comprised of DIM-5, DIM-7, DIM-9, Cullin4, and DIM-8/DDB1 (DNA damaged 

binding protein) [11] and is believed to methylate H3K9 via a two-step mechanism 

(Figure 1). In this proposed mechanism, DIM-5 is first recruited by DIM-7 to form 

DCDC, and the complex targets A:T-rich regions of chromatin for methylation. Then 

DIM-5 tri-methylates H3K9 (H3K9me3) in a CUL4/DDB1DIM-9-dependent manner [11].  

Methylation of H3K9 by DIM-5 is also required for DNA methylation in N. 

crassa. Tri-methylation of H3K9 (H3K9me3) recruits a complex of Heterochromatin 

protein 1 (HP1)/ DIM-2 DNA methyltransferase to heterochromatic foci. Once this 

localization takes place, the DIM-2 DNA methyltransferase methylates cytosine residues 

and effectively silences transposable elements. In N. crassa, 1.5% of cytosine residues 

are methylated [12]. 

Significantly, HP1 has been shown to bind methylated H3K9 in vitro [22]. 

Furthermore, disruption of the activity of either DIM-5 or HP1 results in a complete loss 

of DNA methylation [21,22].  This indicates that DNA methylation is dependent upon the 

catalytic activity of DIM-5 and the localization of the HP1 linker protein to 

heterochromatic foci. 
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DIM-5 and “Genome Maintenance” 

Documented growth defects of Δdim-5 N. crassa strains and reports of “genome 

instability” in multiple KMT1 mutants [1,12,13,23] suggest that DIM-5 and its 

homologues are critical for genome maintenance.  Throughout this proposal, I will 

broadly define the processes of DNA replication, DNA repair, and chromosome 

segregation as genome maintenance, and I will use the term genome instability to 

describe defects in these processes. The central hypothesis of my research project is 

that DIM-5 is required for proper DNA replication. This hypothesis is supported by 

data from studies of N. crassa mutants lacking DIM-5 and from genetic studies of 

DIM-5 homologs. 

 The phenotypic growth defect of Δdim-5 in N. crassa has been characterized as 

slow and irregular. Measurement of apical growth of wild type and Δdim-5 strains under 

normal growth conditions revealed that the Δdim-5 mutant grows at nearly half of the rate 

of the wild-type strain on minimal medium (4.9 ± 0.1 and 2.4 ± 0.7 mm h-1, respectively 

[12]). Additionally, Δdim-5 colonies produce fewer conidiophores, and while wild-type 

N. crassa mycelium exhibit a characteristic orange color, Δdim-5 strains often appear 

lighter orange to white in color.  

Furthermore, Neurospora is not the only organism to exhibit defects in growth 

and development when the KMT1 homologue is impaired, demonstrating that there is, 

indeed, a conserved relationship between DIM-5 and genome stability. The homologue 

responsible for mono- and tri-methylation of H3K9 in the pathogenic mold Aspergillus 

fumigatus is ClrD. Studies have shown that disruption of this methyltransferase results in 

several growth abnormalities including radial growth defects, reduced conidial 
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production and delayed conidiation [23]. Deletion of the KMT1 homologue, Clr4, in the 

filamentous yeast S. pombe results in diminished growth, de-repression of silent mating-

type loci and several abnormal chromosomal issues [23]; and removal of the H3K9 

methyltransferase, Suv39h, in mice causes severely impaired viability [13].  

Increased Sensitivity to MMS in Δdim-5 

Fascinatingly, several additional pieces of evidence suggest that DIM-5 is 

specifically involved in the regulation of DNA replication. Methyl methanesulfonate, 

MMS, is a DNA damaging agent that causes aberrant alkylation of purine and pyrimidine 

rings [11,24]. More exactly, MMS modifies adenine to 3-methyladenine, which blocks 

replication from progressing, and it modifies guanine to 7-methylguanine, which causes 

base mispairing but does not block DNA replication [24]. Importantly, N. crassa dim-5 

mutants exhibit an increased sensitivity to MMS, suggesting that DIM-5 is involved in 

regulating DNA replication or repair.  

γH2A Localization in Δdim-5 

Supporting these data is the recent work involving γH2A enrichment levels in N. 

crassa. γH2A is a well-characterized and conserved marker of genotoxic stress [25]. In 

response to DNA damage and double-strand breaks (DSB), ATM or ATR kinase 

phosphorylate the C-terminal serine residue of the core histone H2A. Notably, mammals 

contain a specific variant of H2A known as H2A.X, and it is this variant that is 

phosphorylated to produce γH2A. Although Neurospora lacks this specific histone 

variant, it contains an H2A.X-like sequence on histone H2A that is similarly modified in 

response to genotoxic stress. It is therefore possible to locate DNA damage sites based on 

γH2A localization. Upon localization, γH2A subsequently recruits numerous chromatin-
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binding proteins to the sites of DNA damage and helps to recover genome stability by 

stabilizing stalled replication forks and facilitating DSB repair [25].   

In wild-type N. crassa, γH2A is enriched in heterochromatin regions. However, 

∆dim-5 strains exhibit globally elevated γH2A levels, indicating that DNA damage is 

globally elevated when the function of DIM-5 is disrupted [25]. Once again, these data 

suggest that DIM-5 is involved either in regulating faithful DNA replication or repair. 

However, ∆dim-5 strains are not hypersensitive to double-strand break inducing agents, 

such as ionizing radiation or bleomycin, meaning ∆dim-5 strains are no less able to repair 

double-strand breaks than wild-type strains. Together, these data clearly suggest that 

DIM-5 in involved in the promotion of faithful DNA replication. 

The Cell Cycle 

The well-defined cell cycle provides a model for the chronology by which the 

duplication and transmission of genetic material take place. In the simplest of terms, the 

cell cycle can be divided into four distinct phases, G1, S, G2 and M. The G1 and G2 

phases of the cell cycle represent two “gaps” between the landmarks of DNA synthesis (S 

phase) and mitosis (M phase) [26]. During G1, the first gap, cells prepare for DNA 

synthesis by duplicating cellular contents. S phase follows, during which time the entire 

genome is replicated one time per cell cycle. During the second gap, G2, DNA 

replication errors are repaired as the cell prepares for mitosis. Finally, the cell cycle 

culminates in mitosis, M phase, followed by cell division resulting in the production of 

two daughter cells [26].  

Although, this sounds simple enough, it has become clear in more recent years 

that genome stability of eukaryotes is dependent upon tightly regulated and relatively 
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predictable replication kinetics [27]. In other words, there exists a timeline for replication 

of varying segments of the genome that often correlates with gene expression and 

chromatin structure [5,27]. For example, gene dense euchromatic regions typically 

correlate with early S phase replication while most repeat and A:T-rich regions associated 

with heterochromatin are characteristically replicated late in S phase [5,12,27,28]. Known 

exceptions include the heterochromatic pericentric region and matK locus of S. pombe, 

which both replicate early in S phase [29]. 

