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Abstract 

Roxanne Oshidari                                                                                        Advisor: 
University of Guelph, 2014                                                                    Dr. K Yankulov 

An epigenetic conversion is any inheritable change in gene expression due to change in 

chromatin structure and not to DNA sequence. These conversions are integral for functional and 

developmental differentiation in humans, as well as for the immune-evasiveness of certain 

pathogens. On the other hand, untimely epigenetic switches can cause certain psychiatric 

disorders and cancer. Despite their significance, the underlying mechanisms involved in 

epigenetic conversions are yet to be elucidated.  

The subtelomeric regions of Saccharomyces cerevisiae undergo relatively frequent 

epigenetic shifts, and as a result, display variegated expression phenotypes. This makes the 

subtelomeric regions an ideal model system for studying epigenetic conversions. Preliminary 

findings suggest that pausing of the replication fork may be involved in epigenetic switching. As 

such, I have hypothesized that the pausing of replication forks stimulates epigenetic shifts and 

the deletion of genes involved in the regulation of paused forks will affect frequency of 

variegation. I further hypothesized that pausing of RNA polymerase II during transcription could 

similarly affect the frequency of variegation.  

In this thesis I have used a newly developed variegation assay to determine the frequency 

of epigenetic shifts at the telomeres of several S.cerevisiae strains. These strains harbor 

mutations in genes involved in replication fork and transcription pausing. I show that there was 

no impact on the frequency of epigenetic conversions in the transcriptional pausing (Δspt4 and 

Δdst1) and the fork stabilizing (Δtof1) mutants. However, deletion of the paused replication fork 

resolving helicase RRM3 (Δrrm3) caused a loss of variegation phenotype, similar to the 

phenotype observed in Δcac1 cells. These findings suggest that there may be a relationship 



between replication fork pausing and epigenetic conversions, and furthermore allude to a 

possible shared mechanism between Rrm3p and Cac1p at a paused fork.  
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1. Introduction 

1.1 Gene silencing and Position Effect Variegation  

  Gene silencing refers to position dependent and promoter-independent repression of genes 

(Moazed, 2011; Rusche et al., 2003; Yankulov, 2013). Silencing is characterized by the 

formation of compact heterochromatin, which must be re-established following DNA replication 

(Alabert and Groth, 2012; Avvakumov et al., 2011). These position-dependent effects mostly 

reflect the proximity of the gene to blocks of condensed heterochromatin such as the centromeres 

and the telomeres (Henikoff, 2008). At certain positions, genes that are placed in close proximity 

to the aforementioned regions appear to be in either a completely active or silent state with no 

observable intermediate. This phenomenon is referred to as Position Effect Variegation (PEV). 

PEV is caused by rare and seemingly random switches between the active and silent state of the 

gene, thus producing a quasi-stable pattern of gene expression (Yankulov, 2013). 

1.2 Significance of Gene Silencing and Variegation 

 In metazoans, variable gene silencing and expression are integral for functional and 

developmental differentiation among genetically identical cells (Moazed, 2011). Regulation of 

gene silencing allows for the maintenance of certain expression states in differentiated cells and 

specialized tissues. In addition, the regulation of gene expression is paramount in disease 

avoidance (Alabert and Groth, 2012). For example, when a shift occurs from active to silent state 

or vice versa, and the novel epigenetic state is propagated through subsequent replications, the 

gene expression landscape of that cell line can be dramatically altered. Such epigenetic shifts are 

frequently observed in cancer cells and in psychiatric disorders (Minucci and Pelicci, 2006; 

Tsankova et al., 2007). 
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 Aside from metazoans, variable gene expression also plays a key role in the evasiveness of 

pathogens. In Plasmodium falciparum, the species that is responsible for the most morbid form 

of malaria, the parasite is able to successfully evade the host’s immune response through 

subtelomeric gene silencing and variegation. This is achieved via the variable expression of 

subtelomeric var genes that encode the proteins expressed on the surface of infected 

erythrocytes. Infrequent shifts in the expression of these surface proteins render the host’s 

antibody response ineffectual (Cui and Miao, 2010; Merrick and Duraisingh, 2010) The parasite 

that causes sleeping sickness, Trypanosoma brucei, achieves a similar end through the variable 

expression of a surface antigen, VSG (variant surface glycoprotein). There is a large group of 

slightly different VSGs, and their respective genes are distributed in approximately 20 

subtelomeric locations. These genes are then repressed in a position-dependent manner with only 

one VSG gene being expressed at a time (Kyes et al., 2003). Therefore, it is believed that these 

variegation effects aid in adaptation to novel environments. In metazoans, similar epigenetic 

shifts are likely involved in cell differentiation and tissue specific gene expression (Yankulov, 

2013). 

 In the two yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe, several 

regions of DNA consistently display PEV. These include the mating type loci and the 

subtelomeric regions. As the name suggests, the mating type loci determine α or a mating type 

and the telomeres contain numerous metabolic genes. It is believed that the variegated expression 

of these telomeric genes aid in the cell’s ability to adapt to novel environmental conditions 

(Ottaviani et al., 2008; Yankulov, 2013). 
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1.3 Silenced Chromatin: Establishment and Maintenance  

 Heterochromatin is the hallmark of the silent state of DNA. It is tightly packed with the 

aid of condensed nucleosomes, making that particular stretch of DNA inaccessible to 

transcriptional factors. In contrast, the loosely packed euchromatin is more accessible to a wide 

variety of proteins, making it transcriptionally active. The process and intricacies of 

heterochromatin establishment and maintenance have been studied at length and much has been 

elucidated (Goldberg et al., 2007). While DNA methylation is not involved in the establishment 

of heterochromatin in S.cerevisiae or certain protozoa, it is integral for metazoans, including 

humans (Capuano et al., 2014). DNA methylation is known to be responsible for repressing gene 

expression. Accurate methylation of DNA and the faithful propagation of the methylation pattern 

through successive rounds of replication is crucial in cell differentiation and embryonic 

development (Elgin and Grewal, 2003). DNA methyltransferase (DNMT) enzymes act upon 

cytosine bases within eukaryotic DNA. Some forms of DNMT enzymes are responsible for the 

addition of the initial methylation pattern, while others are responsible for the faithful 

reconstitution of said pattern upon the newly formed strand following replication (Elgin and 

Grewal, 2003).   

 Apart from DNA methylation, a major factor in the establishment and maintenance of 

chromatin state involves histone modifications. Within chromatin, the repeating unit is the 

nucleosome. The nucleosome consists of approximately 147 base pairs of DNA wrapped around 

the core of 8 histones. These histones include an H3-H4 tetramer, an H2A dimer and an H2B 

dimer. In between nucleosomes, DNA associates with histone H1 (Elgin and Grewal, 2003; 

Luger, 2000). Core histones are highly basic small proteins that are composed of a globular 

histone fold domain that interacts with other histones within the nucleosome, and modifiable N-
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terminal tails that extend away from the histone. Strictly regulated modifications to multiple 

lysine residues of the histone tails and the subsequent recruitment of regulatory proteins and 

enzymes have been identified as key players in the establishment and maintenance of 

heterochromatic regions. Modifications to the N-terminal tail affect the strength with which the 

histone interacts with its associated DNA, and furthermore, they also act as markers that signal 

specific histone binding proteins (Goldberg et al., 2007). The acetylation of a critical lysine 

residue can initiate a cascade of alterations to the chromatin structure, ultimately leading to the 

ability of a formerly silent stretch of DNA to become expressed. In short, acetylation of the 

lysine residues of core histones eventually culminates in the de-condensation of DNA, the 

formation of euchromatin. In contrast, the deacytelation of histone tails serves the opposite 

function, the formation of heterochromatin (Power et al., 2011; Shahbazian and Grunstein, 

2007). The acetylation of histone tails may also signal the recruitment of protein complexes due 

to the formation of specific protein binding sites, however these results will vary depending on 

which lysine is acetylated and the location of the modified nucleosome (Liu et al., 2005).  

 Apart from acetylation, histones are subjected to a number of other posttranslational 

modifications that include: methylation, ubiquitination, phosphorylation and sumoylation. These 

modifications dictate interactions with histone and nucleosome modifying factors, and they result 

in similar effects in all eukaryotes, regardless of DNA methylation (Shahbazian and Grunstein, 

2007). To gather more insight into these processes and mechanisms, the model organism 

S.cerevisiae has been extensively used, and has offered and continues to offer insight into the 

many players and variables involved in the formation and regulation of heterochromatic DNA.  

1.4 Gene Silencing in S.cerevisiae 

 In S.cerevisiae, the propagation and maintenance of silent heterochromatin is facilitated by 
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cis-acting elements and trans-acting proteins (Fourel et al., 2002; Rusche et al., 2003; Yankulov, 

2013). For example, specific regions of DNA called silencers flank the HM loci and help 

facilitate the formation of silent chromatin at that region (Figure 1). Found within these silencers 

are binding sites for the Origin Recognition Complex (ORC), and for the two transcription 

factors Rap1p and Abf1p (Moazed, 2011). While silencing requires that the cell proceed through 

S-phase, it is not necessary for the silencer to undergo replication initiation or for the replication 

fork to pass through those loci (Kirchmaier and Rine, 2001; Kirchmaier, 2006). Rap1p and 

Abf1p act as transcriptional activators/repressors under other circumstances, but in the context of 

silencers, the interplay between the two aforementioned proteins and the ORC are thought to 

lead to the accumulation of the main components of silent chromatin, the silent information 

regulator (SIR) proteins.  

  

                 

Figure-1: Silencers flank the HM loci and recruit silencing factors. Modified from Fig. 1a 
(Yankulov, 2013).The two strong silencers HMR- E and HMR- I flank the mating type locus 
HMRa. These silencers provide binding sites for Rap1p, Abf1p and ORC. They in turn recruit the 
SIR proteins, which confer the spreading of histone deacetylation away from the silencers.  
 

 The histone deacetylase (HDAC) Sir2p plays a particularly important role in the silencing 
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at all repressed loci. In the genome, the trans-acting SIR proteins Sir1p, Sir3p and Sir4p cluster 

at silencers. Their association with specialized proteins such as Rap1p, Abf1p, ORC and others 

facilitates this clustering (Marcand et al., 1996; Moazed, 2011; Rusche et al., 2003). They in turn 

recruit Sir2p, which proceeds to deacetylate the histone tails on a nearby nucleosome. 

Specifically, the deacytelation of Lys16 on H4 triggers the recruitment of additional Sir3p and 

Sir4p, which in turn leads to the recruitment of more Sir2p. As a result, histone deacetylation 

spreads away from the silencer. Sir1p binds to ORC1 and is specific for origin-containing 

silencers. It aids in assembling the other SIR proteins at the silencer, but is not involved in the 

spreading of histone deacetylation (Rusche et al., 2003).  

 Histone acetyltransferases (HATs) counteract the propagation of nucleosome deacetylation 

by Sir2p through the addition of acetyl groups, but their mode of operation is not as well 

elucidated as that of the SIR proteins (Power et al., 2011; Yankulov, 2013). It has been proposed 

that the histone acetyltransferase Sas2p is the major factor that counteracts the spreading of SIR 

proteins, as evidence suggests that Sas2p is responsible for acetylating H4K16, the very same 

lysine deactylated by Sir2p (Figure 2). (Shahbazian and Grunstein, 2007; Rusche et al., 2003). 

However, there are many other HATs that act similarly to Sas2p in regards to gene expression 

(Power et al., 2011; Rusche et al., 2003). 

 In S.cerevisiae, there are several regions of DNA that display SIR2 dependent silencing. 

These regions include the mating type (HM) donor loci HML and HMR, the subtelomeric 

portions of the chromosomes, and the rRNA genes (Rehman and Yankulov, 2009; Rusche et al., 

2003). The genes and promoters that determine a or α mating type are found at the HML and 

HMR loci, reside on chromosome III and are positioned between two powerful silencers. These 

regions are permanently silenced, and it is only through the copy and transfer of genetic 
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information from one of these loci to the MAT mating type loci, residing on the same 

chromosome, that mating type genes are expressed. Briefly, the expressed MAT locus is cleaved 

by HO endonuclease creating a double stranded break. Subsequently, either the silent HMR or 

HML is used as a template for homologous recombination thereby establishing mating type 

(Connolly et al., 1988; Klar et al., 1982). The stable repression at HML and HMR is essential to 

the functionality of the organism, as the expression of both types of genes in one cell leads to 

sterility. It is through the recruitment and actions of SIR proteins, Rap1p, and the ORC that HML 

and HMR can be effectively silenced (Goldberg et al., 2007; Rusche et al., 2003). 

 

Figure-2: Histone deacetylation by Sir2p is counteracted by histone by the Acetyl 
Transferase Sas2p. Rap1p recruits the SIR proteins at the telomere. Histone Acetyl Transferases 
(HATs) counteract the propagation of nucleosome deacetylation by Sir2p through the re-
acetylation of histones. Sas2p directly acetylates H4K16, the same residue that is deacetylated by 
Sir2p. 
 

 Unlike the mating type donor loci, the subtelomeric regions and rRNA gene cluster display 

a variegated silencing phenotype (Yankulov, 2013). This telomere position effect (TPE) occurs 

due to the emission of strong repression signals from the telomeres themselves. The telomeric 

TG1-3 repeats serve as multiple binding sites for Rap1p, which recruits Sir3p and Sir4p. Weaker 

proto-silencers found in the subtelomeric core X- and Y’- elements then convey these signals 

(Figure 3). Contrastingly, the subtelomeres also contain anti-silencing sequences called STARs 
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(Sub-Telomeric Anti-silencing Regions). The two conflicting forces produce a quasi-unstable 

pattern of gene expression in the subtelomeric region (Power et al., 2011; Yankulov, 2013).  

 

 

 
 
Figure-3: Proto-silencers relay repression signals emitted by telomeres and anti-silencers 
prevent the spreading of heterochromatin from the telomere.  
A) The telomeric repeats, denoted by the black triangles, bind Rap1p to initiate the binding of the 
SIR proteins and subsequent spread of deacetylation, indicated by the grey triangle. Proto-
silencers, such as B1/ACS, enhance the spread of heterochromatin from the telomere. 
B) Anti-silencing elements such as STARS prevent the spreading of heterochromatin away from 
the telomere.  
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1.5 Silencing and Anti-silencing Elements at the Subtelomeres 

 The telomeres act as strong silencers, binding Rap1p thus generating a cascade of events 

that lead to heterochromatisation and the establishment of silencing. This strong silencer works 

in concert with Abf1p binding sites (ABF1-BS), dispersed Rap1p –binding sites and ARS 

consensus sequence (ACS) found in the repetitive core X- and Y’- subtelomeric elements (Gilson, 

1989; Marcand et al., 1996; Rehman et al., 2006). The Rap1p-BS, ABF1-BS and ACS are known 

to enhance the silencing activities of a distant silencer without acting as silencers themselves, 

thus leading to their designation as proto-silencers (Boscheron et al., 1996). Essentially, they 

relay the strong signals from the telomere and allow for the propagation of silencing and 

influence the chromatin state long distances from the telomeres, thereby facilitating TPE. 

