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ABSTRACT 

 

The role of B1 in the dual nature of ARS in Saccharomyces cerevisiae 

 

Patricia Chisamore-Robert                                                                  Advisor:  

University of Guelph, 2012                                                           Dr. K Yankulov 

 

In Saccharomyces cerevisiae, DNA replication initiates at distinct origins termed 

Autonomously Replicating Sequences (ARSs).  A key element in ARS is the ACS/B1 sequence, 

which binds the Origin Recognition Complex (ORC). During early G1 phase, the pre-replication 

complex is assembled by ORC. These ARSs are termed replicators. In yeast, ORC is also 

involved in gene silencing.  These loci also contain an ACS/B1 element; however at these 

positions ORC recruits the silencing SIR complex. ARSs found here are termed silencers. 

Therefore, ARSs have a dual function. Research has also shown that origin ARSs can be 

substituted for silencing ARSs and vice versa.  Since a mutation in ACS abolishes replication 

activity, studies have turned to the B1 element to account for the functional duality, but results 

have been mixed. I hypothesize that the B1 element plays a key role in the dual nature of ARS. 

To test this hypothesis, silencer and replicator ARSs were subjected to site directed mutagenesis 

around the WTW motif of the B1 element. Their efficiency was then tested using routine 

silencing and replication assays. Results reveal that the silencing ability of silencer ARSs is 

unaffected by these mutations; however mutations within and around the WTW motif reduce 

silencing efficiency of replicator ARSs. Sequence alignments have also shown that silencer ARSs 

have a broader WTW consensus than replicator ARSs. Preliminary replication assays are 

consistent with the above results and other research, contributing to a conclusion that the B1 

element is not the sole determining factor in the dual nature of ARS. 
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1. Introduction 

 

1.1  Eukaryotic DNA Replication 

 

The replication of genetic material is an essential process critical for survival of all living 

organisms. In eukaryotes, DNA replication initiates bi-directionally at multiple specific sites 

termed origins. Origins differ between organisms, but all serve as a gathering point for 

replicative machinery. The process takes place in S phase of the cell cycle, and involves three 

key steps; initiation, elongation, and termination. During initiation, helicases unwind the double 

helix structure to produce single stranded templates to which complementary bases will be 

added. Once a portion has been unwound, DNA primases add small RNA primers to produce a 

3ʹOH end needed for base addition. DNA polymerases then load onto template strands and 

elongation begins. DNA polymerases travel along adding complementary bases to the templates, 

while helicases continue to travel in front of the polymerases unwinding the helix. This process 

continues until the whole structure has been unwound and all bases have been added.  During 

termination, DNA ligases are recruited to seal gaps and phosphodiester bonds are formed.   DNA 

replication is a semi-conservative process, as each double stranded structure now contains a 

parental strand and a newly synthesized strand.  It must be noted that DNA polymerases also 

contain proofreading ability, and so even though DNA replication is a fast process, mistakes are 

normally minimal (Snustad and Simmons, 2005). 

1.2 DNA replication in Saccharomyces cerevisiae 

 

 DNA replication in S. cerevisiae initiates at distinct origins in the genome termed 

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

ideal models in the research of eukaryotic DNA replication. ARSs were initially identified as 

sequences that confer autonomous replication of plasmids (Deshpande and Newlon, 1992).  
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During early G1 phase of the cell cycle, the origin replication complex (ORC) binds to ACS 

and adjacent B1 element to initiate the formation of the pre-replication complex (pre-RC). Once 

ORC is bound, it remains associated with ACS throughout the cell cycle (Rao and Stillman, 

1995).  Also in G1 phase, ORC recruits two proteins, Cdc6 and Cdt1 that are responsible for the 

loading of MCM proteins (Aparicio et al., 1997). This hexameric MCM complex provides 

helicase activity for the initial unwinding at the origin and subsequently to the unwinding fork, 

allowing replication to continue bi-directionally.   In late G1 phase, kinases such as DDK and 