DNA Replication Control 

In order for genetic information to be effectively transmitted, accurate DNA 

replication must take place in all chromatin environments.  This means that all DNA must 

be replicated accurately and only one time per cell cycle. However, the repetitive DNA 

sequences in heterochromatin domains pose challenges to genome integrity during DNA 

replication and repair for several reasons. These sequences can adopt non-B-form DNA 

structures that stall replication forks and are common sites of illegitimate recombination 

[25]. This, coupled with the complexity of the replication kinetics in heterochromatic 

regions, suggests that complex regulation of replication must take place to ensure that 

efficient and accurate DNA replication is completed.  

 DNA replication is semi-conservative, anti-parallel and complimentary in nature. 

The process proceeds bidirectionally to produce two final copies of DNA in which one 

strand of each copy is of parental origin and the other strand of each copy is a daughter 

strand, newly synthesized in the 5’-3’ direction [30,31]. In the simplest of terms, DNA 

replication can be divided into three phases, initiation, elongation and termination. This 

integral process to the proliferation of life is anything but simple, but a review of the 
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phases of DNA replication will aid in the understanding of some key players and targets 

of replication control [30,31]. 

DNA Replication Initiation  

Initiation is the phase of DNA replication that is arguably the most susceptible to 

epigenetic control. Regulation of where in the genome replication initiates, when 

replication occurs and how initiation transpires must all be effectively controlled in order 

for a given genome to be effectively duplicated. Furthermore, a number of studies have 

indicated involvement of chromatin structure and histone modifications in both site 

localization and replication kinetics [32,33]. Therefore, specific attention will be given to 

the details of replication initiation in an attempt to predict the role of DIM-5 in the 

promotion of faithful DNA replication in N. crassa. 

Origin Characterization 

 Initiation of DNA replication begins at locations on the genome referred to as 

origins of replication [34-39]. Prokaryotes typically contain a single origin of replication 

called the oriC, which is located adjacent to the gene encoding the conserved bacterial 

initiator protein, DnaA [35]. Because of this conservation of symmetry, over 1,300 

bacterial origins of replication have been identified despite the fact that the sequence and 

length of the origins themselves vary amongst bacterial species [35]. 

Unlike bacteria, eukaryotic organisms contain multiple origins of replication, 

which often fire asynchronously [36]. Eukaryotic origins associate with hexameric 

initiator complexes known as the origin recognition complex (ORC). Although the 

sequences and structure of the ORC may vary amongst eukaryotes, the presence and 
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function of ORC as the single initiator complex of DNA replication is a highly conserved 

eukaryotic feature [37]. 

S. cerevisiae origins are uniquely specific and predictable. They were first 

identified using an autonomously replicating sequence assay, which assessed the ability 

of given DNA fragments to initiate autonomous replication in a bacterial plasmid with 

yeast background [38,39]. Approximately 12,000 autonomously replicating sequences 

(ARS) have been identified to date, and each of them contains an 11 bp or 17 bp ARS 

consensus sequence (ACS) that is capable of binding the ORC in preparation of 

replication initiation [32,38,39]. However, only about 400 (3.3%) of the identified ARS 

in S. cerevisiae have actually been classified as functional [38,39]  

Origins of replication in the fission yeast S. pombe are not as easily identifiable as 

the oriC of prokaryotes or the ARS of S. cerevisiae. This is because they do not display 

the same kind of predictable sequence specificity. In fact, although many studies have 

been conducted in search of autonomously replicating consensus sequences in 

eukaryotes, the properties of the S. cerevisiae ACS have remained entirely unique, and 

nothing similar has been identified in any other eukaryote to date [37]. However, S. 

pombe origins are characterized by A:T-rich islands that are recognized and bound by the 

A:T-hook domains of ORC4 [32]. Additionally, conduction of single molecule deep 

sequencing of replication origins, as well as genome-wide nucleosome occupancy tests, 

in S. pombe and Schizosaccharomyces octosporus (a second fission yeast species) 

revealed that polyA tracts and nucleosome exclusion are strong predictors of origin 

function, along with A:T-richness [39]. 
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The origins of replication of metazoans are even less well defined, however, they 

do share a number of DNA sequence motifs that may facilitate ORC recognition and 

binding. Some of these motifs include A:T-rich islands, asymmetrical purine:pyrimidine 

sequences, dinucleotide repeats and matrix attachment region (MAR) sequences [32,33]. 

Additionally, it is apparent that the topology of DNA facilitates ORC selection in some 

organisms. For example, ORC seems to exhibit a preference for supercoiled DNA in D. 

melanogaster, and in humans there have been reports of the association of 

topoisomerases with replication origins [32]. 

Origin Number and Nucleotide Length  

Variations in origin number and nucleotide length confer a primary level of DNA 

replication efficiency in eukaryotes. The number of origins of replication in a given 

genome varies widely and depends largely on chromosome size and genome complexity 

[35,38]. Typically, larger genomes require a greater number of origins to ensure that 

replication takes place in a timely manner. Therefore, while prokaryotes contain a single 

origin of replication, yeast contain up to 400 origins of replication, and humans 30,000-

50,000 origins of replication [35]. The nucleotide length of replication origins also 

increases with genome size and complexity. For example, prokaryotic origins range from 

100-1,000 bp in length [35], S. cerevisiae origins are approximately 150 bp in size, S. 

pombe origins range from 500-1500 bp and metazoan origins have been shown to range 

in size from 2 kb – 55 kb sometimes earning the label of “broad initiation zones”[38]. 

Origin Activation 

Despite the variation in origin size and composition, origin function remains 

highly conserved in eukaryotes. However, in order for the origins of replication in a given 
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genome to fire and thereby initiate DNA replication, they must first be activated. 

Activation of eukaryotic origins is a multi-step process that begins with origin 

“licensing.” Licensing involves the recruitment of initiator and replicative proteins, 

followed by the assembly of a pre-replicative complex (pre-RC) at the site of replication. 

Eukaryotes primarily depend on the hexameric initiator complex, ORC, to recruit 

conserved elements of the pre-RC to the origin. Cdc6p is recruited first in order to 

increase the binding stability of ORC to origin DNA [34]. The association of Cdc6p with 

ORC also links cell cycle control to origin activation. ORC and Cdc6 work together to 

control the frequency of DNA replication in relation to cell cycle progression [38,40]. To 

that end, recruitment and assembly of the pre-RC takes place at the end of 

mitosis/beginning of G1 phase of the cell cycle [37-40]. Cdc6 then acts as a loading 

factor for the replicative helicase complex (MCM) [40]. 

Next, ORC recruits the mini-chromosome maintenance complex (Mcm2-Mcm7) 

to replication start sites. Mcm2-Mcm7 functions as the replicative helicase responsible 

for unwinding the DNA of eukaryotic origins of replication [38]. This step is essential 

because it makes template DNA accessible to replication machinery [38]. Loading of 

Mcm2-Mcm7 is also the final step in origin licensing. Notably, many organisms 

including S. pombe, D. melanogaster, and Xenopus laevis require an additional pre-

replicative loading factor, Cdt1, to load Mcm2-Mcm7 at the replication start site [34,38].    