Conversely, also residing within the core X- and Y’- elements are STARs. They are able to protect 

a reporter gene from repression emanating from a neighbouring silencing element (Fourel et al., 

1999). We know that proto-silencers and STARs can function independently of one another, but 

any interplay and the exact nature of their relationship to telomeric silencing remains to be 

understood (Fourel et al., 1999; Rehman et al., 2006). In 2010, Power et al. proposed that the 

subtelomeric assemblies of anti-silencers and proto-silencers serve as unique epigenetic buffer 

systems that prevent major shifts in the repression or activation of subtelomeric genes. 

1.6 Sas2p counteracts the SIR proteins 

 The role of SAS2 (Something About Silencing 2) in silencing was discovered in a screen 

for suppressors of silencing defects of HMR (Ehrenhofer-Murray et al., 1997). SAS2 belongs to 

the MYST family of histone acetyltransferases. Its homologs include the yeast proteins Sas3p 

and Esa1p, MOF from Drosophila, and human homologs HBO1, Tip60, and MOZ, which is 

responsible for oncogenic transformation causing leukemia (Sterner and Berger, 2000). The 
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MYST family of acetyltransferases is known to acetylate H4-K16 in vitro and it was later 

confirmed that Sas2p was responsible for the acetylation of H4-K16 in vivo (Kimura et al., 2002; 

Smith et al., 1998). It is thought that the interplay between Sas2p and the SIR complex at this 

particular lysine is responsible for establishing the gradient of silencing observed at the 

subtelomeres (Kimura et al., 2002). 

 Separately, it has been shown that Sas2p forms a complex with Sas4p and Sas5p, termed 

SAS-I, and that this complex interacts with Cac1p, a component of the CAF-1 (Chromatin 

Assembly Factor-I) complex. It has been proposed that Cac1p recruits SAS-I during replication 

to acetylate histones on freshly assembled chromatin, however this relationship is not yet fully 

understood (Meijsing and Ehrenhofer-Murray, 2001).  

1.7 DNA replication  

 In S.cerevisiae, DNA replication is initiated at specific locations in the genome called 

Autonomously Replicating Sequences (ARS). These regions are well characterized, making them 

ideal for study and observation (Deshpande and Newlon, 1992). Early in G1 phase, ORC binds 

to the ACS and an adjacent region called the B1 element, which triggers the formation of the pre-

replication complex (pre-RC) (Rao and Stillman, 1995). Furthermore, during the G1 phase, ORC 

aids in the recruitment of proteins that are responsible for the assembly of the MCM/GINS 

complex (Blow and Dutta, 2005). The MCM complex acts as a helicase to unwind the double 

stranded DNA and to allow for replication to continue bi-directionally (Avvakumov et al., 2011). 

In order for the cell to transition from G1 to S phase, the pre-RC has to be activated by the two 

protein kinases Cdc7p (also known as DDK) and Cdc28p (Also known as CDK2) (Labib, 2010; 

Sheu and Stillman, 2010). Dbf4-dependent Cdc7p and the CIb5-dependent Cdc28p 

phosphorylate several subunits of the MCM complex thus initiating its helicase activity. Cdc7p is 
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also responsible for phosphorylating Cdc45p which goes on to recruit the GINS and other 

elongation factors (Labib, 2010). Following the activation of the helicase, the replication 

machinery assembles, the origin DNA is unwound, and the two replication forks are established.   

 During the process of elongation, in addition to the synthesis of new DNA strands, the 

existing nucleosomes are disrupted and their components subsequently released from the 

unwinding of the double-stranded DNA template through the actions of the MCM proteins and 

the histone chaperones FACT and Asf1p. These factors move ahead of the fork. The FACT 

complex itself is recruited through its association with Mcm4p (Groth et al., 2007). The 

chaperone Asf1p is also recruited via the MCM proteins by forming an MCM-(H3-H4)-Asf1 

complex (Alabert and Groth, 2012; Avvakumov et al., 2011). The histone units displaced ahead 

of the fork by FACT and Asf1p are reassembled on the newly synthesized DNA strands behind 

the fork. It is believed that this process is the key to epigenetic transmission of the pre-existing 

chromatin state to daughter cells and to the maintenance of the epigenetic landscape of tissues 

and organs (Alabert and Groth, 2012). Asf1p carries the “old” H3/H4 histones from ahead of the 

fork to the histone chaperone CAF-1. From a pool of free histones, Asf1p separately brings 

newly synthesized H3/H4 histones to CAF-1 and Rtt106p (Figure 4). Old and new histones are 

deposited on the nascent strand, and information from the old histones is used in order to 

implement the same modifications to the new ones. CAF-1 is recruited to the fork through 

interactions with the proliferating cell nuclear antigen (PCNA). This CAF-1-mediated feedback 

mechanism is considered integral to the faithful re-establishment of epigenetic marks following 

the passage of the replication fork (Yankulov, 2013). CAC1 is a subunit of CAF-1 and has been 

studied at length to evaluate its role during replication. It is not known if CAF-1 interacts with 

the replication fork when it is in a state of pausing.  
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1.8 Replication Fork Pausing  

 Aside from the most common β- helix structure, DNA can acquire several alternative 

formations. Examples of these secondary structures include intrastrand hairpins that emerge from 

certain trinucleotide repeat sequences and G-quadruplex (G4) DNA (Mirkin and Mirkin, 2007). 

G4 DNA is abundant at the rRNA loci and telomeres of eukaryotic DNA (Anand et al., 2012; 

Capra et al., 2010). While G4 formation has not been accurately observed in vivo, it has been 

determined that sequences capable of forming G4 structures in vitro do in fact act as effective 

replication barriers in vivo (Anand et al., 2012; Weitzmann et al., 1996). As a result, it is thought 

that specialized helicases are required to facilitate the replication of G4 forming DNA. 

Experiments carried out in vitro have shown that the helicases Pif1p and Sgs1p are responsible 

for unwinding G4 forming and other secondary DNA sequences such as loops and stems (Anand 

et al., 2012).  

 

Figure-4: Model of nucleosome reassembly behind the replication fork. The MCM proteins 
Asf1p and FACT move ahead of the fork and disassemble the nucleosome. Separately, Asf1p 
brings new H3/H4 histones from a pool of new histones to CAF-1 and Rtt106p.  Asf1p and 
(Figure-4 continued) FACT shuttle the “old” H3/H4 histones back to CAF-1. CAF-1 then 
reassembles the “new” and “old” nucleosomes on the newly replicated strand. The “old” histones 
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(Figure-4 continued) act as a template for histone modifying enzymes to reconstitute the same 
modifications upon the “new” histones, thus maintaining chromatin state. 
  

 DNA that tightly binds proteins represents another class of replication pause sites. The 

well-characterized Replication Fork Barriers (RFB) found in the rRNA loci best exemplifies 

such sites. An RFB is a sequence found at the 3' end of the rRNA genes in S.cerevisiae. The gene 

FOB1 is necessary for the activity of the RFB. Fob1p associates with the RFB and impedes the 

progression of replication in the direction opposite the direction of rDNA repeat transcription 

(Figure 5).  It is evident that this effect is produced by the tight association of Fob1p (Kobayashi, 

2003). 

 
Figure-5: Stalling of replication forks at the Replication Fork Barriers (RFB) in the rRNA 
cluster. 
A) Multiple rDNA repeats are shown and the region between two 35S rRNA genes is displayed. 
When the RFB is not bound by Fob1p, replication can move unhindered bi-directionally.  
B) Once Fob1p binds to the RFB, replication forks originating from the rARS arrest. The 
progression of the fork in the opposite direction is not impeded. These advancing forks will 
eventually arrive at RFB from the opposite direction and resolve the stalled forks. 
 

 In addition to Fob1p, other proteins associating tightly with DNA have also been 

recognized to impede DNA replication. Examples include transcription factors at tRNA genes 
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and protein-DNA complexes at centromeres (Calzada et al., 2005; Hodgson et al., 2007; Ivessa et 

al., 2000; Makovets et al., 2004). Repetitive subtelomeric DNA is capable of forming secondary 

structures, however most replication events in these regions have been attributed to tightly 

binding proteins (Makovets et al., 2004). Rap1p is the most obvious candidate in this group. It 

binds to telomeric repeats and multiple telomere-like sequences in the subtelomeric regions 

(Anand et al., 2012). 

1.9 Rrm3p, Tof1p and the paused replication fork 

 The function of the DNA helicase Rrm3p in S.cerevisiae was discovered when rrm3 

mutants displayed increased genetic recombination in rDNA (Keil and McWilliams, 1993). 

Through the use of 2D gel electrophoresis, the absence of Rrm3p was shown to result in paused 

replication forks at rDNA, the subtelomeric regions, the silent mating-type loci and the 

centromeres (Ivessa et al., 2000). Separately, Rrm3p has been identified to play a key role in 

facilitating the passage of the replication fork through telomeric and subtelomeric DNA bound 

by Rap1p (Anand et al., 2012). In vitro Rrm3p acts as a helicase that can displace proteins from 

their DNA binding sites (Anand et al., 2012; Mirkin and Mirkin, 2007). Rrm3p is recruited to the 

replication fork at the beginning of S phase and travels with the replication machinery, even 

through non Rrm3p-dependent sites (Azvolinsky et al., 2006). Experiments using Rrm3p 

deficient cells have shown that it does not facilitate replication through hairpin or G4-forming 

sequences (Anand et al., 2012). However, observation of the Y’-tel sequences showed that in the 

absence of Rrm3p, stall signals and altered patterns of replication were observed. These results 

strongly suggested that Rrm3p is involved specifically in fork pausing caused by a protein barrier 

(Anand et al., 2012). Along with RRM3, TOF1 is also involved with a stalled replication fork. 

The mechanisms of its actions are yet to be elucidated, but Tof1p is considered a fork stabilizer 
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protein that helps maintain and process the paused fork at RFBs and other non-nucleosomal sites 

(Mirkin and Mirkin, 2007; Stamenova et al., 2009). Several studies have shown that in budding 

yeast, TOF1 was a requirement for the maintenance of some but not all protein caused fork stalls. 

Analysis of telomeric sequences in the absence of Tof1p showed a large decrease in the amount 

of pause signals. This indicates that Tof1p is involved in stalling in telomeric DNA (Anand et al., 

2012). 

1.10 Transcription by RNA polymerase II  

In eukaryotes, transcription initiation at protein coding genes involves the binding of 

transcription factors at the promoter, an event required to recruit RNA polymerase II. 

Recruitment of an array of histone modifying enzymes and chromatin remodeling factors is an 

integral component of transcriptional initiation (Cramer et al., 2000). RNA polymerase II, with 

the help of helicase and energy from ATP, can then move along the DNA template adding the 

complementary ribonucleotide to the 3’ OH group of the growing RNA strand. Following 

elongation comes termination; the point at which the coding region has been successfully 

transcribed and the transcription complex and RNA strand can disassociate from the template 

DNA. The RNA strand is co-transcriptionally processed, then polyadenylated and eventually 

used as a template for protein synthesis.  

1.11 RNA polymerase II pausing, SPT4 and DST1 

Recent evidence strongly suggests that in higher eukaryotes the control of promoter-

proximal pausing and elongation by RNA polymerase II could be as important as the control of 

initiation (Cramer et al., 2000). A recent study has observed that the majority of epigenetic 

switches in differentiating human embryonic stem cells involve transcriptional pausing (Golob et 

al., 2011). However, it is not clearly understood how significantly transcription pausing affects 
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frequency of variegation in S.cerevisiae. Genomic studies have revealed that apart from RNA 

polymerase subunits, the Spt5/NusG family of proteins is the only transcription regulator that has 

been universally conserved over all domains of life. This suggests that it is essential for the 

regulation of transcription, and it has been seen to coordinate elongation with chromatin states 

and pre-mRNA processing in eukaryotes (Hartzog and Fu, 2013). Spt5p interacts with the 

protein Spt4p to form a complex and regulate elongation, and furthermore, it seems to couple 

RNA processing and chromatin modification states with transcription elongation (Figure 6).  

However, their mechanism of action remains to be fully understood (Blythe et al., 2014; Hartzog 

and Fu, 2013).  

         

Figure-6:  Spt4p and TFIIS help resolve arrested RNA polymerase II during transcription. 
The histone chaperones at paused transcription complexes do not have access to the nucleosomes  
ahead of RNA polymerase II. They rebuild histone octamers using histones from the pool of free 
histones and consequently, existing epigenetic marks will be lost. The transcription elongation 
factors Spt4p and TFIIS are known to help restore the progression of transcription.   
 

Studies performed on spt4 and spt5 mutants in S.cerevisiae in conjunction with the 

deletion of elongation factor DST1 (TFIIS), which acts to rescue paused RNA polymerase II, 

have shown growth defects. These results suggest that there is a higher probability of RNA 

polymerase arrest in spt4 and spt5 mutants (Hartzog et al., 1998). The Spt4p-Spt5p complex is 
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thought to regulate elongation by preventing transcription arrest (Hartzog and Fu, 2013; Hartzog 

et al., 1998; Kwak et al., 2003). In addition to the aforementioned results, it has been observed 

on multiple occasions that under nucleotide deficient conditions in vitro, which are known to 

increase the frequency of transcription pausing, the Spt4p-Spt5p complex promotes elongation 

(Hartzog and Fu, 2013; Hartzog et al., 1998). Dst1p is another elongation factor that is also 

responsible for relieving RNA polymerase II stalling in vitro. Unlike other initiation factors that 

dissociate from the polymerase following promoter clearance, elongation factors such as Dst1p 

move along the ORF during elongation (Zawel et al., 1995). When the polymerase stalls or 

arrests, Dst1p acts to promote the ability of RNA polymerase II to cleave the 3’ end of the 

nascent RNA strand, thus allowing elongation to continue (Izban and Luse, 1992). Interestingly, 

mutations in both spt4 and dst1 have been shown to reduce the level of gene silencing at 

telomeres, as spt4 is known to interact with the telomeres in a Sir3p dependent manner (Crotti 

and Basrai, 2004). 