CDK are recruited and the pre-RC and phosphorylation events trigger the beginning of DNA 

replication and the progression into S phase (Rehman and Yankulov, 2009).  DDK also 

phosphorylates Cdc45, which recruits the GINS tetramer, and together with the MCM hexamer 

these form the CMG (cdc45-MCM-GINS) complex needed for elongation (Figure-1) (Bruck et 

al., 2011). DNA polymerases are then loaded, and the CMG complex moves along the 

replication fork in front of polymerases to continue unwinding the helix (Blow and Dutta, 2005; 

Bruck et al., 2011). The MCM proteins cannot associate with ORC in S phase, but only in G1 so 

replication cannot occur and origins are allowed to fire only once.  

 

1.3 Origins of Replication 

 

Positioned predominantly in intergenic regions, there are approximately 400 known 

active origins in the entire yeast genome (Raghuraman et al., 2001). ARSs are found all 

throughout the genome, and the nomenclature corresponds to the chromosome, followed by the 

order in which they are located (ex. ARS305 is located on Chromosome III and the fifth from the  

chromosome end).  Different ARSs fire at various times throughout S phase (Raghuraman et al., 

2001). Very active origins normally fire early in S phase. These origins are found in euchromatic  
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Figure-1: DNA replication in S. cerevisiae. ORC binds to ACS/B1.  In early G1 phase of the cell 

cycle, ORC recruits proteins cdc6 and cdt1 to the complex. These in turn facilitate the loading of the 

MCM helicase complex.  During the progression into S phase, a phosphorylation event by 

phosphorylases CDK2 or DDK to the MCM complex triggers their activity. DDK also phosphorylates 

Cdc45 which recruit other elongation factors such as the GINS complex, and elongation begins. 
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Figure-2: Structure of ARS. ARSs contain A and B elements. The A element contains the essential 11bp 

ACS. The B elements are not essential, and not all B elements are present in every ARS. All ARSs possess 

a B1 element, which along with ACS serve as a binding site for ORC. The B1 element possesses a WTW 

consensus 17-19 bp upstream for ACS, and this is very likely where ORC binds B1. The B2 element 

serves as an unwinding site, while the B3 element possesses a binding site for the transcription factors 

Abf1p. Little is known about the B4 element, but where present it enhances replication activity. 
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regions and fire in almost every cell cycle.  Origins not found in euchromatin are normally less 

efficient. These origins fire later in S phase and do not fire every cell cycle. However, placing 

these origins on plasmids has shown that when isolated from their environment, many of them 

can act as efficient origins do. Also, these inefficient ARSs have been shown to compensate for 

active origin deletion (Shor et al., 2009). 

ACS (ARS Consensus Sequence) 

ARSs are approximately 200bp in length and are made up of A and B elements (Figure-

2). The A element contains the core ARS consensus sequence (ACS).  Plasmid stability assays 

have shown that the ACS is essential for proper origin function (Deshpande and Newlon, 1992). 

However, it is important to note that not all ARS abide by this consensus, as some efficient ARSs 

contain deviations. ARSs that possess these deviations are normally less efficient, but still 

functional (Chang et al., 2011). Similar to the remainder of the origin sequence, ACS is AT rich, 

and contains a core 11 bp sequence 5’-WTTAYRTTTW-3’ (where W=A/T, Y= C/T and R=A/G) 

to which the Origin Recognition Complex (ORC) binds to initiate DNA replication (Rao and 

Stillman, 1995). Though essential, the ACS alone cannot render an origin functional and 

additional elements are required (Xu et al., 2006). Also, due to the nature of ARSs being AT rich, 

there exist many near-ACS matches in the yeast genome. However, due to the presence of other 

important sequences described below, only a subset of ARSs load ORC and execute replication 

(Wyrick et al., 2001). 