Still, a licensed origin is not activated until S phase. During the G1 to S phase 

transition, there is a notable increase in level and activity of the major cyclin-dependent 

kinase, Cdc28, together with its regulatory subunits, the B-type cyclins (Clb-Cdc28), and 

kinases Cdc7/Dbf4 [35,41,42,43]. The increase in kinase activity recruits additional 
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initiation factors, such as Cdc45, α DNA polymerase and the GINS complex, to the origin 

of replication [35,42]. Recruitment of these initiation factors triggers MCM helicase 

activity, and the origin is converted to an actively firing state permitting DNA replication 

to proceed [42]. Finally, ORC guides remaining replication machinery to the origin of 

replication, replisomal proteins associate with the single-stranded DNA and new 

replication forks are formed [35]. 

Origin Selection 

Importantly, the existence of a eukaryotic origin does not necessarily guarantee its 

firing. Some origins may be activated every cell cycle while others almost never fire. 

This may be due to differences in cell type, environmental pressures or any number of 

factors affecting the cell cycle [35, 36]. In fact, it has been estimated that the overall 

efficiency rate of S. cerevisiae and S. pombe origins is less than 50% and the efficiency 

rate of certain metazoan origins of replication is only 5%-20% [39]. Thus, origin 

activation and selection are key targets of replication control, and understanding why and 

how a particular origin is selected for licensing and activation would greatly advance our 

knowledge in this field. 

Timing and Replication Kinetics 

 It has been previously mentioned that genome duplication relies heavily on tightly 

regulated replication kinetics. This is due to the demand for complete replication of a 

given genome during S phase of the cell cycle without “re-replication” of any portion of 

the chromatin. Coordinated movement is therefore essential to the fulfillment of such a 

complicated task. Although there are some exceptions to this rule, it has been broadly 

determined that gene-rich euchromatin regions typically replicate early in S phase while 
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repeat-rich heterochromatin regions replicate late in S phase [5,12,27,28]. In multicellular 

eukaryotes, approximately 75% of genes replicate in the first half of S phase [27]. 

 Local effects such as histone modification and chromatin composition have been 

shown to influence pre-RC formation and initiator/replicator protein association at origins 

of replication supporting a model in which replication timing is the result of competing 

signals that determine origin activation based on replication factor availability or binding 

capacity (MCM, Cdc45, Sld2, Sld3, DDK) [27]. However, evidence suggests that the size 

of a genome influences the degree to which replication timing will be affected by such 

local factors. While smaller genomes are more directly influenced by local regulation, 

larger genomes are more predominately influenced by large-scale chromosome folding, 

or 3D chromatin organization, and less likely to be affected by localized effects [27]. 

Epigenetic Examples of Replication Control 

 To date, a number of studies have implicated multiple histone modifications in the 

regulation of DNA replication. Histone lysine acetylation has been linked to the 

regulation of replication timing and has been shown to facilitate replication at certain 

initiation sites of yeast, D. melanogaster and Xenopus egg extracts [32,35,42]. However, 

of particular interest are the correlations between histone lysine methylation and DNA 

replication.  

H3K36 Methylation 

 Genome-wide studies have revealed that the methylation state of H3 lysine 36 

(H3K36) results in two opposing effects on replication timing in S. cerevisiae [42,44]. 

H3K36 methylation regulates the time of association of the initiation factor Cdc45 with 

origins of replication and, therefore, impacts the timing of origin firing [42,44]. Tri-
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methylation of H3K36 (H3K36me3), in conjunction with histone deacetylation, delays 

the time of Cdc45 association and results in late firing origins of replication. However, 

mono-methylation of H3K36 (H3K36me1), in conjunction with histone acetylation, 

accelerates Cdc45 association and results in early firing origins of replication. 

Furthermore, deletion of the SET2 methylatransferase responsible for methylating 

H3K36 depletes all forms of H3K36 methylation and delays Cdc45 association in a 

manner that is completely independent of histone acetylation state [42,43].  

A current model for how H3K36me3 mediates this inhibitory effect on origin 

firing depends on the mutual association of protein Eaf3 (a component of the histone 

acetyltransferase complex NuA4 [45]) with H3K36me3 and histone deacetylase, Rpd3 

[42]. It has been postulated that H3K36me3 inhibits origin firing through Eaf3-mediated 

recruitment of Rpd3, causing histone deacetylation and decreased chromatin accessibility 

[42]. Results from a number of experimental techniques have produced evidence in 

support of this model [42]. Since changes in the methylation state of H3K36 have 

opposing effects on the timing of origin firing, this particular histone modification is 

clearly important to the regulation of replication kinetics in S. cerevisiae [42,44] 

H4K20 Methylation 

In humans, mono-methylation of H4K20 promotes pre-RC assembly at given loci 

[42]. Studies have shown that tethering Set8(PR-Set7), the methyltransferase responsible 

for methylating H4K20, to a given locus will promote pre-RC assembly at that site 

[35,42]. Additionally, H4K20me1 levels are high at points during the cell cycle when 

pre-RCs are being formed (M and G1 phases) and low during S phase [35,42], and 

deletion of Set8(PR-Set7) causes cell cycle arrest [42]. Although the exact mechanism by 
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which H4K20me1 is involved in the recruitment of pre-RC components is unknown, it 

can be concluded that H4K20me1 plays a role in origin selection and activation and an 

indirect role in replication kinetics. Fascinatingly, aberrant persistence of Set8(PR-Set7) 

through S phase results in extensive genome re-replication, while di-methylation of 

H4K20 (H4K20me2) in S phase appears to inhibit re-licensing of origins once they have 

fired [42]. This suggests yet another case for competing functions of opposing 

methylation states, supporting the model in which replication timing is the result of 

competing signals that determine origin activation based on replication factor availability 

or binding capacity [27,42]. 

H3K4 Methylation 

It is worth noting that H3K4me2/3 enrichment correlates with early replicating 

origins of human cells. Conversely, late replicating regions of the genome show depletion 

of H3K4me2/3, and similar enrichment patterns of H3K4me2/3 have been seen in D. 

melanogaster [42]. Less is known about the function of this particular post-translational 

histone modification; however, it is currently thought to be involved in the regulation of 

origin firing [42] 

H3K9 Methylation 

Deletion of the H3K9 histone methyltransferase G9a is a lethal mutation in mice 

[46]. Deletion of G9a in mouse embryonic stem cells (EBS) results in significant 

reduction of H3K9 di-methylaiton (H3K9me2) and significant up-regulation of 167 genes 

[46]. However, no change in replication timing is detected in the mutant. The majority of 

G9a-repressed genes normally replicate late in S phase, and they continue to replicate late 

in S phase when G9a is deleted [46]. However, mammals have four H3K9 
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methyltransferase enzymes; therefore, deletion of only G9a does not indicate a complete 

loss of H3K9 methylation. Furthermore, since G9a seems to primarily mediate H3K9 di-

methylation, the possibility remains that another mammalian H3K9 methyltransferase is 

responsible for mediating replication timing through the regulation of replication factor 

availability or binding. 