1.12 Epigenetic Conversions 

 PEV phenomena at different regions of the genome and in different organisms have been 

observed for many years. The core mechanism underlying these events is the switching between 

active and silent state DNA and its subsequent maintenance through many rounds of DNA 

replication. While there is a good understanding of the cis-elements and the histone 

modifications attributed to the formation of heterochromatin at affected loci, much is unknown 

about the underlying mechanisms involved in epigenetic conversions. One model takes into 

account the proximity of a locus to blocks of heterochromatin and their respective 

heterochromatic factors. This model proposes that at boundaries between euchromatin and 

heterochromatin, heterochromatic factors “spill-over” beyond the boundary and effectively 
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repress the euchromatic region (Figure 7) (Henikoff, 2008; Yankulov, 2013). Another model 

exploits the disturbance of nucleosomes by RNA polymerase II during transcription, and the 

subsequent potential for epigenetic switching. Frequent nucleosome disassembly and reassembly 

provides the possibility for the loss of epigenetic marks, manifesting as epigenetic conversions 

(Yankulov, 2013).  These models provide direction for future research.   

 

 

            

Figure-7: Position effect variegation at the telomeres in S.cerevisiae. When the reporter gene 
ADE2 is placed in the heterochromatic subtelomeric region, it is fully repressed and produces a 
red colony. When the reporter is translocated to a euchromatic region, the gene is fully expressed 
and produces a white colony. When it is placed at a heterochromatic/euchromatic boundary, the 
colony displays a variegated phenotype. 

1.13 TPE analysis with CAC1 and RRM3 mutants 

 It should be noted that most assays employed to analyze TPE measure the amount of 

silencing of a telomeric reporter gene following selection for the active state of said reporter. 

Thus, such observations reflect epigenetic switching only from expressed to silent state. That 



 19 

type of assay can leave room for ambiguity regarding whether silencing itself is impaired or 

whether the gene fails to convert to repression. Recent studies (Jeffery et al, 2013) are trying to 

circumvent this problem. In our lab we select for both the active and silent state of the reporter in 

parallel and then measure the frequency of epigenetic conversions under both conditions (Details 

will be provided in section 3.2). This new and more thorough method of TPE analysis has 

revealed that in Δcac1 mutants there is a loss of variegation, referring to conversions from active 

to silent state and vice versa. So, CAF-1 seems to be a major player in epigenetic switching. 

Interestingly, rrm3 mutants have also shown a similar phenotype as cac1 mutants. In the absence 

of Rrm3p, the frequency of epigenetic switching decreases, but to a lesser degree than that of 

cac1 mutants. However, the effect of RRM3 on the frequency of variegation has not been as 

rigorously tested as CAC1 and requires further study.  

1.14 Summary  

The mechanisms underlying gene silencing and activation have been thoroughly studied 

in S.cerevisiae over the years. Silencing at the telomeres, the mating type loci and the rRNA loci 

is established by the SIR proteins through the deacetylation of histones. The chromatin state is 

then reestablished following the passage of the replication fork, facilitated by a series of histone 

chaperones including CAF-1. At the subtelomeres, a quasi-stable pattern of gene expression due 

to rare and seemingly random switches of chromatin state has been extensively described. This 

pattern is referred to as Telomere Position Effect. A series of more enigmatic factors including 

histone acetyltransferases, subtelomeric silencing and anti-silencing elements appear to be 

involved in this phenomenon, however this relationship has not been thoroughly defined.  

Another contributing factor to Telomere Position Effect may be the frequent replication 

fork pausing that has been observed at these regions of the genome. At these and other sites of 
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the genome fork pausing caused by tightly bound proteins is resolved by the helicase Rrm3p, and 

the deletion of this protein has been shown to increase pausing at the telomeres. Tof1p is known 

to be responsible for stabilizing the paused fork until it has been resolved. Δrrm3 cells have 

shown some indications of loss of variegation phenotype that is similar, but less pronounced 

relative to Δcac1 cells. Since CAF-1 associates with the replication fork and Rrm3p is 

responsible for pause relief, it is possible that pausing may influence the frequency of 

variegation.  

1.15 Research Proposal  

 Hypotheses: 

1. The pausing of replication forks stimulates epigenetic shifts. Deletions of genes involved 

in the regulation of paused forks will affect the frequency of variegation. 

2. Pausing of RNA polymerase II will also affect the frequency of variegation. 

Objectives: 

1. To study the effect of the deletion of RRM3 and TOF1 on the frequency of epigenetic 

switching. 

2. To study the effect of the deletion of SPT4 and DST1 on the frequency of epigenetic 

switching. 

3. To establish an intrachromosomal locus with a silenced gene reporter next to a site for 

regulated pausing of the replication fork.  

4. To use this locus for analysis of the mechanism of action of RRM3 and CAF-1. 
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2. Materials and Methods 

2.1 Saccharomyces cerevisiae and Escherichia coli DH5α growth conditions  

 Yeast cells were routinely cultured in non-selective Yeast Peptone Dextrose (YPD; 1% 

yeast extract, 2% peptone, and 2% pre-sterilized glucose) at 30˚C with shaking. These cells were 

cultured in single 3 mL batches on a rotating wheel. The doubling time of the wild-type strain 

W303 was estimated to be approximately 1.5-2 h. Synthetic Complete medium (SC; 2.32 g/L 

yeast nitrogen, 2% pre-sterilized glucose, and amino acids outlined in Table 1) was used to 

culture yeast cells for selection. Amino acid and nucleobase stock solutions were prepared at 

100X concentration and filter-sterilized using a 0.20 µm nylon membrane. Glucose was prepared 

as 20% w/v stock solution and sterilized by autoclaving. 5-Fluoroorotic acid (FOA) was filter-

sterilized and added to SC medium at a final concentration of 0.1% w/v (SC/FOA). Drop-out 

media were prepared by the omission of adenine, uracil, and/or an amino acid when indicated.  

 DH5α cells were cultured in Luria-Bertani broth (LB; 1% NaCl, 1% tryptone and 0.5% 

yeast extract) at 37ºC with shaking for 16-24 h. Ampicillin was used at a final concentration of 

100 µg/mL in LB broth and solid medium. 

Table 1: Amino acid and nucleobase 100x concentrations for SC medium 

Ile Met Phe Tyr Val Arg Lys Thr Asp Glu Ser Ala Ade Ura Leu Trp His  

20 20 20 20 80 20 40 80 60 60 20 75 40 20 50 30 30 mg/L 

 

 

Calculating the generation number of S.cerevisiae: A single colony was used to inoculate 3 

mL of YPD and grown for 24-48h. Approximately 8-12 doublings occur during this time (Blythe 

et al., 2014; 2013). The liquid cultures were diluted 1:1000 and cultured for an additional 24-
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48h. The absorbance of the culture was measured at 600 nm, and was used to calculate the 

generation number using the equation: 

𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠  (𝑁) = log

𝐹𝑖𝑛𝑎𝑙  𝑂𝐷!""
𝐼𝑛𝑖𝑡𝑖𝑎𝑙  𝑂𝐷!""

log 2  

2.2 E.coli DH5α Plasmid Isolation 

 Three mL of E.coli DH5α was cultured as detailed above. Cells were pelleted at 4500 x g 

for 2 min, and resuspended by vortexing in 100 µL of buffer 1 (50 mM glucose, 10 mM EDTA, 

25 mM Tris-HCl, pH 7.5). Cells were lysed, and DNA denatured in 100 µL buffer 2 [1% SDS, 

0.2 M NaOH] followed by neutralization in 150 µL of buffer 3 (3 M C2H3KO2, 11.5% v/v glacial 

acetic acid) for 5-10 min on ice. Cell debris and genomic DNA were pelleted at 12 000 x g for 5 

min, and the supernatant containing plasmid was transferred to a microcentrifuge tube containing 

400 µL of Phenol Chloroform (1:1). The mixture was vortexed for 30 sec followed by 

centrifugation at 12 000 x g for 4 min. For precipitation of DNA, the aqueous layer was 

transferred to a microcentrifuge tube containing 95% ethanol (C2H5OH; 1:3) and NaCl (1:50) 

and incubated at -20°C for 2 h or -80°C for 1 h. DNA was pelleted at 12 000 x g for 10 min. 

Pellets were washed with 1 mL of 70% ethanol and resuspended in 40 µL of nuclease-free dH2O. 

RNA was degraded by adding RNase (10 mg/mL; 1:20) and incubating at 37°C for 2 h. To 

assess purity and quality of the isolated plasmid, 2.5 µL of the sample was electrophoresed in a 

1% TAE-agarose gel. 

2.3 DNA extraction and purification from agarose gels 

 Fragment purification was performed using the Bio-Basic EZ-10 Spin Column DNA Gel 

Extraction Kit. 100 to 300 ng of genomic or plasmid DNA was electrophoresed in a 0.8% TAE-
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agarose gel at 120 V for 40 min. The fragment was excised using a clean surgical blade, 

weighed, and placed in Binding Buffer II (400 µL per 100 mg). The gel slice was dissolved at 

50-60°C for 10 min, and added to an EZ-column. The column was incubated at room 

temperature for 2 min, and centrifuged at 6000 x g for 2 min. The flow through was discarded, 

750 µL of wash solution was added, and the column was centrifuged at 6000 x g for 1 min. The 

flow-through was decanted, the wash step repeated, and the empty column centrifuged at 6000 x 

g for 1 min to remove residual wash solution from the membrane. 30-50 µL of elution buffer was 

added to the column, incubated for 2 min at room temperature, and the DNA eluted by 

centrifugation at 6000 x g for 2 min. To assess purity and quality, 5 µL of the extract was 

electrophoresed on a 1% TAE-agarose gel. The extracted fragment was stored at -20°C. 

2.4 PCR Purification  

 PCR amplicons were purified in-solution using the Omega Bio-Tek E.Z.N.A. Cycle-Pure 

Kit. 5 volumes of the supplied CP Buffer was mixed with the PCR, transferred to the HiBind 

DNA Mini Column, and centrifuged at 11 000 x g for 1 min. The column was washed twice by 

centrifuging 700 µL of DNA Wash Buffer through the membrane at 11 000 x g for 1 min. The 

empty column was centrifuged at 11 000 x g for 1 min to remove residual wash buffer. 30-50 µL 

of elution buffer was added to the column, incubated for 2 min at room temperature, and the 

DNA eluted by centrifugation at 10 000 x g for 1 min. To assess purity and quality, 5 µL of the 

extract was electrophoresed on a 1% TAE-agarose gel. The extracted fragment was stored at       

-20°C. 

2.5 Preparation of chemically competent E.coli DH5α cells and transformation 

 A 3 mL culture of DH5α was grown in LB medium overnight at 37 °C. The next day 1 mL 

was subcultured into 100 mL of LB medium and incubated at 37°C with vigorous shaking to an 



 24 

OD600 of approximately 0.3. The culture was chilled on ice for 15 min, and the cells subsequently 

pelleted at 4500 x g at 4°C for 10 min. The cell pellet was suspended in 40 mL of ice cold 0.1 M 

CaCl2 and kept on ice for 30 min before centrifugation as before. The cell pellet was suspended 

in 6 mL of ice cold 0.1 M CaCl2 solution containing 15% glycerol, and aliquoted in 50, 100, and 

200 µL aliquots into sterile 1.5 mL microcentrifuge tubes. Cells were frozen on dry ice and 

stored at -80°C. For E. coli transformation, chemically competent cells were thawed on ice for 5 

min. 2 µL of DNA (100 ng/µL) was added to 50 µL of chemically competent cells and incubated 

on ice for 30 min before heat shocking at 42°C for 1 min. After heat shock, the cells were 

incubated on ice for 1 min, recovered with 1 mL of LB medium, and incubated at 37°C for 1 h 

with shaking. Cells were pelleted by centrifugation, and supernatant decanted until 100 µL 

remained. The pellet was suspended in the remaining 100 µL and the suspension plated on LB 

agar supplemented with 100 µg/mL of ampicillin. Plates were incubated at 37˚C for 16-24 h. 

2.6 Transformation of S.cerevisiae by electroporation 

 50 mL of S.cerevisiae culture was grown to an OD600 of approximately 1.0. Cells were 

pelleted at 3000 x g for 3 min, and washed first in 50 mL and second in 25 mL of ice-cold sterile 

dH2O. Cells were suspended in 5 mL ice-cold 1 M sorbitol, centrifuged, and suspended in 3X the 

pellet volume of ice-cold 1 M sorbitol. 2-5 µL of DNA (50-100 ng/µL) was mixed with 80 µL of 

cell suspension and electroporated in a 4 mm gapped cuvette using the BioRad Micropulser. The 

Micropulser was set to “Fungi Sc4”, and the time constant was noted. 1 mL of YPD medium 

containing 1 M Sorbitol was used to recover the cells immediately after pulsing.  The cell 

suspension was incubated at 30 °C for 1.5-3 h. The cells were pelleted by centrifugation, the 

aqueous layer was decanted until approximately 110 µL of supernatant remained, and the cells 

were suspended in this residual volume. The appropriate SC drop-out plates were divided in half 
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for plating of 100 µL of cells on one half, and the remaining 10 µL plated on the second half. 

Plates were incubated at 30°C for 3 to 4 days.  

2.7 Preparation and integration of constructs in the VII-L telomere of S.cerevisiae  

 Digestion of pADH4-Ura-tel (Gottschling et al., 1990), GF6 and GF6ΔSTAR (Fourel et al., 

1999) for transformation: 5-10 µg of plasmid was digested in a 200 µL reaction with 20 µL of 

10X Buffer O, 30 U of SalI, and 30 U of EcoRI for 3-12 h at 37°C. Restriction enzymes were 

heat inactivated at 65°C for 20 min, followed by phenol chloroform purification and ethanol 

precipitation of DNA as described in section 2.2. DNA was resuspended in 40-50 µL of 

nuclease-free dH2O, and 5 µL electrophoresed in a 1% TAE-agarose gel to confirm complete 

digestion and purification. Transformation of all yeast mutants with integrating constructs was 

done by electroporation as described in section 2.6.  

2.8 TPE assay using URA3 

 Yeast cells were transformed with the appropriate construct as described above, and 

selected for URA3 expression by two passages on SC solid medium lacking uracil (SC-ura). 

Single colonies were plated on non-selective YPD medium to allow for unrestricted active to 

silent (A→S) transitions and silencing of URA3, and subsequently plated on SC-ura and SC/FOA 

plates. Three single colonies from each plate were inoculated in 3 mL of YPD media and grown 

for 10-20 generations at 30°C. These cultures were serially diluted and spotted on YPD, SC-ura 

and SC/FOA solid medium. After 4 days of growth at 30°C, colonies from each plate were 

counted, and the percentage of cells growing on SC-ura (representing cells with active URA3, 

%URA+) and SC/FOA (these represent cells with silenced URA3, %FOAR) was calculated. 
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2.9 Cloning of fragments into vectors 

Insert Preparation: The insert was digested out of the plasmid with the appropriate restriction 

enzymes, and electrophoresed in a 0.8 % TAE- agarose gel. The insert was gel purified as 

described in section 2.3. If the insert was a PCR product, the amplicon was produced using 

primers harbouring the appropriate cut sites. The DNA was purified as described in section 2.4, 

digested with the appropriate restriction enzymes followed by heat inactivation of enzymes.  