Besides the core 11 bp ACS, an additional consensus that extends three nucleotides 5’ and 

3’ to the ACS (WWW and GTT respectively), termed the Extended ACS (EACS) has been 

identified. This extended consensus of 17 bp has been proven to be a better predictor of 

functional ARSs (Chang et al., 2011).  Similar to the ACS, some ARSs contain an imperfect match 
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to this 6 bp consensus (Newlon and Theis, 1993). Interestingly, it has been shown that the 

nucleotides within the 5’and 3’ EACS differ in importance depending on how well the ARS 

matches to the ACS consensus.  As an example, ARS309 contains a 1bp deviation in ACS, but has 

a perfect match to the EACS (Chang et al., 2011).  Linker scan mutations and subsequent plasmid 

stability assays revealed that mutations in the EACS nucleotides slightly increased plasmid loss 

rate in this ARS. It was concluded that perhaps these sequences may be compensating for the 

mismatch in ACS, and a mutation to incorporate the missing T increased plasmid stability above 

wild type, and rendered the previous mutations in the EACS insignificant (Xu et al., 2006). 

Mobility shift assays on all the mutants further supported this idea by showing that a decrease in 

plasmid stability coincided with a decrease in ORC binding to ARS (Xu et al., 2006).  It seems 

that when there is a deviation in the sequence of ACS, the EACS becomes important in binding 

ORC to ARS.   

The auxiliary B elements 

ARS also contains auxillary B elements (B1-B4) that are necessary for efficient 

replication. All known ARSs contain a B1 element. This B1 element provides a second binding 

site for ORC along with ACS to establish the crucial pre-replicative complex (pre-RC) during 

early G1 phase of the cell cycle (Figure-2) (Rao and Stillman, 1995). Unlike ACS, this element 

varies in sequence between ARSs. However, phylogenetic analysis has shown there does exist a 

conserved WTW motif (where W=A/T) 17-19 bp upstream of ACS (Chang et al., 2008). This 

motif has been shown through plasmid stability assays to be important for the replication 

efficiency of ARSs (Chang et al., 2008). Several WTW elements within ARS on Chromosome III 

were mutated to WGG and plasmid stability decreased, indicating that this WTW region may be 

a good candidate for the binding place for ORC in S. cerevisiae, and also may suggest that a 
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similar motif can be found for ORC binding in humans (Chang et al., 2008). Interestingly, close 

matches to WTW can be found in many ARS, and the role and nature of these matches is not 

clear. Recently, Rehman and Yankulov (2009) proposed that these could be alternative sites for 

ORC binding.  

Additional B elements have also been discovered, but are not present in every ARS. 

Because of this, they are much less characterized.  The B2 element has not been extensively 

studied, but it has been shown to increase ARS activity as it is enhances pre-RC formation 

(Wilmes and Bell, 2002). It has a proposed role as a binding site for MCM helicases (Zou and 

Stillman, 2000).  Alignment analysis has shown the B2 does in fact have a consensus sequence 

(ANWWAAAT where N=any nucleotide and W=A or T) that appears in all 228 phlyogenetically 

known ARSs (Chang et al., 2011). This consensus also serves as a useful tool to better predict 

origins, as this sequence is also only found at true and not at ACS-like sequences that exist in the 

genome, and thus is a preferred sequence of ARS (Chang et al., 2011). 

Some ARSs also contain B3 and B4 elements. The B3 element serves as a binding site for 

the transcription factor Abfp1 (Theis and Newlon, 1994). The precise function of B4 is 

unknown, but plasmid stability assays have shown it aids in replication efficiency (Huang and 

Kowalski, 1996).  

1.3 The Origin Recognition Complex (ORC) 

 
ORC was first considered to be involved in replication when its high affinity for ACS was 

discovered. Chromatin Immunoprecipitation (ChIP) experiments were used to determine all 

ORC binding sites, and this lead to the identification of more ARSs (Bell, 2002). Though ORC 

and ORC-like proteins are found in all eukaryotes, this complex has been extensively studied in 

S. cerevisiae. As previously mentioned, ORC binds to ACS/B1 to nucleate pre-RC formation 
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(Rao and Stillman, 1995). This protein is a six subunit complex and all genes encoding for ORC 

subunits are essential, with the exception of Orc6p (Suter et al., 2007).   Point mutations to ACS 

result in an abolition of ORC binding and render these origins completely inactive (Rao and 

Stillman, 1995). 