Extrapolating from the data above regarding the known involvement of histone 

methylation in replication control, it seems possible that H3K9me3 promotes faithful 

DNA replication via regulation of replication kinetics. Perhaps H3K9 methylation 

regulates the access or binding capacity of yet another replication factor.  If this were 

true, removal of H3K9me3 could result in disturbance of normal replication kinetics, 

meaning that heterochromatin regions that are typically replicated late in S phase could 

be replicating early in S phase and causing the phenotypic growth defect observed in 

∆dim-5 strains [12]. 

HP1 and DNA Replication Control 

The relationship between the H3K9 methyltransferase and HP1 provides further 

support for the role of DIM-5 in the promotion of DNA replication. HP1, bound to 

methylated H3K9, has been shown to serve as a platform for the recruitment of various 

effectors involved in transcriptional silencing, modification of histones, chromosome 

segregation and even DNA replication [29]. The S. pombe HP1 homologue, Swi6, is 

required for initiation of replication at the heterochromatic loci of pericentromeric 

regions and the silent mating type locus, matK [29]. Swi6 stimulates loading of Sld3 on 

origins of pericentromeric regions and the matK locus [29]. Deletion of Swi6 disrupts the 

temporal regulation of replication at these regions, resulting in aberrant late S-phase 
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replication of matK and pericentromeric regions, as well as diminished growth [29]. 

However, if DIM-5 is absent, HP1 cannot bind, and if HP1 cannot bind, Sld3 will not be 

loaded at the origin. Therefore, deletion of DIM-5 would presumably have the same 

effects on the timing of DNA replication in pericentromeric regions and matK of S. 

pombe, further supporting to the idea that H3K9me3 affects the kinetics of DNA 

replication. 

DNA Replication Elongation 

 Once replication machinery is in place, the replication fork has been formed, and 

an origin has fired, DNA chain elongation can begin. The biochemical reaction of chain 

elongation is as follows [31]:  

 

 

 

Elongation begins with the synthesis of short RNA primers at initiation start sites. These 

primers are complimentary to the newly exposed single-stranded template DNA and are 

synthesized by an enzyme called primase [47]. RNA primers are critical to the initiation 

of chain elongation because DNA polymerase is only able to catalyze the addition of 

nucleotides to 3’ ends of preexisting strands.  

Next, DNA polymerase catalyzes the addition of free dNTPs to the 3’ hydroxyl 

group of the growing progeny chain [30]. The DNA product of replication is always 

synthesized in the 5’-3’ direction, and the template strand is read in the 3’-5’ direction. 

Therefore, due to the antiparallel nature of DNA, continuous replication will only be 

possible for one of the two strands of progeny DNA. The strand that exhibits continuous 

             DNA polymerase 

Primer (parental) DNA + {dNTPs} ---------------------->  progeny DNA 
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replication is called the leading strand, and it is synthesized in the same direction of 

replication fork movement [31]. The other strand must be synthesized discontinuously, in 

the opposite direction of replication fork movement. This strand is called the lagging 

strand. Thus DNA synthesis in the 5’-3’ direction of the lagging strand produces short 

discontinuous segments called Okazaki fragments [31]. Each Okazaki fragment is RNA-

primed and typically 100-200 nucleotides in length. RNA primers will eventually be 

removed and replaced with DNA through the exonuclease and repair activity of 

polymerase enzymes. Newly synthesized strands of DNA are referred to as nascent 

strands [47]. 

DNA Replication Termination 

Termination of DNA replication typically occurs when the replisomes, or 

replication forks, of two adjacent origins converge [48]. Once this contact has been made, 

the any remaining gaps of DNA in the daughter strands must be filled, and the nascent 

strands from the adjacent forks must be ligated, or joined together. This ligation is 

accomplished by an enzyme called ligase. Finally, any remaining DNA helix 

intertwinings are removed in a process called decatenation, and the replisome is 

disassembled. Two identical strands of DNA are produced, and replication is complete. 

Objective 

This knowledge about the H3K9 histone methyltransferase DIM-5, the behavior 

of Δdim-5 mutants, and the reported data of the involvement of various DIM-5 

homologues in the regulation of DNA replication inspired the following objective. The 

objective of this work was to develop new tools to monitor DNA replication in both 
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wild-type and Δdim-5 N. crassa cells in an attempt to examine the validity of the 

hypothesis that DIM-5 impacts genome stability at the DNA replication level. 
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Figure 1: A model for heterochromatin formation in N.  crassa. DIM-7 recruits 
histone methyltransferase DIM-5 to A:T-rich DNA (shown in red), DCDC is formed, and 
DIM-5 tri-methylates H3K9. HP1 then recognizes H3K9me3 and recruits DNA 
methyltransferase DIM-2. DIM-2 methylates cytosine residues of DNA.   
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CHAPTER 3 

MATERIALS AND METHODS 

Isolation and Sequencing of Nascent Leading Strand DNA molecules  

I first planned to isolate small nascent leading DNA strands (SNS) across the 

genomes of WT and dim-5 N. crassa strains in an attempt to identify origins of 

replication (Figure 2). The isolation assay broadly depended on two key selectable 

features of SNS. According to established methods these nascent molecules can be 

selected based on predictable size (0.5-2.5KB) and the presence of an RNA-primer at the 

5’-end of each nascent strand molecule [47]. It should be noted that all steps prior to 

lambda exonuclease treatment were conducted under RNase-free conditions in order to 

protect the RNA primers of SNS molecules from premature degradation.  

Strains and Culture Conditions  

Wild-type N. crassa strain (74-OR23-1VA; FGSC# 2489) was obtained from the 

Fungal Genetics Stock Center [49]. A dim-5 knockout strain, (S132; N3074) Δdim-

5::bar+, was created previously by replacing the dim-5 gene with a basta-resistance 

cassette [50,51]. I will refer to this knockout strain as dim-5. Cultures of each strain were 

inoculated in 50 ml of solid Vogel’s minimal medium (VMM) in 250 ml flasks then 

grown at 32°C for five days.  

Once sufficient growth density was achieved, 10-15ml of liquid VMM was added 

to each flack. Flasks were vortexed to mix, and mycelia were separated from the conidial 

suspension of each sample via cheesecloth filtration. Next, the concentration of conidia in 
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each sample suspension was estimated using a hemocytometer. The volume of each 

starter culture needed to produce a final concentration of 1x10^6 conidia per ml in a final 

volume of 1 L was calculated. Then this calculated volume of each starter culture was 

transferred to 1 L of 1X Vogel’s + 1.5% sucrose liquid medium and grown at 25°C for 

12-16 hours with shaking (150 rpm). This protocol was developed in order to ensure that 

cells were harvested during logarithmic growth thereby optimizing the fraction of cells in 

S-phase at the time of harvest. 