Preparation of vector: The desired plasmid was digested with the appropriate restriction 

enzymes and treated with alkaline phosphatase to prevent re-ligation. The alkaline phosphatase 

was heat inactivated.   

Ligation and Transformation: The prepared insert was combined with the prepared vector in a 

20 µL ligation reaction with a 3:1, 5:1, and 7:1 insert to vector ratios and incubated at 15°C 

overnight. 2-4 µL of the ligation reaction were then transformed into chemically competent 

DH5α as described in section 2.5. 100 µL of cells were spread on LB agar supplemented with 

100 µg/mL of ampicillin and incubated at 37°C for 16-24 h. 15-20 positive clones were 

subjected to plasmid prep as described in section 2.2. Plasmids were subjected to a diagnostic 

digest with the appropriate restriction enzyme to check for successful ligation followed by 

sequencing. 

2.10 DNA sequencing analysis 

 All sequencing of DNA was performed at the Advanced Analysis Centre Genomics 

Facility located in the University of Guelph. Concentrations of DNA and primer followed were 

according to outlined submission procedures (http://www.uoguelph.ca/~genomics/). 

2.11 S.cerevisiae protein preparation and Western Immunoblotting 

 6 mL of S.cerevisiae culture was grown to an OD600 of approximately 1.0. Cells were 
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pelleted at 3000 x g for 3 min, and washed in 15 mL of ice-cold dH2O. Cells were resuspended 

in residual liquid, transferred to a 1.5 mL microcentrifuge tube, washed again with 1 mL of ice-

cold dH2O, and resuspended in 50 µL of dH2O. Cells were incubated at 95˚C for 5 min then 

placed on ice. 70 µL of hot 2X SDS Sample Buffer (125 mM Tris-HCl, pH 6.8, 20% v/v 

glycerol, 4% w/v SDS, 0.002% w/v Bromophenol Blue, 8M Urea, 10% v/v 2-Mercaptoethanol) 

and 300 µL of 0.55 mm glass beads were added. Cells were lysed by vortexing at 4˚C for 12 

min. Tubes were pierced with a hot needle, placed in a new 1.5 mL microcentrifuge tube for 

collection, and lysed cell suspension was separated from beads by centrifugation at 100 x g. The 

lysate was centrifuged at 2000 x g for 5 min at 4˚C, and subsequently the lysate was cleared of 

debris at 12 000 x g at 4˚C for 15 min and pellet discarded. Supernatant was stored at  

-80˚C until ready for use.  

 The protein samples were electrophoresed through a 10% denaturing polyacrylamide gel 

and the proteins were transferred to an Immobilon -PTM (Millipore®) PVDF membrane. Prior to 

transfer, the membrane was wetted with 100% methanol. The proteins were then transferred 

from the gel to the membrane by immersion in Transfer buffer (48 mM Tris base, 39 mM 

glycine, 10% v/v methanol, 0.03% w/v SDS) and subjected to semidry electroblotting (BioRad® 

Transblot SD). The membrane was then blocked with 5% w/v non-fat dry milk in TBST (140 

mM NaCl, 25 mM Tris-HCl, pH 7.5, 0.2% v/v Tween-20) for 1 h at room temperature. The 

preferred proteins were detected by incubating the membrane with the appropriate specific 

primary antibody overnight at 4˚C. Membrane was washed 3 times with 1% w/v non-fat dry milk 

in TBST, followed by incubation in the appropriate secondary antibody coupled to horseradish 

peroxidase for 1 h at room temperature. The blots were developed using Chemiluminescence 

reagent (Pierce®) followed by exposure to X-ray sheets and developing in a dark room.   
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2.12 Chromatin Immunoprecipitation (ChIP) and quantitative PCR (qPCR) 

 A 3 mL culture of S.cerevisiae was grown overnight to saturation and then subcultured 

into 50 mL of YPD medium to an OD600 of approximately 0.2. The culture was incubated at  

30 ˚C with vigorous shaking to an OD600 of approximately 1.0. To crosslink chromatin to 

adjacent proteins, formaldehyde was added to the culture to a final concentration of 1.6% and 

then incubated at room temperature for 30 min. To quench crosslinking, the cells were pelleted at 

3000 x g for 3 min, resuspended in 10 mL of ice-cold 250 mM Glycine and incubated for 5 min 

on ice. The cells were pelleted as above, resuspended in 1 mL of pre-Zymolyase buffer (1 M 

sorbitol, 10 mM 2-Mercaptoethanol) and incubated at 30˚C for 15 min. The cells were pelleted at 

2000 x g and resuspended in 1 mL of Zymolyase buffer (50 mM Tris-HCl, pH 7.5, 5 mM MgCl2, 

0.8 M Sorbitol, 10 mM 2-Mercaptoethanol) and 3 µL of 40 mg/mL Zymolyase was added. To 

facilitate digestion of the cell wall by Zymolyase, the cells were incubated at 30˚C for 15 min. 

They were pelleted as above and resuspended in 300 µL of Lysis buffer with protease inhibitors 

(50 mM Tris-HCl, pH 7.5, 140 mM NaCl, 2 mM EDTA, 1 µM Bestatin, 1 µM PepstatinA, 1 µM 

Aprotinin, 2 mM Benzamidine, and 0.5 mM PMSF). To lyse the cells, approximately 600 µL of 

chilled 0.55 mm glass beads were added to cell suspension followed by 12 cycles of vortexing, 

30 sec on and 30 sec off, at 4˚C. The lysed cell suspension was separated from the beads by 

centrifugation at 100 x g for 1 min. 100 µL of Lysis buffer with protease inhibitors and 

detergents  (50 mM Tris-HCl, pH 7.5, 140 mM NaCl, 2 mM EDTA, 0.1 µM Bestatin, 0.1 µM 

PepstatinA, 0.1 µM Aprotinin, 1.8% Triton X-100, 0.3% SDS, 120 µg/mL tRNA) was added 

followed by incubation at 4˚ C for 15 min. Chromatin was sheared by sonication (Misonix XL-

2020) in a cuphorn filled with ice-cold 10% w/v polyethelyne glycol 3000 for 6 cycles, 30 sec on 

30 sec off at 50% output, 5 min recovery on ice, followed by another 6 cycles as described 
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previously. The protocol for shearing of DNA was optimized and input is shown in Appendix-A. 

The suspension was incubated at 4˚C for 30 min, followed by centrifugation at 12 000 x g.  

To capture the ectopically expressed FLAG- or MYC-tagged proteins, the supernatant 

was added to 20 µL of SepharoseA beads coated with anti-MYC (mouse) antibody or anti-FLAG 

IP resin (GenScript) and incubated overnight at 4˚C rocking. The beads were centrifuged for 2 

min at 1000 x g and washed with 1 mL of Lysis buffer with protease inhibitors (50 mM Tris-

HCl, 140 mM NaCl, 2 mM EDTA, 1 µM Bestatin, 1 µM PepstatinA, 1 µM Aprotinin, 2 mM 

Benzamidine, and 0.5 mM PMSF, 0.3 % v/v Triton X-100, 0.05% w/v SDS), centrifuged and 

washed as above with Lysis buffer with detergents (50 mM Tris-HCl, 140 mM NaCl, 2 mM 

EDTA, 0.3 % v/v Triton X-100, 0.05% w/v SDS). The beads were washed with Lysis buffer 

with detergents and 350 mM NaCl, and again with Lysis buffer with detergent. The beads were 

then washed with Lithium Acetate buffer (250 mM Lithium Acetate, 0.3% v/v Triton X-100, 

0.05% SDS), and finally with Elution buffer (10mM Tris-Cl, 1 mM EDTA, 0.2% v/v Triton X-

100, 20 µg/mL tRNA). Beads were resuspended in 150 µL of Elution buffer, followed by 

incubation overnight at 65˚C to un-crosslink protein-DNA complexes. Beads were centrifuged at 

2000 x g for 5 min. The DNA-containing supernatant was subjected to phenol chloroform 

purification and ethanol precipitation of DNA as described in section 2.2. 

 qPCR was performed using the SensiFAST™ SYBR® Hi-ROX One-Step Kit and 

StepOnePlus ™ machine and software for analysis. Primers used are listed in Appendix-B.   
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3. Results 

3.1 Research design and generation of the strains used in this study 

 In order to examine the effect of certain genes on the frequency of epigenetic conversions 

at the telomeres of S.cerevisiae, I have used strains with deletions of the genes of interest. These 

strains are listed in Table 2. The deletion mutants (Δcac1, Δrrm3, Δtof1, and Δsas2) have been 

acquired from the yeast non-essential gene deletion collection (ATCC). They are haploid strains 

that harbor KanMX replacements of target genes in the parental strain BY4742. The Δspt4 and the 

Δdst1 strains have been provided by Dr. M. Basrai and Dr. Ehrenhofer-Murray respectively. 

They harbor targeted deletions of these genes in the W303 strain, which has a different genetic 

background than the BY4742 strain. These strains have been transformed with a DNA fragment 

that inserts the URA3 reporter between the position of the ADH4 gene and the VII-L telomere. 

The insertion of URA3 next to the VII-L (or any other) telomere produces a typical PEV 

phenotype. URA3 is either active (as detected by the growth of cells on medium lacking uracil) 

or completely repressed (as detected by growth of the cells on medium containing 5-FOA) 

(Gottschling et al., 1990). 5-FOA (5-Fluoro-Orotic Acid) is a non-toxic precursor of UMP but is 

converted to the highly toxic 5-FUMP when URA3 is expressed. Any cells expressing URA3 will 

die upon plating on SC-FOA, while cells repressing URA3 will produce colonies (Gottschling et 

al., 1990). The successful insertion of URA3 was confirmed by PCR (shown in Appendix-C) and 

by evidence for PEV of URA3 (growth of the transformed cells on both SC-ura and SC/FOA 

plates). In the BY4742 strain, the insertion of URA3 at the VII-L telomere produces about 30% 

FOAR cell and 70% cells that grow on SC-ura (Power et al., 2011). Deviation from this ratio is 

considered evidence for the deregulation of TPE.  
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Table 2: Strains used in this study 
Strain Genotype Reference 
BY4742 his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 MATα Open Biosystems 
W303  MATa ade2-1 his3-11,15 leu2-3, 112 trp1-1 ura3-1 can1-100 Open Biosystems 
Δcac1 BY4742 cac1::KanMX  Open Biosystems 
Δcac1 W303 cac1::LEU2 Linger and Tyler, 2007 
Δdst1 ade2 his3 TRP1 MET15 leu2 ura3 dst1::KanMX MATα Heise et al., 2012 
Δrrm3 BY4742 rrm3::KanMX Open Biosystems 
Δspt4 ppr1::HIS3 spt4::KanMX Crotti and Basrai, 2004 
Δsas2 BY4742 sas2::KanMX Open Biosystems 
Δsas3 BY4742 sas3::KanMX Open Biosystems 
Δtof1 BY4742 tof1::KanMX  Open Biosystems 
YBH17 W303, RFB::URA3(chr.III 48540–48608) RFB::LEU2(chr.III 64547–

64642)  fob1::UASgFOB1  
Calzada et al., 2005 

Δcac1 Δrrm3 W303 cac1::LEU2 rrm3::TRP  This study 
JZT200 MATa ade2 ade3 leu2-3, 112 ura3Δ trp1Δ lys2-801 can1 adh4::URA3 

RRM3-13MYC 
Azvolinsky et al., 2006 

Δcac1 
CAC1-FLAG 

BY4742 cac1::KanMX pRS315 CAC1-FLAG  This study 

yAT826 W303, MATa lys2::E-ADE2-I – lacO120 -TRP1 leu2::GFP-LacI-LEU2  Dubarry et al., 2011 
yAT945 W303, MATa leu2::GFP-LacI-LEU2 lys2:: E-ADE2-I – lacO120 -TRP1 

rrm3::KanMX  
Dubarry et al., 2011 

yAT1023 W303, MATa ade2-1 nup49::NUP49-GFP his3::GFP-LacI-HIS3 
lys2::E-ADE2-I lys2::TRP1   

Dubarry et al., 2011 

yAT1024 yAT1023 rrm3::KanMX  Dubarry et al., 2011 
yRO1 yAT1023 cac1::KanMX pRS317 RRM3-13MYC This study 
yRO2 yAT826 cac1::KanMX pRS317 RRM3-13MYC This study 
yRO3 yAT1023 pRS317 RRM3-13MYC This study 
yRO4 yAT826  pRS317 RRM3-13MYC This study 
yRO5 yAT1024 pRS317 CAC1-FLAG This study 
yRO6 yAT945 pRS317 CAC1-FLAG This study 
yRO7 yAT1023 pRS317 CAC1-FLAG This study 
yRO8 yAT826 pRS317 CAC1-FLAG This study 

 

3.2 An assay for the frequency of epigenetic conversions 

Our lab has modified a commonly used assay to better estimate the frequency of both 

A→S and S→A conversions (Figure 8) (Jeffery et al., 2013). I have extensively used this 

modified assay. 
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Briefly, cells with a telomeric URA3 reporter were selected in parallel on both plates 

containing 5-FOA (SC/FOA) and lacking uracil (SC-ura) before inoculation into non-selective 

liquid medium to allow for unrestricted epigenetic switching. After 20 generations of growth, 

aliquots of these cultures were serially diluted and plated in parallel on SC/FOA, SC-ura and 

non-selective YPD plates. The proportion of URA3-expressing cells were calculated as number 

of cells growing on SC-ura plates divided by the number of cells growing on YPD plates. I used 

similar calculations to determine the proportion of cells with repressed URA3. As mentioned 

earlier, in BY4742 cells, the culture reaches equilibrium of 70% URA+/ 30% URA- cells after 20 

generations of non-selective growth.  However, in Δcac1 cells, such equilibrium is reached after 

more than 100 generations of non-selective growth. At the 20th generation, these cells show 

dramatic dependence on the initial selection (SC-ura or SC/FOA). Such a phenotype is solid 

evidence for the reduction of the frequency of epigenetic conversions (Jeffery et al., 2013). I 

have used the phenotype displayed in Δcac1 cells as a benchmark for loss of variegation. 