In Archea, ORC-like proteins seem to very closely resemble Orc1 and Cdc6, which are 

very similar in structure, and could be very important in DNA replication here (Bell, 2002; 

Zhang et al., 2009). In Sulfolobus solfataricus, an Orc1/Cdc6 protein has been found to associate 

with DNA polymerases. Another pre-RC component (Cdt1) homolog has been identified, and 

hybridization studies showed that all of these archeal genes are expressed at the mRNA level 

(Zhang et al., 2009).  This finding may lead to the prototype from which eukaryotic Cdc6 and 

ORC have evolved.  

There has been some characterization work on ORC in the plant species Arabidopsis 

thaliana (Duncker et al., 2009). BLAST searches revealed that all ORC subunit homologs were 

present. Even more interestingly, two ORC1 genes (AtORC1a and AtORC1b) were also found, 

which is unique to this species so far (Duncker et al., 2009; Masuda et al., 2004). These different 

ORC proteins are expressed in different tissues. AtORC1a is expressed in endoreplicative cells, 

and AtORC1b seems to have an expression limited to non-proliferative cells, showing that ORC 

may have another function other than DNA replication, possibly in the regulation of polyploidy 

(Duncker et al., 2009). BLAST analysis of the Oryza sativa rice genome revealed even more 

ORC homologs in plants (Mori et al., 2005).      

  In other higher eukaryotes, replication origins do not share significant homology between 

one another. ORC binding does not always occur at the same region as DNA replication, making 

origin identification difficult (Julien et al., 2004). Human ORC subunits 1, 4 and 5 have been 
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found to be structurally similar to the prokaryotic DNA replication initiator DnaA. This gives 

insight on how the protein may be recruited to origins (Vashee et al., 2003).  Studies that have 

attempted to find some sort of origin consensus sequence in humans have been quite 

unsuccessful. To date, approximately 20 origins have been mapped in the human genome 

(Krysan et al., 1993). The known origin sites also vary in discreteness compared to other 

eukaryotes studied. For example, the human β-globin genes posses very discrete origins 

compared to the hamster DHFR ovary locus, which possess 20 initiation sites within a 55kb 

intergenic region, all varying in efficiency  (Aladjem et al., 1995; Dijkwel et al., 2002).  It has 

been shown that purified Human ORC (HsORC) has a preference to AT rich sequences, like in 

S.cerevisiae (Vashee et al., 2003). Research done in Drosophila and Xenopus has shown that 

origins are not as conserved as in yeast, and change throughout the developmental stage of life. 

During embryonic development, DNA replication occurs often and promptly from thousands of 

close origins, thus producing small replicons. As development continues, intergenic spaces 

increase between origins, and the number of origins that fire decreases substantially. This may be 

the case throughout human development as well (Bell, 2002). Research has attempted to find a 

consensus sequence for ORC binding in Drosophila, but it was found that ORC binds to various 

sequences. It was concluded that perhaps DNA topology plays a role in ORC binding, as ORC 

binds negatively supercoiled DNA 30 fold better as compared to linear or relaxed DNA (Remus 

et al., 2004). 

HsORC has also not been directly linked with chromosomal replication, most likely due 

to the lack of research on the topic. One study used the Epstein - Barr virus (EBV) plasmid 

replicator oriP to see if HsORC was indeed involved in DNA replication.  EBV has a very high 

infection rate in humans, and human ORC has already been shown to bind oriP of EBV and 
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recruit host replication machinery to allow the virus to sustain infection (Lupton and Levine, 

1985). ChIP experiments have shown that ORC binding to oriP in ORC2 mutants was deficient, 

thus hindering the replication ability of the virus. This evidence strongly suggests that ORC does 

in fact have a role in DNA replication in humans, despite the lack of a clear consistent binding 

site (Julien et al., 2004). 