Cell Harvest and Cell Wall Digestion 

Cells were harvested under RNase-free conditions. Each 1 L sample was filtered 

using Buchner funnel and filter paper. Next, the samples were washed with 100 mM Tris 

(pH 9.5) and 10 mM dithiothreitol three times and resuspended in 10-20 ml (depending 

on culture size) of 1 M sorbitol. Cell wall digestion was completed using a concentration 

of 0.5 mg of lyticase per liter of original culture and incubated at 32°C with gentle 

shaking for 1-4 hrs, or until cell walls were fully digested (generously provided by 

Vincent Starai, UGA).  

Cell Lysis 

Cell lysis was completed using 2× SDS lysis buffer (1% SDS, 20 mM Tris·Cl, 10 

mM EDTA, and 600 mM NaCl). Proteinase K was added at a concentration of 200 

µg/ml, and cultures were incubated at 37°C overnight. 

Genomic DNA Extraction  

A relatively large-scale, two-step genomic DNA extraction of lysed cells was 

completed in an RNase-Free environment using Phenol/Chloroform (pH 8.0) followed by 

chloroform as described (protocol A, using 2X SDS Buffer) [47].  



28 

 

Separation of DNA Fragments According to Size via Sucrose Gradient Centrifugation 

A 5-30% sucrose gradient was prepared by hand. First, 18 ml 5% sucrose was 

pipetted into Beckman SW28 tubes. Then 17 ml of 30% sucrose was slowly added 

underneath the 5% sucrose layer using syringe. Samples were heated to generate single 

stranded DNA molecules and then loaded on top of each corresponding sucrose gradient. 

Next, gradients were placed in an SW40 swinging-bucket rotor, and DNA was separated 

according to fragment size as previously described [47]. 

Selection of Gradient Fractions Containing Short Nascent DNA Strands (SNS) 

Samples were harvested in 36 fractions by pipetting 1ml at a time from the top of 

each sucrose gradient. Pipette tips were cut in order to prevent DNA breakage during 

harvest. According to established methods, contaminating Okazaki fragments were 

expected to be ~100-200 bp in size and to migrate to the top of each sucrose gradient. 

Therefore, to separate Okazaki fragments from SNS, only DNA that was 0.5-2.5KB in 

size was considered in this assay. According to updated sources, SNS of this size were 

expected to have migrated between fractions 16 and 23 of the sucrose gradient [47]. 

Fractions were pooled and precipitated overnight as described in order to concentrate 

SNS [47].  

To determine the size of the collected DNA fragments, fractions were visualized 

via agarose gel electrophoresis at a neutral pH [47]. Fractions containing DNA of the 

appropriate size (0.5-2.5 KB) were identified and selected in an attempt to isolate SNS 

based on expected short nascent DNA strand size [47]. 
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T4 Kinase Treatment and Lambda Exonuclease Digestion  

Next the selected fractions were treated with T4 polynucleotide kinase as 

described to phosphorylate any contaminating single-stranded DNA that was non-SNS 

DNA [47]. Lambda exonuclease preferentially digests both double-stranded DNA and 

phosphorylated single-stranded DNA, but will not degrade SNS molecules due to the 

presence of the 5’ RNA primer on nascent fragments. Following treatment with T4 

polynucleotide kinase, samples were treated with lambda exonuclease under the 

described conditions [47]. 

Second-strand synthesis and Sequencing 

After exonuclease treatment, samples were treated with RNase in order to remove 

the remaining RNA primers on each strand. Samples were purified using a Sera 

(Ampure) bead cleanup at a 1:1 DNA to bead concentration. Then the resulting DNA 

fragments were treated with Random Primer Solution and Klenow as described [47] to 

produce a double-stranded DNA product. DNA was purified using a QIAquick PCR 

purification kit.  Finally, samples were prepared for sequencing using an Illumina TruSeq 

kit (Illumina cat-FC-121-2002). Libraries were prepared according to manufacturer 

instructions, and PCR was performed for 12 cycles. Illumina sequencing was performed 

at the University of Georgia Genomics Facility using an Illumina NextSeq 500 

instrument. 

Sequence reads were mapped to the latest N. crassa genome annotation (version 

12), available from the Neurospora genome database [14], using bowtie2 [52]. The 

Integrated Genome Viewer (IGV), available from the Broad Institute website [53,54] was 

used, as described, to visualize read density [25], and igvtools was used to count read 
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numbers for 25-bp bins. Additionally, a custom feature annotation file, previously created 

in IGV, was used to calculate normalized enrichment values [25].  

Fluorescent Reporter Construct Development 

In an effort to develop a new tool to monitor the time of S-phase in N. crassa, I 

introduced a nuclear-localized, photoconvertable fluorescent Dendra2 reporter construct 

to the N. crassa genome (Jones K, Kim DW, Zhu J, Kang E, Momany M, Hagen A, 

Lewis Z, Khang CH., unpublished). When exposed to 405 nm light, this emission 

wavelength of the protein is converted from green to red. The conversion is irreversible; 

therefore, isolation and photoconversion of a single nucleus would create a novel 

approach for monitoring the timing of cell cycle progression in N. crassa. 

Strains and Growth Conditions  

Wild-type N. crassa strain (74-OR23-1VA; FGSC# 2489) was obtained from the 

Fungal Genetics Stock Center [49] and grown as described on Vogel’s Minimal Medium 

(VMM) [15]. To introduce the H1-Dendra2 construct into Neurospora, pCK1285 was 

used as a template for PCR, and primers #216 (AACACATTGCGGACGTTTTT ) and 

#217 (TTTAAACTGAAGGCGGGAAA) were used to generate a linear fragment 

containing the hph+ gene driven by the TrpC promoter and the hH1-dDendra2 fusion 

driven by the Magnaporthe oryzae RP27 promoter (Figure 3). 

Transformation of N. crassa/pCK1285 

The H1-Dendra2 construct was transformed into wild-type N. crassa (strain 74-

OR23-1VA; FGSC# 2489) [49] using established methods [55]. Transformants were 

selected on Vogel’s Minimal Medium supplemented with 200 ug/ml hygromycin B 

(Invivogen). 
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Visualization and Photoconversion of N. crassa 

Epifluorescence microscopy was performed using an LSM 510 confocal 

microscope system equipped with 405 nm, 488 nm, and 543 nm lasers. For pre-

conversion imaging, the Argon (488 nm) laser at 5% power and emission spectra of 505-

530 was used for green fluorescence. For post-conversion imaging, the 543nm laser at 

80% power and emission spectra of 560-615 was used for red fluorescence. Zen Black 

(Carl Zeiss) software was used for image capture and processing.  