This assay has been modified from a more commonly used assay in which cells with the 

URA3 reporter are only selected on SC-ura, followed by growth of the transformants in non-

selective medium for 20 generations. It is assumed, but rarely confirmed, that at this time point 

the culture has reached a dynamic equilibrium of cells with silenced and active URA3. 

Subsequently, aliquots of these cultures are applied to SC/FOA and non-selective YPD plates. 

This assay is geared to only measure the silent to active (S→A) conversions and one can easily 

misinterpret loss of gene silencing for loss of epigenetic conversions.  
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3.3 The deletion of DST1 or SPT4 does not alter the frequency of epigenetic conversions at 

the telomere 

As mentioned previously, it has been recently observed that the majority of epigenetic 

switches in differentiating human embryonic stem cells involve transcriptional pausing (Golob et 

al., 2011). I wanted to investigate if transcriptional pausing is involved in epigenetic switches in 

S.cerevisiae. For these experiments I have chosen mutants with deleted transcription elongation 

factors. 

 

Figure-8: TPE assay to determine frequency of epigenetic shifts. Cells harboring the URA3 
reporter gene in the VII-L telomere are selected in parallel on both SC/FOA and SC-ura plates 
and then allowed to grow in non-selective medium for 20 or more generations. Aliquots of these 
cultures are then applied to SC/FOA, SC-ura and non-selective YPD. 
 

The transcription elongation factor Spt4p forms a complex with Spt5p, however their 

mode of action remains poorly understood (Blythe et al., 2014). Studies performed on Δspt4 and 

Δspt5 mutants in S.cerevisiae in conjunction with the deletion of elongation factor dst1 (TFIIS), 

which acts to rescue paused RNA polymerase II, have shown growth defects. These results 

suggest that there is a higher probability of RNA polymerase arrest in spt4 and spt5 mutants       
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(Hartzog et al., 1998). When the polymerase stalls or arrests, TFIIS allows elongation to continue 

by enabling polymerase II to cleave the 3’ end of the nascent RNA strand (Izban and Luse, 

1992). Mutations in both spt4 and dst1 have been shown to reduce the level of gene silencing at 

telomeres (Crotti and Basrai, 2004). However, the effect of these two genes on variegation has 

not been explored. In order to determine if transcriptional pausing affects frequency of 

variegation, I inserted the URA3 gene reporter in the VII-L telomere (Figure 9) of 2 strains with 

deletions of Δdst1 and Δspt4. I applied the TPE assay as described in section 3.2 to these mutants 

and calculated the proportion of URA+/URA- cells following selection on SC-ura and SC/FOA 

and 10 and 20 generations of non-selective growth (measured as the number of colonies that 

survived on selective media divided by the number of colonies on the non-selective media). 

BY4742 and Δcac1 cells served as wild type and loss of variegation controls respectively.  

Three biological replicates of each mutant were assayed at the 10th and 20th generation. 

This process was repeated twice and all the data has been combined as seen in Table 3. Taking 

into account all 6 biological replicates, after selection on SC/FOA, Δdst1 cells showed 34% 

FOAR and 32% URA+ at generation 20. Following selection on SC-ura, Δdst1 showed 22% 

FOAR and 61% URA+. Δspt4 cells similarly showed 26% FOAR and 46% URA+ after initial 

selection on SC/FOA, and 22% FOAR and 48% URA+ after selection on SC-ura (Table 3) 

(Figure 10). 

Both Δdst1 and Δspt4 mutants showed similar %FOAR and % URA+ values, and relative 

to their wild type counterpart, they show reduced %FOAR values regardless of initial selection. 

This preliminary result agrees with earlier experiments demonstrating a moderate loss of 

silencing phenotype, indicating that the deletion of these genes hinder URA3 repression despite 

the epi-state of the gene prior to plating (Crotti and Basrai, 2004). To determine if these results 
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were significantly different from wild type, I performed a two-tailed un-paired T-test assuming 

equal variances. In regards to Δdst1 after initial selection on SC/FOA the p-value for %FOAR 

was greater than 0.05 and for %URA+ was less than 0.05. Following initial selection on SC-ura, 

the p-values for both %FOAR and %URA+ were less than 0.05. In Δspt4 cells, the p-values for 

both %FOAR and %URA+ following both selections were less than 0.05. These values confirm 

that both mutants vary significantly from wild type with the exception of  %FOAR after selection 

on SC/FOA in Δdst1.  

This however, does not suggest influence on epigenetic conversions from both active and 

silent state. In some of these experiments, the %FOAR and % URA+ values do not add up to 

100% as would be expected. While this issue suggests technical problems and compromises the 

credibility of my conclusions, the persistent similar ratios of %FOAR to % URA+ regardless of 

the initial selection offered no support to the idea that epigenetic switches were affected. For 

example, in Δspt4 cells, the ratio of %FOAR to % URA+ was 2:1 from both selection on SC/FOA 

and SC-ura. Δdst1 cells showed 1:1 %FOAR to % URA+ after selection on SC/FOA and a 1:3 

following selection on SC-ura. Taking all of this into consideration, there is no evidence thus far 

that has suggested that the frequency of epigenetic variegation is altered in these mutants. For 

this reason, SPT4 and DST1 were not explored further.  
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Figure-9: Targeted insertion of the URA3 reporter gene into the VII-L telomere. The 
plasmid pADH4-Ura-tel is digested and transformed into the target Δura3 strain via 
electroporation. The construct is flanked by a portion of ADH4 (alcohol dehydrogenase 
isoenzyme type IV) and telomeric repeats designed for targeted integration into the VII-L 
telomere.   
 
 
Table 3: Measurements of the %FOAR and %URA+ cells after selection on SC/FOA and  
SC-ura plates. 
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SalI, EcoRI,

URA3 ADH4 
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  ADH4 

%FOAR STDev %URA+ STDev %FOAR STDev %URA+ STDev
URA3%tel

wt*(BY4742) 46.0% 8.1% (n=3) 54.4% 2.4% (n=3) 46.4% 7.7% (n=3) 64.3% 6.7% (n=3)
∆rrm3 91.9% 4.1% (n=9) 6.0% 3.1% (n=9) 14.1% 7.3% (n=9) 88.9% 3.7% (n=9)
∆cac1 91.0% 8.0% (n=3) 1.0% 2.0% (n=3) 1.0% 1.0% (n=3) 97.0% 8.0% (n=3)
∆tof1 22.9% 11.9% (n=9) 71.9% 6.7% (n=9) 26.5% 5.1% (n=9) 80.6% 9.5% (n=9)
∆spt4 25.9% 5.1% (n=6) 45.9% 11.1% (n=6) 21.8% 12.0% (n=6) 47.8% 12.4% (n=6)
∆dst1 33.9% 6.4% (n=6) 32.2% 14.1% (n=6) 22.0% 9.3% (n=6) 61.4% 14.2% (n=6)
∆sas2 90.8% 4.0% (n=12) 3.0% 1.7% (n=12) 0.0% 0.0% (n=12) 97.6% 3.8% (n=12)
∆sas3 42.9% 5.3% (n=9) 73.8% 1.7% (n=9) 45.0% 8.3% (n=9) 55.1% 0.8% (n=6)

∆cac1∆rrm3 5.4% 3.5% (n=6) 88.7% 8.1% (n=6) 4.5% 3.8% (n=6) 87.2% 6.0% (n=6)
GF6

∆sas2 95.6% 2.8% (n=3) 0.0% 0.0% (n=3) 43.3% 5.5% (n=3) 74.2% 2.8% (n=3)
GF6*∆STAR

∆sas2 87.3% 8.5% (n=3) 0.0% 0.0% (n=3) 70.6% 2.0% (n=3) 36.8% 2.0% (n=3)

Initial(Selection(on(SC/FOA Initial(Selection(on(SC2ura
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3.4 The effects of the deletion of TOF1 and RRM3 on the frequency of epigenetic 

conversions at the telomere 

 As previously discussed, the subtelomeric regions in S.cerevisiae show PEV, as well as a 

high frequency of replication fork pausing as determined by two-dimensional “neutral-neutral” 

DNA gel electrophoresis (Anand et al., 2012; Power et al., 2011; Yankulov, 2013). Pausing 

caused by tightly bound proteins is resolved by the helicase Rrm3p (Anand et al., 2012). 

Similarly, Tof1p is known to maintain and process the paused fork, though its mechanism of 

action is not yet understood (Mirkin and Mirkin, 2007; Stamenova et al., 2009). Preliminary data 

in our lab had shown that the deletion of RRM3 causes a loss of variegation phenotype similar to 

that seen in CAC1 deletion mutants. However, Δrrm3 mutants had not been as rigorously tested 

as Δcac1. Conversely, the frequency of variegation in Δtof1 had not been explored, however the 

phenotype seen in Δrrm3 cells suggested further exploration of factors involved in fork pausing.  

To determine if replication fork pausing influences the frequency of epigenetic 

conversions, I utilized the TPE assay on Δrrm3 and Δtof1 mutants. I applied the TPE assay as 

described in section 3.2 to these mutants and calculated the proportion of URA+/FOAR cells 

following selection on SC-ura and SC/FOA and 10 and 20 generations of non-selective growth 

(measured as the number of colonies that survived on selective media divided by the number of 

colonies on the non-selective media). BY4742 and Δcac1 cells once again served as wild type 

and loss of variegation controls respectively.  

Three biological replicates of each mutant were assayed at the 10th and 20th generation. 

This process was repeated three times for RRM3 and TOF1 mutants. The results as shown in 

Table 3 include these data. Taking into account all 9 biological replicates, after selection on 

SC/FOA, Δrrm3 cells showed 92% FOAR and 6% URA+ at generation 20, a 15-fold difference. 
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Following selection on SC-ura, Δrrm3 showed 14% FOAR and 85% URA+, a 6-fold difference. 

Conversely, Δtof1 cells showed 23% FOAR and 72% URA+ after initial selection on SC/FOA, 

and 26% FOAR and 81% URA+ after selection on SC-ura, a 3-fold difference under both 

selections (Table 3) (Figure 9).  

Δtof1 cells showed a reduction in %FOAR and an increase in %URA+ cells relative to 

wildtype regardless of initial selection, displaying a loss of silencing phenotype. These results 

did not warrant further investigation, as they did not indicate any influence on epigenetic 

conversions from both active and silent state.  

The deletion of RRM3 showed a very similar, though not as extreme, phenotype to Δcac1 

cells. Its %FOAR was highly dependent on the initial selection. These data indicated a loss of 

variegation, similar to the phenotype seen in Δcac1 cells. To ensure that the difference I observed 

between wild type and Δrrm3 cells was statistically significant I performed a two-tailed un-

paired T-test assuming equal variances. After initial selection on both SC/FOA and SC-ura, the 

p-values for %FOAR and %URA+ were all less than 0.01. With the knowledge that this variation 

from wildtype is statistically significant, I was confident that RRM3 was the second gene ever to 

show this effect on TPE.  
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Figure-10: Frequency of epigenetic conversions at the telomere in several deletion mutants 
and wild type cells at generation 20. The URA3-tel construct was integrated in the strains 
shown along the horizontal axis. Cells were selected separately on SC/FOA (upper graph) and 
SC-ura (lower graph) and single colonies were transferred to YPD to grow for approximately 20 
generations. Culture was serially (1:10) diluted and spotted on YPD, SC-ura and SC/FOA. 
Colonies were counted and the percentage of FOAR (black columns) and URA+ (open columns) 
was calculated. The data is from Table 3. 

3.5 The effects of the deletion of SAS2 and SAS3 on the frequency of epigenetic conversions 

at the telomere 

 Epigenetic switches require histone modifications, and as such, there must be other 

players involved in the affects we see in Δcac1 and Δrrm3 cells, as these two proteins lack 

histone-modifying activity. As described previously, Sas2p and Sas3p are HATs known to 
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acetylate histones. Notably, Sas2p acetylates H4K16, the same residue deacetylated by Sir2p. 

These two proteins, Sas2p in particular, are candidates that may be working in concert with 

Cac1p and Rrm3p to change epigenetic state at the telomere. I wanted to determine if the 

deletion of SAS2 or SAS3 would influence the frequency of conversions. I used the TPE assay 

with Δsas2 and Δsas3 cells and looked for deviations from the phenotype observed in wildtype 

cells. 

Three biological replicates of each mutant were assayed at the 10th and 20th generations. 

This process was repeated four times for SAS2 and three times with SAS3. The results of these 

experiments are shown in Table 3. Taking into account all 9 biological replicates, after selection 

on SC/FOA, Δsas3 cells showed 43% FOAR and 74% URA+ at generation 20. Following 

selection on SC-ura, Δsas3 showed 14% FOAR and 85% URA+ (Figure 10). Δsas3 did not show a 

strong deviation from the results seen in wild type cells. Regardless of initial selection, they 

showed a slight decrease in %FOAR. These results did not indicate an affect on the frequency of 

variegation, but suggested a slight inability to repress URA3. As such, SAS3 was not pursued 

further.  

Surprisingly, when the assay was applied to Δsas2 cells, I saw an extreme loss of 

variegation after 10 and 20 generations of unrestricted growth, a similar phenotype as that seen 

in Δcac1 cells. After selection on SC/FOA, Δsas2 cells showed an average of 91% FOAR and 3% 

URA+ at generation 20. Following selection on SC-ura, the cells showed 0% FOAR and 98% 

URA+ (Figure 10). Δsas2 cells were very dependent on initial selection, and strikingly, could not 

grow at all on SC/FOA after selection on SC-ura. These results suggest that the loss of SAS2 

gives rise to the inability to switch the epi-state of a reporter gene at the telomere. This was the 

third gene to show this loss of variegation phenotype, along with RRM3 and CAC1.   
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3.6 The effects of telomeric elements on frequency of variegation in Δsas2 cells  

 Following the time course experiments using the simple URA3-tel construct in Δsas2 

cells, it became apparent that the phenotype observed was caused by alterations in the frequency 

of epigenetic conversions. However, it has been previously shown that Δsas2 mutants can show a 

dramatically different effect with natural and truncated telomeres (Power et al., 2011). 

Specifically, earlier studies have shown that the addition of subtelomeric elements between the 

telomere and the URA3 reporter muffled the magnitude of the loss of silencing effects (Power et 

al., 2011). My previous experiments revealing the loss of variegation phenotype with the simple 

URA3-tel construct may be linked to these effects. As such, I performed the TPE assay with 

synthetic telomeres that contained subtelomeric proto-silencer and anti-silencer elements (Figure 

11). I inserted the construct GF6 (Fourel et al., 2002), which included a subtelomeric proto-

silencer and anti-silencer (STAR), into the VII-L telomere of Δsas2 cells.  