ORC has also been linked to heterochromatin formation in human cells. It has been 

shown that ORC associates with heterochromatic protein HP1 during G2 and M phases of the 

cell cycle. A depletion of Orc2 results in abnormal chromosome condensation, suggesting ORC 

plays a role in this area (Prasanth et al., 2004). Immunofluorescence studies have shown that 

multiple ORC subunits associate with HP1 at heterochromatic domains, and a depletion of Orc2 

and Orc3 results in a loss of HP1 at centromeres (Prasanth et al., 2010).   

1.4 ARS as a silencer and protosilencer 

 

 There are approximately 12000 matches or sequences very similar to ACS in the yeast 

genome, however only about 500-700 actually load MCM and ORC proteins (Wyrick et al., 

2001). Of these, only about 400 actually fire to initiate DNA replication (Raghuraman et al., 

2001). This finding seems to imply that perhaps ARSs take on another role than just DNA 

replication. In addition to ARSs carrying out DNA replication, there also exists dormant ARSs in 

the genome. These ARSs are termed silencer ARSs. Silencer ARSs are comprised of the same 

elements as replicator ARSs, but instead these elements recruit silencing proteins to create and 

maintain heterochromatic regions.  

1.5  Gene silencing and Chromatin Structure 

 

As with DNA replication, the ability for organisms to regulate the expression of genes is 

important for survival. This encompasses not only the proper expression of genes, but also the 



11 
 

proper repression of genes at certain times during development. Several regulatory elements are 

present in the cell to insure gene expression functions efficiently.  Firstly, proteins such as 

enhancers and repressors bind to regulatory sequences of genes and allow or prevent expression. 

Repressors block the loading of RNA polymerases and thus transcription cannot occur.   RNA 

interference is a process in which small interfering RNA transcripts (siRNAs) bind to 

homologous sequences triggering their degradation by RNase proteins. This therefore provides 

gene silencing at the posttranscriptional level (Volpe et al., 2002). The location of a gene within 

the genome can also dictate the level of expression by exposing a gene to cellular machinery 

involved in expression or repression. Also, certain areas of chromosomes adopt different 

structures, and genes positioned in specific chromatin structures result in their repression. 

    Heterochromatin plays an important role in gene silencing. In the eukaryotic nucleus, 

DNA is compacted and wrapped around histone proteins, and this compaction can be modified if 

required. Modifications to histone proteins include, but are not limited to, methylation, 

acetylation, phosphorylation and ubiquination (Snustad and Simmons, 2005). These epigenetic 

modifications are reversible, and occur on specific histone tail residues that protrude from the 

main nucleosome structure, most commonly on histone proteins H3 and H4 (Fillingham and 

Greenblatt, 2008).  In higher eukaryotes such as Drosophila, methylation of H3 lysine 9 by 

SUVAR methyltransferases and deacetylation by histone deacetylases (HDACs) lead to 

heterochromatin formation by recruiting the adapter HP1 (Mohan et al., 2010).  In S.cerevisiae, 

this modification pattern is achieved by the SIR complex.  

The SIR complex consists of four proteins (Sir1-4). Sir2 is a HDAC that plays a critical 

role in gene silencing. Sir3 and Sir4 confer nucleation of the SIR complex at Rap1 and other 

binding sites. Once bound, Sir3 and Sir4 recruit Sir2 to the complex, and Sir2p deacetylates the 
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adjacent histone tail. This deacetylation recruits more Sir3p and Sir4p to the newly deacetylated 

histone, which recruits more Sir2 to deacetylate the adjacent histone tail, and so on.  This 

continuous recruitment of Sir proteins spreads the histone deacetylation pattern away from the 

site of nucleation resulting in heterochromatin formation and maintenance (Miele et al., 2009).  

Interestingly, Sir1 binds to ORC (Rusche et al., 2003). 