Photoconversion of N. crassa nuclei was accomplished by irradiating the selected 

nucleus with the 405 nm laser at 100% power and a zoom factor of 2x and pixel dwell 

time of 2.56 µs. Samples were exposed to 405 nm irradiation for approximately 10 

seconds. Any longer exposure produced undesired photo-bleaching effects. 200 iterations 

were taken for all imaging. 
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Figure 2: Schematic of short nascent DNA strand (SNS) abundance assay. DNA 
is isolated from cultures in logarithmic growth then size fractionated via sucrose 
gradient centrifugation. Fragments 0-5-2.5 KB are selected using gel electrophoresis 
as a guide. This ensures removal of contaminating Okazaki fragments. Fragments 
0.5-2.5 KB in size are then treated with lambda exonuclease to remove all remaining 
contaminating non-SNS DNA Lambda exonuclease digests all DNA that is not RNA 
primed. The isolated SNS DNA is then purified and prepared for sequencing. This 
involves second strand sequencing and Illumina library preparation steps. Finally, 
DNA is submitted for sequencing. 
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Figure 3: pck1285 plasmid construct. (Courtesy of Chang Hyun Khang, University of 
Georgia). Primers #216 (AACACATTGCGGACGTTTTT ) and #217 
(TTTAAACTGAAGGCGGGAAA) were used to generate a linear fragment containing 
the hph+ gene driven by the TrpC promoter and the hH1-dDendra2 fusion driven by the 
Magnaporthe oryzae RP27 promoter. 
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CHAPTER 4 

RESULTS 

Nascent Strand DNA Sequencing 

The goal of this work was to identify origins of replication in the N. crassa 

genome by isolating nascent leading DNA strand molecules across the genome. DNA 

synthesis proceeds symmetrically and bi-directionally away from replication start sites, 

meaning that at the center of each nascent leading DNA strand lies an origin of 

replication. It is important to note that this is not the case for lagging strand DNA. The 

Okazaki fragments (~100-200 bp in size) resulting from discontinuous DNA replication 

do not straddle origins of replication as do the anti-parallel counterpart leading nascent 

strands. Therefore, only leading strand nascent DNA was isolated in this assay.  

Key elements to the success of this isolation protocol included proper growth 

conditions and harvest time, effective size fractionation via sucrose gradient 

centrifugation, and complete lambda exonuclease digestion of contaminating, non-SNS 

DNA. Until lambda exonuclease digestion, all steps were conducted under RNase-free 

conditions in order to protect the RNA primers associated with SNS molecules from 

premature degradation.  

Large batches of asynchronously dividing wild-type and dim-5 cell cultures were 

harvested after 12-16 hours of growth at 25°C with shaking (150 rpm). My goal was to 

optimize the fraction of cells in each culture that were in S-phase (DNA replication) at 

the time of harvest in order to increase SNS concentrations. Therefore, growth conditions 
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were designed to promote cell harvest during logarithmic growth. As expected, growth of 

dim-5 was noticeably less dense than that of wild-type at the time of harvest. 

Next, samples were size fractionated by sucrose gradient centrifugation. This step 

allowed me to perform a multipurpose selection. Primarily, it facilitated the selection of 

short nascent strands according to the predicted SNS size of established methods [47]. 

Secondly, it allowed me to eliminate the contaminating Okazaki fragments found on 

lagging strands throughout the genome.  

To determine the effectiveness of DNA size separation, I visualized the results of 

wild-type and dim-5 sucrose gradients using agarose gel electrophoresis under non-

denaturing conditions. 1KB plus genomic ladder was used for guidance. Size separation 

of the DNA fragments was successful for both the wild-type and dim-5 samples (Figure 

4A and 4B). As expected, the smallest DNA fragments of each sample migrated to the 

top of respective sucrose gradients. These fragments were harvested first and therefore 

appear in the earlier fractions, loaded in the left lanes of each agarose gel. In contrast, the 

heaviest fragments of DNA migrated to the bottom of each sucrose gradient and were 

therefore harvested last. These fragments can be seen at the far right-hand lanes of the 

agarose gel of each sample.  

According to convention, DNA 0.5-2.5 KB in size was selected in search of Short 

Nascent DNA Strands (SNS) [47]. This size selection ensured the exclusion of Okazaki 

fragment contaminants, which are expected to be approximately 100-200 nucleotides in 

length and are located on lagging strands throughout the genome [47]. It also ensured the 

exclusion of very short leading nascent DNA and/or degraded DNA. However, the 

selected 0.5-2.5 KB fractions were still contaminated with broken DNA fragments at this 
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time, and it was therefore necessary to treat the samples with lambda exonuclease in 

order to truly isolate SNS for sequencing. 

Lambda exonuclease only digests DNA from 5’-ends; the enzyme does not 

exhibit exonuclease activity on RNA. This means that the RNA-primed nascent DNA 

strands in each sample should remain undigested after lambda exonuclease treatment. A 

lambda exonuclease activity assay was performed in order to ensure that the exonuclease 

enzyme was properly digesting double-stranded DNA as well as phosphorylated single-

stranded DNA fragments [47]. Digestion of the tested plasmid was complete, indicating 

efficient lambda exonuclease activity. Therefore, wild-type and dim-5 samples were also 

treated with the lambda exonuclease enzyme.  

At this point, samples were expected to contain isolated SNS molecules. These 

were treated with RNase to remove the RNA primers, and second strand synthesis was 

performed using random primers and Klenow polymerase. After purification and Ilumina 

library preparation, wild-type samples of concentrations ranging from 15.3 nM-19.8 nM 

and dim-5 samples of concentrations 13.0 nM-13.92 nM were submitted for sequencing. 

Unfortunately, even though all images and quantitative analysis indicated that size 

separation and isolation of SNS had been effective via this nascent strand assay, the DNA 

sequencing results generated by the University of Georgia Genomics Facility using an 

Illumina Next-Seq500 instrument for both the wild-type and dim-5 samples did not show 

any notable peaks in the genome (Figure 5). 

Photoconversion of Dendra2 in N. crassa  

I wanted to know if Dendra2 would be a useful cytological tool in N. crassa. I 

therefore fused an hph selectable marker, encoding hygromycin B resistance, to the hH1-
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Dendra2 construct (Generously donated by Chang Hyun Khang, University of Georgia). 

Then I introduced this hH1-Dendra2-hph fusion construct to N. crassa by transformation. 