 

Figure-11: Constructs used to analyze the influence of telomeric elements on telomere 
position effect. The maps of the constructs (not to scale) used in this study. All integrate in the 
VII-L telomere by homologous recombination. The positions of the core X from the II-R 
telomere and the Y’ element from the XII-L telomere (black rectangles), the STARs from the same 
telomeres (grey rectangles), URA3, ADH4 and the telomeric TG1-3 repeats are shown above.  
 

I performed this assay with three biological replicates, and after selection on SC/FOA, 

Δsas2 cells showed 96% FOAR and 0% URA+ at generation 20. Following selection on SC-ura, 

they showed 43% FOAR and 74% URA+ (Table 3). With the addition of the telomeric silencing 

and anti-silencing elements, Δsas2 cells have gained the ability to silence the URA3 reporter 
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following selection on SC-ura compared to their counterparts transformed with the simple 

URA3-tel construct. To further explore the influence of subtelomeric elements on frequency of 

variegation, concurrently with the previous assay, I transformed Δsas2 cells with the GF6 ΔSTAR 

construct, which lacks the anti-silencing element in GF6. I performed the assay with three 

biological replicates, and after selection on SC/FOA, the Δsas2 cells showed 90% FOAR and 0% 

URA+. Following selection on SC-ura, they showed 71% FOAR and 37% URA+ (Table 3) 

(Figure 12). This difference from the results seen in the cells with the simple URA3-tel construct 

suggests that telomeric elements influence the TPE phenotype in Δsas2 mutants.  

 

Figure-12: Silencing and anti-silencing telomeric elements affect frequency of variegation 
in Δsas2. The URA3-tel, GF6 and GF6ΔSTAR constructs (Figure 10) were integrated into the 
VII-L telomere in Δsas2 cells and subjected to the TPE assay as described in 3.2. Data can be 
seen in Table 3. 
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3.7 The effects of the deletion of RRM3 and SAS2 on the frequency of epigenetic 

conversions at the telomere through multiple generations 

 In Δrrm3 and Δsas2 cells, the TPE assay data at generation 20 was indicative of a loss of 

variegation phenotype, however, this alone is not compelling evidence. As such, I carried out a 

time course with the aforementioned deletion mutants, carrying out the assay through multiple 

generations to determine if this phenotype was transient. After selection on SC/FOA and SC-ura, 

YPD was inoculated as described in section 3.2. At approximately generation 10, I performed the 

TPE assay, and then subcultured 1:1000 times and repeated this process through approximately 

60 generations.  Using the data obtained from this time course assay, I was able to estimate the 

frequency of both A→S and S→A conversions utilizing the following formula from Jeffery et 

al., 2013:  

𝑌(!)! = 𝑌(!)!!! − 𝑌! !!!×𝐶 !→! + 1− 𝑌! !!! ×𝐶 !→!  

 YA represents the proportion of URA+ cells at any given generation (n-1, n, n+1). C(A→S) 

is the coefficient of conversions from active to silent state and C(S→A) is the coefficient of 

conversions from silent to active state (Jeffery et al., 2013). The C(A→S)  and C(S→A) values can be 

used to directly measure the rates of  “A→S” and  “S→A” conversions.  

This experiment was performed by Jeffery et al., 2013 in wild type and Δcac1 cells and 

those results can be seen in Figure 13. They showed that wild type cells produced values of CA→S 

= 6.3% and CS→A = 8.0%. I performed the same experiment on Δrrm3 and Δsas2 cells (data 

shown in tables 4 and 5 respectively). Δrrm3 produced values of CA→S = 0.48% and CS→A = 

0.24% (Figure 14). These rates of conversion are lower than those observed in wild type cells, 

supporting the data I gathered from the 20 generation experiment. Given more time, cells lacking 

RRM3 still do not regain the ability to convert the URA3 reporter from either silent to active or 
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vice versa. Similarly, Δsas2 cells produced values of CA→S = 0.24% and CS→A = 0.01% (Figure 

14). Notably, along with a very slow A→S rate of conversion, these cells show a complete 

inability to switch the reporter from silent to active, which had not been seen in Δrrm3 or Δcac1 

cells. 

 

Figure-13: Assessment of the frequency of variegation at the VII-L telomere over multiple 
generations in wild type and Δcac1 cells. Modified from (Jeffery et al., 2013). A) Best fit 
analysis of “A→S” and  “S→A” conversion rates in wild type (W303). The cells were selected 
on SC-ura (black squares), and SC/FOA (grey squares) and over multiple generations and the 
%FOAR was measured and plotted. The best fit analysis produced values of CS→A=8.0% and 
CA→S=0.06%. B) The rates of conversion in Δcac1 cells assayed as in A), grown for 160 
generations. Best fit analysis for the first 50 generations produced values of CS→A=0.44% and 
CA→S=6.3%. 
 

 

 

A 

B 
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Figure-14: Assessment of the frequency of variegation at the VII-L telomere over multiple 
generations in Δrrm3 and Δsas2 cells. Best fit analysis of “A→S” and  “S→A” conversion 
rates in Δrrm3 cells (A) and Δsas2 cells (B). The cells were selected on SC-ura (large black 
squares), and SC/FOA (large grey squares) and over multiple generations and the %FOAR was 
measured and plotted. 
 

Table 4: Measurements of the %FOAR and %URA+ cells after selection on SC/FOA and  
SC-ura plates through 60 generations in Δrrm3 cells 

 

 

Generation %FOAR STDev %URA+ STDev %FOAR STDev %URA+ STDev
10 96.1% 2.5% 35.5% 12.9% 8.4% 1.8% 69.2% 7.0%
20 96.8% 1.9% 31.7% 8.5% 6.3% 4.3% 51.9% 6.2%
30 78.7% 5.2% 8.0% 5.4% 8.8% 2.2% 55.7% 10.5%
40 80.4% 5.6% 25.7% 1.0% 8.8% 2.2% 67.7% 3.8%
50 86.0% 1.0% 6.3% 0.6% 6.1% 1.1% 71.0% 5.3%
60 94.0% 3.3% 19.7% 1.6% 12.2% 2.4% 30.6% 8.2%

Initial6Selection6on6SC/FOA Initial6Selection6on6SC:ura
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Table 5: Measurements of the %FOAR and %URA+ cells after selection on SC/FOA and  
SC-ura plates through 60 generations in Δsas2 cells 

 

3.8 The effects of the concurrent deletion of RRM3 and CAC1 on frequency of variegation  

 Δcac1 and Δrrm3 cells showed similar loss of variegation phenotypes following the TPE 

assay with the URA3-tel construct. Furthermore, both proteins are known to interact with PCNA 

at the replication fork as they both contain a PIP box (Rolef Ben-Shahar et al., 2009; Schmidt et 

al., 2002), however the exact nature of these interactions is unknown. Given this information, it 

is possible that these two proteins may be working in concert at the replication fork. In order to 

test this possibility, I made a Δcac1 Δrrm3 double mutant and performed the TPE assay with the 

URA3-tel construct.  

 Three biological replicates of the double mutant were assayed at the 10th and 20th 

generations, and this process was repeated twice. Taking into account all 6 biological replicates, 

and after selection on SC/FOA, the Δcac1Δrrm3 cells showed 5% FOAR and 89% URA+ at the 

20th generation. Following selection on SC-ura, they showed 4% FOAR and 87% URA+. The data 

is shown in Table 3 and Figure 15. Regardless of initial selection, the double mutant has lost the 

ability to silence the URA3 reporter, suggesting a severe loss of silencing phenotype. Notably, in 

comparison to the data obtained from Δcac1 and Δrrm3 deletion mutants, it appears that the 

deletion of both genes leads to a reversion of the loss of variegation phenotype to a loss of 

Generation %FOAR STDev %URA+ STDev %FOAR STDev %URA+ STDev
9 87.2% 12.8% 13.4% 3.2% 0.0% 0.0% 96.5% 3.5%
19 90.6% 5.4% 5.3% 3.6% 0.0% 0.0% 90.2% 0.6%
29 98.6% 2.0% 0.0% 0.0% 0.0% 0.0% 92.9% 3.7%
39 96.8% 1.4% 49.0% 8.5% 0.0% 0.0% 92.1% 5.4%
49 94.3% 0.1% 5.7% 2.6% 0.0% 0.0% 88.8% 9.1%
59 97.8% 3.1% 10.0% 4.3% 0.0% 0.0% 95.7% 3.3%

Initial6Selection6on6SC/FOA Initial6Selection6on6SC:ura
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silencing phenotype. These results further support the idea that the two proteins may be 

interacting somehow at the replication fork.  

 

Figure-15: The deletion of both CAC1 and RRM3 causes the reversion of the loss of 
variegation phenotype. The URA3-tel construct was integrated in the strains shown along the 
horizontal axis and subjected to the TPE assay as described in 3.2. The data is shown in Table 3.  
 

3.9 Analyzing the abundance of Cac1p and Rrm3p at an artificially paused replication fork 

in various deletion mutants using ChIP 

Up to this point, I have only explored the possible interaction between Cac1p and Rrm3p 

at a genetic level, but I wanted to test this relationship mechanistically. I utilized a strain that is 

thought to artificially pause the replication fork using a LacI/LacO system established by 
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(Dubarry et al., 2011). In strains possessing the LacI gene, the protein is constitutively expressed 

and binds to an array of 120 LacO operators. Downstream of this site is an ADE2 reporter 

flanked by two silencers (Figure 16). This tight protein binding is thought to pause the incoming 

replication fork. Dubarry and colleagues suggest replication fork pausing due to the instability of 

the LacO array upon the deletion of responders to replicative stress. They show that the deletion 

of RRM3 increases the efficacy of the LacI-bound LacO array in recruiting SIR proteins and 

silencing the ADE2 reporter downstream. Therefore they suggest that it is replicative stress that 

is causing this phenotype. They further supported this claim by showing that the insertion of a 

tRNA gene, a natural replication fork pause site, stimulates a similar silencing phenotype of the 

ADE2 reporter (Dubarry et al., 2011). I have used this system as a site to analyze the interaction 

between Rrm3p and Cac1p at a paused replication fork. 

 

Figure-16: Schematic of the locus and primers used to analyze the abundance of Rrm3p-
MYC and Cac1p-FLAG. When LACI is present, LacIp is constitutively expressed and binds to 
lacO120, theoretically pausing the incoming replication fork. Primers shown (short arrows) will 
be used to detect the abundance of Rrm3p-MYC and Cac1p-FLAG at multiple loci via qPCR.  
 

I have taken strains with and without the array of operators, and through yeast mating 

deleted endogenous RRM3 or CAC1, and transformed them with plasmids expressing tagged 

Rrm3p or Cac1p. The rationale is to utilize ChIP to observe if the deletion of one gene will affect 

the abundance of the other protein at various loci in this construct. The strains I have established 

are named yRO1-8 and are described in Table 2. For simplicity, the major features of these 

strains are listed in Table 6.  

E"
lacO120"

I"
1.5$kB$ 339$kB$

ADE2"

lacO(1)"lacO(3)"

Lys2(5)"
ADE2(6)"
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Table 6: Yeast strains used in the ChIP study and their major features  

                          

  For ectopic expression of Cac1-FLAG, I sub-cloned the fragment containing the CAC1 

promoter and open reading frame fused to three FLAG epitopes into the low copy pRS317 (ARS 

CEN6 LYS2) plasmid using PstI and NotI sites. For the ectopic expression of Rrm3-MYC, I 

amplified the RRM3 open reading frame fused to thirteen MYC epitopes from genomic DNA in 

JZT200 (Azvolinsky et al., 2006) using primers harboring cut sites for HindIII and PstI and 

cloned this fragment into pRS317. All transformed strains were analyzed by Western blotting 

with anti-MYC (mouse) or anti-FLAG (rabbit) antibodies to ensure expression (Figure 17). 

 

Strain Mutation LacO Tagged1protein
yRO1 ∆cac1 " Rrm3p"MYC
yRO2 ∆cac1 + Rrm3p"MYC
yRO3 WT " Rrm3p"MYC
yRO4 WT + Rrm3p"MYC
yRO5 ∆rrm3 " Cac1p"FLAG
yRO6 ∆rrm3 + Cac1p"FLAG
yRO7 WT " Cac1p"FLAG
yRO8 WT + Cac1p"FLAG
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Figure-17: Expression of Cac1p-FLAG and Rrm3p-MYC in yRO strains. Ectopically 
expressed Cac1p-FLAG (A) and Rrm3p-MYC (B) were detected by Western blotting using tag-
specific antibodies. Δcac1 Cac1p-FLAG and JZT-200 were used as positive controls for Cac1p-
FLAG and Rrm3p-MYC respectively. W303 was used as a negative control for both blots. Equal 
loading was confirmed by staining the membranes with India ink.  
  

Once the strains were tested and established, I performed ChIP (described in section 

2.12) on all yRO strains, and immunoprecipitated Rrm3p-MYC or Cac1p-MYC. Simultaneously, 

I also performed the experiment on yRO4 and yRO8 cells that had not undergone crosslinking by 

formaldehyde. The resulting DNA was analyzed via qPCR utilizing the primers shown in Figure 

16. These primers were designed to detect DNA abundance at various distances downstream of 

the presumed pause site. Strains lacking the LacO array (LacO-) were considered non-pausing 

controls. In the LacO- strains, the primer set Lys(LacO-) amplifies the position of the LacO array 

in the LacO+ strains. The LacO(1) primer set is considered the initial site of replication fork 

pausing in LacO+ strains. In this system there was no appropriate negative control as Rrm3p can 

be immunoprecipitated genome-wide during S phase, and there was no appropriate positive 
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control as natural fork-pausing sites are transient and short-lived. ACT1 and ARS305, an origin of 

replication, were used as loci that should be independent of the pausing at the LacO array.  

In LacO+ strains when Cac1p-FLAG was immunoprecipitated, more Cac1p was 

recovered across all loci in Δrrm3 strains compared to wild type cells with the exception of 

ARS305 and LacO(3) (Data shown in Table 7 and Figure 18). At LacO(1) there was more than a 5-

fold increase in Cac1p-FLAG recovery in Δrrm3 compared to wild type. At Lys2(5) , ADE2(6), and  

ACT1 there was a 3-fold, 2-fold, and 6-fold increase respectively in Cac1p-FLAG in Δrrm3 

(Figure18, top panel). In LacO+ strains where Rrm3p-MYC was immunoprecipitated, more 

Rrm3p-MYC was recovered across all loci in Δcac1 cells compared to wild type. At LacO(1), 

LacO(3), and Lys2(5) there was a 7-fold, 17-fold, and 9-fold increase respectively in Δcac1 cells 

compared to wild type. Similar fold-increases were seen at the ARS305, ACT1, and ADE2(6) loci 

(Figure 18, bottom panel, Table 7).   