I isolated 10 transformants that were selected on VMM/ 200 ug/ml hygromycin B and 

tested for successful transformation and Dendra2 expression by visualizing green 

fluorescence using an epifluorescence microscope. All 10 transformants exhibited 

fluorescence consistent with nuclear localization of the fusion protein. I next tested for 

photoconversion of Dendra2 in N. crassa by exposing a single nucleus to 405nm light 

using a LSM 510 confocal microscope. A 10 second exposure resulted in the appearance 

of red fluorescence in all transformants (Figure 6), indicating that Dendra2 can indeed be 

used in N. crassa to track cell cycle and nuclear division. 
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Figure 4: Agarose gel electrophoresis images obtained after sucrose gradient size 
fractionation. (A) Wild-type N. crassa fractionated DNA. (B) dim-5 N. crassa 
fractionated DNA 
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Figure 5: Normalized enrichment values of SNS data across the N. crassa 

chromosome LGVII (Linkage Group VII). Blue track indicates H3K9me3 enrichment 

across the chromosome. Green tracks indicate the enrichment values of the input and 

nascent strand isolation results in the Wild-type N. crassa strain. Red tracks indicate the 

enrichment values of the input and nascent strand isolation results in the dim-5 strain.  
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Figure 6: Microscopy images of photoconversion of the Dendra2 fusion construct at 
single nuclei in N. crassa. Top panel of images were captured PRE-conversion with 
405nm laser. Bottom panel of images were captures POST-conversion with 405 nm laser. 
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CHAPTER 5 

DISCUSSION 

Effective DNA replication must occur in all chromatin environments to ensure 

faithful transmission of genetic information, and instability resulting from defects in 

DNA replication is frequently associated with disease including cancer [1,3,4,7,56]. 

Therefore, a better understanding of the cellular mechanisms that ensure or impair 

faithful DNA replication may provide key insight into the diagnosis, treatment, and 

prevention of disease.  

Origins of replication are the sites in a given genome where DNA replication is 

initiated. Proper origin firing is fundamentally essential to faithful DNA replication. 

Unlike bacteria, eukaryotic organisms contain up to thousands of origins of replication, 

and origin firing is often asynchronous [36]. The when, where, and how of origin firing 

across a given genome involves complex signaling and regulation. Furthermore, a 

number of studies have indicated that epigenetic factors such as chromatin structure and 

histone modifications help provide the flexible control that such complex regulation 

requires [1,3,4,32,35,36,42,44]. 

Identification of Origins of Replication in N. crassa 

I wanted to identify origins of replication in N. crassa because I suspect that the 

H3K9 methyltransferase, DIM-5, is involved in the promotion of faithful DNA 

replication. There are examples in multiple organisms of histone modifications impacting 

the site localization and kinetics of DNA replication [32,33,35,42,44]. I wanted to see if 
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DIM-5 has a similar role in N. crassa, and I recognized that identifying origins of 

replication in N. crassa would provide a useful framework for my study of the epigenetic 

control of DNA replication. I planned to use a previously established method for mapping 

origins of replication that involved nascent strand isolation followed by DNA sequencing 

[47]. Furthermore, because this method only identifies origins of replication from which 

SNS molecules are actively being replicated, comparison of origin profiles between wild-

type and dim-5 N. crassa strains could potentially reveal important differences that would 

shed light on the function of DIM-5 in DNA replication. If no differences were 

immediately apparent between the two strains, the identification of origins of replication 

would be a novel discovery in N. crassa and would provide a useful foundation for future 

study of the DIM-5 involvement in DNA replication control. 

Unfortunately, the sequence results of this assay did not identify the locations of 

replication origins across the N. crassa genome. No obvious peaks were generated from 

the sequencing data of the wild-type or dim-5 strain. However, I believe, for multiple 

reasons, that I was able to successfully isolate SNS molecules in both wild-type and dim-

5. First, size fractionation of the DNA fragments of both strains was achieved using 

sucrose gradient centrifugation (Figure 4). Second, complete activity of the lambda 

exonuclease enzyme was indicated by the results of the conducted lambda exonuclease 

efficiency assay. Third, the final concentration of the suspected isolated SNS DNA after 

RNase treatment, second strand synthesis, purification, and library preparation was 

adequate for both wild-type and dim-5 strains.  

So if SNS DNA was, in fact, isolated in both wild-type and dim-5 N. crassa 

strains as a result of this nascent strand assay, why did the sequencing results lack 
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discernable peaks? One of the most likely explanations for these results is a recently 

discovered PCR bias against A:T-rich DNA sequences [57]. Studies in N. crassa have 

recently concluded that the number of PCR cycles and the polymerase used for PCR 

amplification can both have an affect on the amplification of DNA, especially in regions 

that are A:T-rich. In fact, according to these recent reports, A:T-rich DNA was 

significantly underrepresented after only 8 cycles of PCR using multiple DNA 

polymerase enzymes [57]. However, a very typical characteristic of origins of replication 

in eukaryotic organisms is A:T-richness. Therefore, it is likely that significant portions of 

SNS DNA contain A:T-rich domains. To further complicate matters, the concentration of 

SNS DNA in a given cell culture is relatively low compared to the combined amount of 

DNA that is non-nascent and lagging strand nascent. Therefore, PCR amplification at the 

end of SNS isolation was needed in order to generate quantities of DNA for sequencing.  

In the first trial of this experiment, I used 12 cycles of PCR for amplification of 

the SNS DNA that I had isolated from WT and dim-5 cultures, but I was not able to 

generate enough dim-5 SNS DNA from this trial for sequencing. Since the goal was to 

optimize the fraction of cells in S-phase at the time of harvest, the phenotypic growth 

defect of dim-5 presented a challenge to the experimental design of this assay. It took a 

bit of troubleshooting in order to plan a growth scheme in which I could harvest both WT 

and dim-5 cultures during logarithmic growth and produce high enough concentrations of 

isolated SNS DNA for sequencing upon completion the assay.  

The first thing I did was increase the scale of my work for the second trial of this 

assay. I also lowered the temperature and increased the growth time to the specifications 

given in the materials and methods section of this thesis. Investigation of the above-
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mentioned PCR bias was being conducted concurrently to my nascent strand work, 

therefore, the increase in scale of my work allowed me to reduce the number of PCR 

cycles used to generate my sequencing library for the second trial of this assay. 

Unfortunately, I still was not able to reduce the number of PCR cycles below the reported 

8 cycles bias [57], and the libraries showed no apparent peaks when sequenced. 

It is highly possible that the origins of replication in N. crassa are A:T-rich and 

are therefore being underrepresented by the recently documented PCR bias against A:T-

rich regions [57]. Still there is room for continued troubleshooting of this assay in the 

future. Perhaps further increasing the scale of this protocol would allow the number of 

PCR cycles to be reduced below the documented 8-cycle cutoff for this bias. Perhaps the 

bias would be less apparent if PCR amplification were conducted with a different 

polymerase enzyme. 

BrdU (5-bromo-2’-deoxxyuridine) Incorporation Assay 

Another option for identification of origins of replication in N. crassa would be to 

conduct a BrdU (5-bromo-2’-deoxyuridine) incorporation assay. BrdU is a synthetic 

analog of thymidine, however fungi lack thymidine kinase, the enzyme that 

phosphorylates BrdU and potentiates its incorporation into DNA, making this method a 

bit more challenging in Neurospora. In order to conduct BrdU incorporation assays, 

previously engineered N. crassa strains that have functional Herpes Simplex thymidine 

kinase genes incorporated in both wilt-type and ∆dim-5 backgrounds would have to be 

utilized [58]. Then DNA could be size fractionated to select SNS DNA. 

Immunoprecipitation with BrdU-specific antibodies would allow identification of origins 
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of replication based on the locations of BrdU incorporation at SNS sites across the 

genome [47].   

Chromatin Immunoprecipitation and Sequencing (ChIP-seq) of FLAG-tagged replisome 

components 

It has been revealed through electron microscopy that, when treated with 

hydroxyurea, S-phase S. cerevisiae cells accumulate ssDNA structures that resemble 

replication bubbles [59]. HU is a known replication inhibitor responsible for dNTP 

depletion through inhibition of ribonucleotide reductase. In the absence of dNTPs, 

polymerization slows, and replication eventually arrests. Stalled replication forks are 

protected from collapse and DSB by a variety of conserved proteins known as the fork 

protection complex. The N. crassa protein Tof1 is a homolog to the core human fork 

protection protein TIM1[60]. 

Another potential method for identification of origins of replication in N. crassa 

would be to use optimized concentrations of HU to force stalling of replication forks in 

both wilt-type and ∆dim-5 strains containing FLAG-tagged components of DNA 

polymerase POLD or TOF1 [58,61]. Sites that accumulate stalled replication forks could 

then be identified through chromatin immunoprecipitation followed by sequence analysis 

(ChIP-seq). It would be expected that the most frequent stall sites will be at, or adjacent 

to, origins of replication. Enrichment of Tof1 and PolD at stalled replication forks in HU 

treated cells could be detected by an anti-FLAG antibody.  

Monitoring DNA Replication Kinetics in N. crassa 

Replication of the entire genome is accomplished during S-phase of the cell cycle, 

and most eukaryotes appear to replicate heterochromatin at defined times that can be 
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classified as either early or late in S-phase. In most of the organisms examined to date, 

heterochromatin is the last portion of the genome to be replicated [5,12,27,28,62], 

however, S. pombe replicates portions of its heterochromatin early in S-phase [28]. The 

replication timing of N. crassa heterochromatin is unknown, and the control of 

replication timing is overall poorly understood. Little is known about the rate of DNA 

replication in different chromatin environments of more complex eukaryotes. However, it 

seems plausible that the tight packaging of DNA might result in slower progression of 

replication in heterochromatin regions than in the more loosely packaged regions of 

euchromatin. Since it is known that DIM-5 is involved in heterochromatin formation, 

determining the timing and rate of heterochromatin replication in both wild-type and 

∆dim-5 may prove valuable in understanding the suspected role of DIM-5 in the DNA 

replication process. 

I wanted to know if the photoconvertable Dendra2 construct would be a useful 

cytological tool in the study of replication timing in N. crassa. Therefore, I successfully 

introduced the hH1-Dendra2 fusion construct into N. crassa by transformation. The 

vegetative hyphae of N. crassa contain multiple nuclei [16]. Furthermore, this regularly 

branching cell type contains incomplete septa, a feature that allows the movement of 

organelles between hyphal compartments. Combined with the frequent fusing of hyphal 

filaments these characteristics enable heterokaryon formation. This means that multiple 

genomes can coexist inside a single mycelium at once [16]. While this fascinating feature 

is often capitalized upon for genomic analysis, it makes the study of the cell cycle a bit 

more complex in this environment. However, this photoconvertible hH1-Dendra2 fusion 

construct has generated an innovative method for isolating and tracking single nuclei in a 
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multi-nucleate environment. Additionally, the irreversible, GFP-RFP conversion offers a 

unique tool for tracking cellular division. Overall, I believe this construct to be multi-

dimensional, and that it will prove to be useful to the study of cell cycle control and 

replication kinetics 

Future study of the timing of origin firing in N. crassa could involve a sort 

sequencing method similar to what has been described in multiple budding yeast species 

[63]. Fluorescence-activated cell sorting (FACS) could be used to sort nuclei in S-phase 

and G2-phase from asynchronous N. crassa mycelia. This would remove the need for 

genetic manipulation before sequencing. Samples could then be subjected to deep 

sequencing as described [63] to measure the relative copy number of each sequence. 

Sequences that replicate early in S-phase would be expected to show approximately twice 

the copy number of those that replicate later in S-phase. From this data, a copy number 

profile could be generated, which would serve as a proxy for replication timing in 

different chromatin environments in wild-type and dim-5 strains. 

Furthermore, the rate of DNA synthesis could presumably be measured by 

tracking the rate of Bromodioxyuridine (BrdU) incorporation in N. crassa cultures with 

synchronized nuclear cycles [64,65]. DNA synthesis could be synchronized using a 4 

hour HU block followed by a wash and transfer to Vogel’s minimal media that would 

release stalled replication forks into S-phase at temperatures of both 25°C and 16°C as 

previously described in S. cerevisiae [61]. The purpose of releasing into S-phase at low 

temperature would be to slow replication rate to a point that could potentially show a 

more detailed profile of BrdU incorporation over time. This would be particularly 

valuable when comparing the kinetics of wild-type to ∆dim-5. Recall that previously 
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engineered N. crassa strains that have functional Herpes simplex thymidine kinase genes 

incorporated in both wild-type and ∆dim-5 backgrounds would have to be utilized for this 

experiment as well [58]. The rate of DNA synthesis could then be tracked in kb/min for 

different regions of the genome through BrdU incorporation in synchronous cells. 

Samples would need to be taken at predetermined time points, and DNA could be 

purified through immunoprecipitation with anti-BrdU antibodies. The newly synthesized, 

BrdU-labeled DNA from each time point could then be sequenced as described 

[47,58,65]. 

In conclusion, development of new tools to monitor DNA replication in workable 

model systems is critical to our understanding of genome maintenance. The objective of 

my thesis work was to develop new tools to monitor DNA replication in both wild-

type and Δdim-5 strains of N. crassa cells to test the hypothesis that DIM-5 is 

required for proper DNA replication. I was able to successfully develop a nascent 

leading strand isolation and sequencing assay and a fluorescent (photoconvertible) 

reporter construct in N. crassa. However, the data return was limited for the nascent 

strand assay due most likely to a recently reported PCR bias. Future work must be done 

to get around this bias and reduce the number of PCR cycles necessary for library 

preparation of all samples. 

There remains much to be elucidated about the role of DIM-5 in genome 

maintenance. It seems likely based on our recent work as well as data from other 

eukaryotic organisms that DIM-5 is somehow involved in the promotion of faithful DNA 

replication. Perhaps it does this by regulating the timing of origin firing through the 

control of replication factor availability or binding capacity, as do the methylatransferases 
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of H3K36 and H4K20. Or possibly it does so by a completely undiscovered method. 

Either way, there are many facets of DNA replication that require the stable, yet flexible, 

regulation that epigenetic modification can offer including origin selection, origin 

activation, and replication kinetics, and it is likely that epigenetic regulation is 

widespread and intricately involved in genome stability. 
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