Table 7: Percent input of immunoprecipitated DNA in strains possessing the LacO array at 
multiple loci 

 

 

Strain ARS305 ACT1 ADE2(6) Lys2(5) LacO(3) LacO(1)
WT  α Cac1p-FLAG 0.42% 0.40% 0.26% 0.62% 0.23% 0.51%
∆rrm3'α  Cac1p-FLAG 0.15% 2.28% 0.57% 1.65% 0.21% 2.56%
WT  α Cac1p-FLAG NCL 0.03% 0.08% 0.01% 0.03% 0.00% 0.06%
WT'α Rrm3p-MYC 0.07% 0.49% 0.14% 0.29% 0.11% 0.23%
∆cac1*α Rrm3p,MYC 0.75% 1.71% 0.99% 2.69% 1.93% 1.73%
WT*α'Rrm3p,MYC NCL 0.00% 0.09% 0.01% 0.03% 0.03% 0.04%

Locus
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Figure-18:  Abundances of Cac1p-FLAG and Rrm3p-MYC at various loci in wild type and 
deletion strains with LacO. ChIP and subsequent qPCR was carried out on multiple strains 
utilizing several primers shown on the horizontal axis. The graphs depict % input of  
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(Figure 18 continued) immunoprecipitated DNA using anti-FLAG antibody (Cac1p, top panel) 
and anti-MYC antibody (Rrm3p, bottom panel). Graphs also include signals from the non-
crosslink control (NCL). Data shown in Table 7. 
 

In contrast, in the non-pausing strains (LacO-) when Cac1p-FLAG was 

immunoprecipitated, there was no clear trend in recovery. At Lys(LacO-), which is the site where 

the LacO array is inserted in LacO+ strains, Lys2(5), ADE2(6) there were similar recoveries in both 

wild type and Δrrm3. At ACT1, there was a 2-fold increase in Cac1p-FLAG recovery in wild 

type compared to Δrrm3. There was very little recovery of Cac1p-FLAG at ARS305 (Data shown 

in Table 8 and Figure 19, top panel).  

In LacO- strains where Rrm3p-MYC was immunoprecipitated, more Rrm3p-MYC was 

recovered across all loci in wild type strains compared to Δcac1. At Lys(LacO-), Lys2(5), ADE2(6) 

there was a 2.5-fold, 2-fold, and 3.5-fold increase respectively in Rrm3p-MYC recovery in wild 

type. At ACT1 there was just under a 3-fold increase in recovery in wild type as well. There was 

very little recovery of Rrm3p-MYC at ARS305 and the recovery in both strains were very similar 

(Table 8 and Figure 19, bottom panel).  

 
Table 8: Percent input of immunoprecipitated DNA in strains lacking the LacO array at 
multiple loci 

 

 

 

 

 

Strain ARS305 ACT1 ADE2(6) Lys2(5) Lys(LacO-)
WT  α Cac1p-FLAG 0.07% 2.80% 0.31% 0.64% 0.29%
∆rrm3'α  Cac1p-FLAG 0.24% 1.34% 0.27% 1.06% 0.49%
WT'α Rrm3p-MYC 0.02% 0.11% 0.07% 0.17% 0.10%
∆cac1*α Rrm3p,MYC 0.01% 0.04% 0.02% 0.08% 0.04%

Locus
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Figure-19: Abundances of Cac1p-FLAG and Rrm3p-MYC at various loci in wild type and 
deletion strains lacking LacO. ChIP and subsequent qPCR was carried out on multiple strains 
utilizing several primers shown on the horizontal axis. The graphs depict % input of  
immunoprecipitated DNA using anti-FLAG antibody (Cac1p, top panel) and anti-MYC antibody 
(Rrm3p, bottom panel). Data shown in Table 8. 
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These preliminary observations cannot be used to make firm conclusions. Due to time 

constraints, this experiment was only successfully carried out twice and technical and biological 

replicates gave inconsistent results. Furthermore, there were no loci that could act as positive or 

negative controls for the presence of Cac1p or Rrm3p. Importantly, there was consistently very 

low recovery of DNA in the ChIP samples from all loci and the levels were similar to the 

recovery in the non-cross-linked samples in one biological replicate. These levels could reflect 

the transient nature of the passing replication forks and/or short-lived pausing at the selected loci.  

Due to these issues, this assay may not be ideal for addressing the potential interaction between 

Rrm3p and Cac1p.  

3.10 Attempt to produce a synthetic locus for the analysis of paused replication forks and 

gene silencing  

 In order to determine the effect of the paused replication fork on position effect 

variegation, I wanted to use a synthetic locus that was based on the insertion of two RFBs 

between the origins ARS305 and ARS306 (Calzada et al., 2005). Adjacent to one RFB was to be 

the URA3 reporter next to four GAL4 binding sites (Figure 20). Regulated expression of a GAL4-

Sir4p fusion protein would tether Sir4p next to the promoter of URA3. I expected that this 

clustered binding of Sir4p would serve as a silencer and would repress URA3 in a 

multigenerational fashion. A similar approach at another intrachromosomal locus has achieved 

this effect in an earlier study (Marcand et al., 1996). The overall success of this project depended 

on the establishment of silencing at this RFB-URA3-GAL4 locus. In addition, regulated 

expression of FOB1 would enforce pausing of the replication forks coming from ARS305 at the 

engineered RFB site. Ultimately, I wanted to measure the epigenetic stability of the repressed 

URA3 at this position using the TPE assay described in section 3.2. Briefly, once silencing of the 
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reporter is established by Gal4-Sir4p, the expression of Fob1p would pause the incoming 

replication fork and I would be able to quantify the frequency of variegation. I would do the 

same under non-pausing conditions and ultimately I would be able to directly link replication 

fork pausing to the frequency of epigenetic conversions.  

The proposed RFB-URA3-GAL4 locus has been partially constructed in a previous study 

and the YBH17 strain already contains the two RFB loci. I proceeded to try and transform a 

URA3-GAL4-HIS3-PDI construct into YBH17 via lithium acetate transformation and 

electroporation. This construct (Figure 21) was designed to insert the GAL4 binding sites next to 

the existing RFB-URA3 locus. Ultimately I was unsuccessful in the insertion of the synthesized 

DNA at the desired locus of this strain.  
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Figure-20: A synthetic locus to observe variegation at a paused fork. 
A) The synthetic locus is based on the insertion of two RFBs between the origins ARS305 and 
ARS306. The URA3-GAL4-HIS3-PDI construct will be inserted between the two RFBs. 
B) Adjacent to ARS305-proximal RFB will be a URA3 reporter next to a GAL4 binding site. The 
GAL4-BS will recruit GAL4-Sir4p and initiate the formation of silent chromatin bi-directionally. 
HIS3 will be used only as a selection marker for the insertion of the GAL4 binding sites, it will 
not be assessed for variegation.  
 
 

 
Figure-21: Construct to be transformed in YBH17 to observe variegation at a paused fork. 
The fragment consists of a GAL4 binding site located between the URA3 reporter gene and HIS3 
marker gene. 
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4. Discussion  

In all metazoans epigenetic conversions are critical events during embryonic 

development and subsequent cell and tissue differentiation. These conversions determine the 

epigenetic landscapes of all tissues and their functional specializations. Alternatively, the 

deregulation of these conversions can lead to cancer or certain types of psychiatric disorders 

(Minucci and Pelicci, 2006; Tsankova et al., 2007). In parasites such as Plasmodium and 

Trypanosomes, epigenetic conversions similar to TPE in S.cerevisiae are instrumental to their 

ability to evade the host immune response (Cui and Miao, 2010). Despite their significance, we 

still have little understanding on the molecular mechanisms underlying these conversions. A 

recent study has also reported that the majority of epigenetic switches in differentiating 

embryonic stem cells involve transcriptional pausing (Golob et al., 2011). As such, I’ve proposed 

that the interruption of histone turnover during DNA replication and/or transcription could be the 

basis for epigenetic change. To address this hypothesis, I have used S.cerevisiae as a model to 

genetically and biochemically determine the relationship between replication and transcriptional 

stalling and epigenetic conversions.     

4.1 The role of SPT4, DST1, and transcriptional pausing in frequency of variegation 

 Transcription arrest has been associated with epigenetic switches in differentiating human 

embryonic stem cells (Golob et al., 2011), and Spt4p and Dst1p are known to help resolve 

transcriptional pausing in yeast (Hartzog et al., 1998). Furthermore, it has previously been 

demonstrated that mutations in both spt4 and dst1 decrease the level of gene silencing at the 

telomeres (Crotti and Basrai, 2004). One can further speculate that transcriptional pausing could 

interrupt the actions of histone modifying enzymes. As such, my hypothesis was that the pausing 
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of RNA polymerase II would affect the frequency of variegation. To test this, I exploited the 

PEV phenomenon seen in the telomeres of S.cerevisiae (Yankulov, 2013), and observed the 

silencing and expression of a URA3 reporter inserted in the VII-L telomere of two key players 

involved in transcriptional pausing.  I was able to measure levels of expression (%URA+) and 

repression (%FOAR), and measure the frequency of variegation using these values (Further 

described in 2.8).   

 As a whole, both Δspt4 and Δdst1 cells showed a moderate loss of silencing as compared 

to wild type cells. These results corroborated what had already been described by Crotti and 

Basrai (2004). Compared to these studies, I also accounted for switching from silent to active 

states of the reporter gene. I have shown that following selection for 100% URA+ and FOAR 

cells, silencing and not variegation is affected by the deletion. This information suggests that 

transcription pausing is not the arena for the variegation seen in the subtelomeres of S.cerevisiae.  

 Transcription requires the disassembly and reassembly of nucleosomes, so there is an 

inherent risk of an aberration during this process that may alter chromatin state, especially if the 

process is interrupted (Orphanides et al., 1998). However, this process does not require the 

formation of a whole new strand of DNA as is the case in DNA replication. As such, I would 

speculate that this difference might be the reason that variegation did not appear to be affected. 

This is not to suggest that nucleosome remodeling is not involved in variegation, but that this 

process is potentially effectively compromised during DNA replication and not transcription.  

 There is also the possibility that the assay I employed was not sensitive enough to detect 

a change in variegation in these mutants. Furthermore, the interruption of transcription may itself 

be a confounding factor. The TPE assay is inherently dependent on transcription. The epi-state of 

our reporter can only truly be observed by this method if transcription is taking place as it would 
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in wild type cells. However, this caveat does not fully explain the loss of silencing phenotype, as 

RNA polymerase II, however active, will not transcribe heterochromatic DNA. It only suggests 

that this assay may not be the clearest way to observe epigenetic state of our reporter. 

Accordingly, one could circumvent the issue of transcription entirely and utilize chromatin 

immunoprecipitation and probe for active and silent histone marks in the URA3 locus after 20 or 

more generations in non-selective media following selection for both epi-states.  

 Regardless of these issues and potential solutions, my key genetic experiments with Δdst1 

and Δspt4 mutants did not show any effect on frequency of variegation. Consequently, I did not 

see any reason to pursue them any further. However, even though I did not see effects on 

variegation at the telomeres, this does not mean that in other organisms or under a different 

genomic context variegation is not influenced. So I cannot conclude from my experiments that 

transcriptional pausing in general does not cause epigenetic switching, as such the question 

remains open and should be addressed in other systems and other species.  

4.2 The role of RRM3, TOF1, and replication fork pausing in frequency of variegation 

 Given previous indication from our lab that RRM3, the protein responsible for the relief 

of paused replication forks (Anand et al., 2012), may affect frequency of variegation, my 

hypothesis was that replication fork pausing stimulated epigenetic shifts. As such, the deletion of 

genes involved in pausing would alter frequency of variegation. Along with RRM3, I tested 

TOF1, the protein responsible for stabilizing a paused replication fork (Mirkin and Mirkin, 2007; 

Stamenova et al., 2009). To test if my hypothesis was correct, I utilized the same TPE assay 

mentioned in section 4.1, described in 2.8. 

 As a whole, Δtof1 cells showed a loss of silencing phenotype as compared to wild type 

cells (Figure 9), meaning that in the absence of Tof1p, the cells have lost some of their ability to 
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silence the URA3 reporter, regardless of the initial epi-state of the gene. This data was mildly 

surprising, however it did not suggest any influence upon variegation. It has been shown that the 

deletion of TOF1 decreases replication fork stalling at the telomeres (Anand et al., 2012). 

Theoretically, if pausing of the replication fork does in fact stimulate epigenetic shifts, the 

deletion of TOF1 and the subsequent decrease in pausing should lead to a decrease in epigenetic 

conversions at the telomeres, which is what I observed in my experiment. Furthermore, there 

may be an explanation for the loss of silencing phenotype. It has been suggested that replicative 

stress is responsible for the recruitment of SIR proteins, and the silencing of nearby genes 

(Dubarry et al., 2011). So while the telomeres do in fact recruit SIR proteins, it is possible that 

the pausing that occurs at the subtelomeres also may be partially responsible for silencing 

activity that takes place there. While it is interesting to speculate, once again, TOF1 did not show 

any influence on frequency of variegation, so I don’t think it offers any explanation for the PEV 

we see at the telomeres.  

 In contrast, Δrrm3 cells showed a loss of variegation phenotype, one that was similar to 

that previously observed in Δcac1 cells, albeit to a lesser extent. The deletion of CAC1 was the 

first gene deletion reported resulting in a loss of variegation. In other words, after 20 generations 

of un-restricted growth, the epi-state of the reporter reflected the initial selection. The results of 

this experiment were the opposite of what I expected, and did not support a part of my initial 

hypothesis. It has been shown that the deletion of RRM3 increases replication fork pausing at the 

telomeres (Ivessa et al., 2000). If pausing does stimulate variegation, then one would expect an 

increase in variegation upon the deletion of RRM3. However, a loss of variegation was observed. 

This contradiction along with the phenotype observed in Δcac1 cells led to the establishment of a 

new hypothesis. As both Rrm3p and Cac1p interact with PCNA via the PIP-box (Rolef Ben-
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Shahar et al., 2009; Schmidt et al., 2002), both loss of variegation phenotypes may be explained 

by a possible interaction between the two proteins. More specifically, the presence of one may 

hinder the ability of the other to access PCNA, and by extension, the replication fork. In the 

absence of Rrm3p, the histone chaperone Cac1p may have more access to the replication fork at 

sites of replicative stress where Rrm3p would otherwise be present. As such, Cac1p would be 

able to better re-establish chromatin state with unhindered access to the replication fork. In 

Δcac1 cells, the phenotype is more difficult to speculate upon. In the absence of Cac1p, 

potentially there is another histone chaperone that more faithfully re-establishes chromatin state 

following replication. Conversely, potentially the two co-operate to establish a baseline level of 

variegation seen in wild type cells, and the absence of one allows for the actions of a third-party. 

If my speculations are substantiated in the future, this may support my original hypothesis. 

Despite seeing a loss of variegation in Δrrm3 cells when I expected the opposite, replication fork 

pausing may still be indirectly stimulating epigenetic shifts. In other words, pausing may be the 

arena for the interplay between Cac1p and Rrm3p, which leads to the variegation observed at 

loci of frequent pausing. The deletion of RRM3 does increase replication fork pausing at the 

telomeres  (Ivessa et al., 2000), but it may also be removing the key player that links pausing to 

variegation. As such, a method to address this issue is to use the synthetic locus for regulating 

pausing that I discussed in 3.10. The frequency of variegation at a reporter next to a pause site 

could be directly observed with the presence of both RRM3 and CAC1.  

 While my speculations may be explored in the future, I am confident that my current 

results are sound. Given the number of replicates in experiments, and knowing that the 

phenotype persists through 60 generations, I can conclude that RRM3 is involved in position 
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effect variegation at the telomeres, however I can not say whether replication fork pausing 

stimulates epigenetic conversions.  

4.3 The role of SAS2 and SAS3 in the frequency of variegation 

 CAC1 and RRM3 have both been implicated in variegation at the telomeres in 

S.cerevisiae. However, neither of these proteins are known to directly modify histones, which is 

the key component in epigenetic conversions. As such, I believed that there were other key 

players left to be discovered. Histone modifying enzymes were the natural next step. Sas2p in 

particular, a histone acetyltransferase known to directly counteract deacetylation by the SIR 

proteins, was a prime candidate (Kimura et al., 2002; Smith et al., 1998). Along with Sas2p, 

Sas3p was also considered a possible player in this phenomenon, as it too is a histone 

acetyltransferase responsible for the acetylation of other residues on H3 (Lafon et al., 2012). To 

establish if there is a relationship between these two HATs and variegation, I employed the TPE 

assay once again.  

 Δsas3 mutants did not show much deviation from wild type. There is much unknown 

about this particular HAT, but it does not seem to have any direct association with the SIR 

proteins, the major players in silencing at the telomeres. When it comes to the chromatin state at 

the telomeres, Kimura et al showed that Sas3p did not influence the chromatin landscape as 

Sas2p did. More specifically, it did not affect the localization of the SIR proteins at the telomeres 

and therefore did not influence gene expression at these loci. Therefore, it is not surprising that 

SAS3 would not affect frequency of variegation.  

 Δsas2 cells showed surprising and enigmatic results. Sas2p is known to directly 

counteract the de-acetylation of K16-H4 by the SIR proteins (Kimura et al., 2002; Smith et al., 

1998). Also, Kimura et al saw that in wild type W303 cells, Sir3p was enriched at the telomeres, 
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but upon the deletion of SAS2, they saw more Sir3p in telomere-distal regions. Accordingly, 

utilizing microarray analysis, they found increased repression of genes located within 20 kb of 

the telomeres in SAS2 deletion mutants (Kimura et al., 2002). Considering the above 

information, one would expect the un-checked silencing of the URA3 reporter regardless of 

initial selection. However, I observed that using the simple URA3-tel construct, once the epi-state 

of the reporter was established by initial selection, it would not change with up to 60 generations 

of un-restricted growth. The inability of these mutants to de-repress URA3 after selection on 

SC/FOA was not surprising, however it is the inability to repress URA3 after selection on SC-ura 

that was unexpected. One issue that may explain this discrepancy is the absence of telomeric 

elements in the URA3-tel construct (Figure 11).  I used the TPE assay with two new constructs 

that possessed telomeric elements (Figure 11). The presence of a core X element and a STAR 

(GF6), and the presence of a core X element alone (GF6ΔSTAR) did not change the inability of 

Δsas2 cells to de-repress URA3 following selection on SC/FOA. However, these constructs did 

alter the results seen after selection on SC-ura. With the presence of anti-silencer and pro-

silencer elements (GF6), more cells were able to switch from active to silent than Δsas2 cells 

without these telomeric elements. Not surprisingly, upon the removal of the STAR (GF6ΔSTAR), 

the proportion of URA+ cells decreased, however variegation has still been somewhat restored. 

Given my results, it appears that silent to active transitions are still abolished after selection on 

SC/FOA, regardless of the presence or absence of these telomeric elements, but active to silent 

transitions are somewhat restored.  

This suggests that active to silent conversions at the subtelomeres are dependent on 

Sas2p, even with the presence of telomeric elements. There does not appear to be a HAT that can 

compensate for its actions. However, once active state is established, the telomeric elements 
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appear to be essential for silencing of the reporter in the absence of Sas2p. Active to silent 

conversions seem to require the actions of the subtelomeric elements, and more surprisingly, 

Sas2p.  

4.4 The possible interaction between Rrm3p and Cac1p at a paused replication fork    

 RRM3 and CAC1 have shown similar effects on the frequency of variegation at the 

telomeres. Upon further exploration, I was able to show that the deletion of both genes leads to a 

reversion of the loss of variegation phenotype to a loss of silencing phenotype. I speculated that 

since both proteins interact at the replication fork, specifically the paused replication fork, it is 

possible that one may influence the presence or actions of the other. My speculation was further 

supported by the fact that Rrm3p and Cac1p both possess a PIP-box and interact with PCNA 

(Rolef Ben-Shahar et al., 2009; Schmidt et al., 2002).  

 To address my speculation, I utilized chromatin immunoprecipitation in strains thought to 

pause the replication fork at a site tightly bound by proteins. I conducted this experiment in wild 

type, Δrrm3, and Δcac1 cells separately transformed with tagged Rrm3p or Cac1p.  

In terms of CAC1, in LacO+ (pausing) strains, I observed higher abundance of Cac1p-

FLAG at all loci tested in Δrrm3 strains compared to wild type cells with the exception of 

ARS305 and LacO(3). In contrast, I observed no real trend in the recovery of Cac1p-FLAG in 

LacO- (non-pausing) strains.  First, it must be noted that there is the possibility of inefficient 

immunoprecipitation, as protein concentration was not analyzed during the ChIP protocol. 

However, if this issue is disregarded, this contrasting data can potentially be explained by the 

fact that replication slows down genome-wide in the absence of RRM3 (Azvolinsky et al., 2006). 

However, ARS305 and ACT1, which should theoretically be unaffected by the presence or 

absence of the LacO array, showed opposing data. This further brings into question the validity 
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of the experiment. As such, any explanations derived from the slowed rates of replication could 

not be applied to any of the loci under any conditions. If replication is proceeding slower, there 

may be a decreased recruitment of Cac1p, but there is no evidence suggesting that this is 

possible.  

In regards to Rrm3p-MYC, all the aforementioned caveats still apply, with the exception 

of the slower rate of replication associated with the deletion of RRM3. In LacO+ strains, I 

observed a higher abundance of Rrm3p-MYC in Δcac1 cells relative to wild type. Contrastingly, 

I observed a moderately higher abundance of Rrm3p-MYC in wild type cells relative to Δcac1 in 

LacO- strains. 

What holds true for both proteins, disregarding all of the confounding issues, is that no 

difference is seen at LacO(1) which is theoretically the site of pausing. As such, I cannot make 

any conclusions regarding the interaction between Cac1p and Rrm3p at a paused replication fork. 

Furthermore, pausing at this locus has not truly been confirmed but supported by varying 

evidence as described in section 3.8. I chose to use this system as per that evidence and the 

implications in silencing, but also with the knowledge that this system could be successfully 

analyzed using ChIP and some well-established primer sets for qPCR, some of which I used in 

this study. With all this in mind, it is possible that replication fork pausing is not taking place, or 

potentially that pausing at such a site is too short-lived to be properly assessed by ChIP. As such, 

the next step would be to utilize the RFB system in YBH17 (Figure 20). This system may be 

superior to the LacO/LacI system for several reasons. First, replication fork pausing at the RFB 

upon expression of Fob1p  was shown by two-dimensional “neutral-neutral” DNA gel 

electrophoresis (Calzada et al., 2005). Furthermore, the RFB system rests between two early 

firing origins, ARS305 and ARS306 while the LacO system is in between two late firing origins 



 67 

(ARS215 and ARS216)  (Nieduszynski et al., 2006; Raghuraman et al., 2001). The late arrival of 

the replication fork and its resolution before mitosis in the LacO/LacI strain may be to blame for 

the lack of ChIP signal. Hopefully, with the use of the RFB system and further optimization of 

the ChIP protocol, we can get a better understanding of what is taking place at a paused 

replication fork.
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5. Conclusions and Future Directions 

 This study aimed to reveal if replication fork or transcriptional pausing stimulates 

epigenetic conversions. However, findings did not reveal a direct answer. They suggest that 

transcriptional pausing does not affect frequency of variegation. Contrastingly, the increase of 

replication fork pausing via the deletion of RRM3 led to a loss of variegation. While that seemed 

to oppose my initial hypothesis, given the similar phenotype shown in Δcac1 cells and the 

reversion of said phenotype upon the deletion of both genes, replication fork pausing may be the 

arena for variegation to take place due to a potential interaction between Rrm3p and Cac1p.  

Preliminary results are inconclusive and will require further exploration. Replication fork 

pausing has not been confirmed in the strain that I used to observe this interaction, as such, in the 

future I could utilize YBH17 in which pausing has been well established and can be controlled. I 

would carry out similar ChIP experiments to quantify the abundances of Rrm3p and Cac1p at 

various loci under pausing and non-pausing conditions. This experiment could lead to a clearer 

picture of what is happening at a truly paused replication fork. Furthermore, the association of 

Cac1p with chromatin can be analyzed on a genome-wide scale to determine if it shows a higher 

or lower association with natural pause sites. 

The histone acetyltransferase Sas2p also proved to strongly influence variegation at a 

truncated telomere, as its deletion led to a complete loss of variegation. However, the addition of 

telomeric elements helps clarify the role of Sas2p in variegation at the telomeres. Conversions 

from silent to active seem to require SAS2 regardless of the presence or absence of telomeric 

elements while conversions from active to silent seem to require telomeric elements in the 

absence of Sas2p. The role of SAS2 in epigenetic conversions at the telomeres has become a 

more complex mystery than expected. To further understand this role, the influence of 
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subtelomeric elements on the activities of Sas2p will have to be thoroughly explored. To start, 

various constructs containing different combinations of these elements could be utilized along 

with the TPE assay in Δsas2 mutants. Once these experiments are carried out, they could offer 

some indication on the true role of Sas2p at the telomeres.  
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7. Appendix  

Appendix-A: Initial tests to establish optimal conditions for shearing of ChIP DNA. yRO8   
was used for optimizing the presence or absence of Zymolyase and sonication cycle number. The 
addition of Zymolyase and a total of 12 cycles, 30 sec on 30 sec off at 50% output was 
considered optimal. 
 

 
 
  

250$bp$
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+$ +$ +$/$
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Appendix-B: Primer Sequences: Primer sequences (5’to 3’) and respective melting 
temperatures for all PCR reactions used in experiments outlined in this study.  
 

 
 
Appendix-C: PCR confirmation for the presence of URA3 at the VII-L of URA3-tel 
transformed cells. Deletion mutants transformed with the ADH4-URA3-tel construct used in this 
study were tested to confirm proper integration. Genomic DNA was isolated from individual 
colonies and PCR was performed using the primers shown on the lower panel. All strains with 
the exception of the negative control W303 showed the expected 1.5 kb fragment. 

 

 

Primer&name Sequence&(5'0>3') Tm&(˚C)
URA3226R CAGCACGTTCCTTATATGTAGC 60+˚C
URA3revBW TTAATTCGTTCGGAAATCAT 59˚C
RRM35HindIII5for+ TTCGAAAGCTTATGTTCAGGTCGCATGCCTCC 79˚C
TRP15PstI5rev TCTTACTGCAGGACCAGAACTACCTGTGAAATTAATAACAGACAT 76˚C
ARS3055for GCTTCTTGCTGTAGGTTATGGGA 65˚C
ARS3055rev TCGTCCTGTCAAAAGGCGAA 68˚C
ACT15for GATGAAGCTCAATCCAAGAGAGG 65˚C
RO5ACT1rev CCCAGTTGGTGACAATACCG 65˚C
ROADE2(6)for CGTATGATTGTTGAGGCAGCA 66˚C
ROADE2(6)rev GGCAGGAGAATTTTCAGCATCT+ 65˚C
RO5LacO(1)for GCGAGCCCATTTATACCCATATA 64˚C
RO5LacO(1)rev GCTCGAGGCCGCGATTA 68˚C
RO5LacO(3)for CCCTTCCTGCTAGAGTTACTTCTTCA 66˚C
RO5LacO(3)rev AGCTCTAGCATGGAGAAACGAATT 65˚C
RO5Lys2(5)for GCCGCGGAAATTGACAGA 67˚C
RO5Lys2(5)rev TTTTCGACGACCTCACCTTGA 67˚C
RO5Lys2(LacO5)for +CCCTATCTTTCACATCTGGTTCCG 68˚C
RO5Lys2(LacO5)rev CATCCAATTGAAATAATAAGCCAAGG 66˚C
RO5chrIII48331 CCCTAAGGCGTTCGTGCAGTGT+ 62˚C
URA3for2 GGAGACGCATTGGGTCAACA 61˚C
RO5URA3for++++++++++++++++++++++++++CAGAAAAGCAGGCTGGGAAGCA 68˚C
His35revBW ACTCCTAGCGCTCACCAAGC 66˚C
P1forBW ATACGGGATAATACCGCGCCACA 71˚C
RO5PDIrev1 GACGCTGAATTGGCTGACGAAGA 71˚C
RO5PDIrev2 ACCCAGGTGGTAAGAAGTCCGA 68˚C
URA3(UHP5for) TCCTTATATGTAGCTTTCGACATGATTTATCTTCGTTTCCT 61˚C
URA35GAL45rev+(P1) TCCTTATATGTAGCTTTCGACAT 58˚C
GAL45HIS+(P3) GCGGAGTACTGTCCTCCGAGTGGAGTACTGTCCTCCGAGCGGAGTACTGTCCTCCGAGCTTGGTGAGCGCTAGGAGTC 67˚C
HIS5PBSrev+(P4) ATGGAAAAACGCCAGCAACGGGAAAGCGCGCCTCGTTC 70˚C
HIS5PBSfor+(P5) CGTTGCTGGCGTTTTTCCAT 69˚C
PDI(485765668) AGGAAAAAGCTGCTGAGGAAGCCGATGCTGACGCTGAATTGGCTGACGAAGAAGATGCCATTCACGATGAATTGTAATTCTGATCACTTTGG+ 71˚C
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