Though it has been extensively discussed that gene silencing is an important 

phenomenon, it is not needed throughout the entire genome, and so the spread of the silencing 

signal must be contained and counteracted to allow nearby genes to be expressed when needed. 

Histone acetylation is an example of a modification that promotes a euchromatic structure, and 

this is performed by Histone Acetyltransferases (HATs), which have an opposing function of 

HDACs. The acetylation of specific lysine residues on H3 and H4 histone tails is an epigenetic 

mark of euchromatin, as acetylation of these tails relaxes the chromatin structure and permits 

access to the DNA by cellular machinery (Fox and Weinreich, 2008). In S. cerevisiae, HATs 

consist of multiple subunits, and many have been shown to also have roles in gene silencing, 

DNA repair and DNA replication (Kurdistani and Grunstein, 2003).  Together, HATs and 

HDACs maintain euchromatic and heterochromatic regions, as well as heterochromatin-

euchromatin borders (Espinosa et al., 2010; Suter et al., 2007).  Subtelomeric regions also 

contain elements that counteract the strong silencing signal emitting from the telomere 

(Kurdistani and Grunstein, 2003). These regions are termed STARs (Subtelomeric Antisilencing 

Regions). STARs were discovered when their sequences decreased silencing efficiency when 

inserted between telomeric repeats and a URA3 reporter. In their natural position, STARs flank 

the X and Y silencer elements of the telomere and act as insulators to help contain the silencing 

signal to where it is needed (Rehman and Yankulov, 2009). 
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1.6  Positional Effects and Silencers 

 

 When an expressed gene normally located in euchromatin is translocated to pericentric 

heterochromatin, it is either expressed or repressed in a given cell. First discovered in Drosophila 

in 1930, this phenomenon was termed Position Effect Variegation (PEV) (Fourel et al., 1999). In 

the Drosophila eye, the white gene gives a red phenotype when it is expressed. When this gene is 

inserted into heterochromatin, a mosaic of white and red facets can be seen as the gene is being 

repressed in some cells but expressed in others (Dimitri and Pisano, 1989). The plausible 

mechanism underlying this phenomenon is that silencing proteins such as HP1 from the 

heterochromatic region leak into adjacent loci (Doheny et al., 2008)(Miele et al., 2009) . 

A similar phenomenon can also be seen at the telomeres of S.cerevisiae, and is termed the 

Telomere Position Effect (TPE). Genes in subtelomeric regions can be either fully active or fully 

inactive, and can switch about every 20 generations.  Like PEV, this has been accounted for by 

leaking of the silencing signal from the telomeric region (Miele et al., 2009). Normally, the 

telomere acts as a silencer. In S. cerevisiae, telomeres posses TG (1-3) repeats in their sequence.  

These repeats help form a silent chromatic state, as they bind multiple copies of Rap1p (Rehman 

et al., 2009). Rap1p recruits and binds silencing proteins Sir3 and Sir4, which spread along 

adjacent nucleosomes to form and maintain a heterochromatic state (Figure-3). The telomeric 

region also contains protosilencers to aid in silencing termed the core X and Y elements. The 

core Y element is found immediately adjacent to the telomere. Varying in length (short or long), 

they are not present in every chromosome. With the tandem repeats varying from one to four, 

these elements can occur from 10 to 30 copies in their respective location, with  TG(1-3) repeats 

between them. The X element is less conserved, and is present after the Y element closer to the 

centromere (Rehman and Yankulov, 2009). These elements contain the ACS/B1 element, which 
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also bind ORC at this locus, and through the SIR complex result in silent chromatin (Yamada et 

al., 1998).   

The telomere is not the only locus where silencing is important. A particularly interesting 

feature of yeast is their capacity to interconvert between mating types. Haploid cells mate to 

become diploid. Once diploid, a cell can no longer mate, but can undergo meiosis.  Each haploid 

mating type (termed a and α) secretes a different pheromone which attracts the other type to 

allow mating to occur.  Diploid yeast then sporulate (Fox and Weinreich, 2008). Since mating 

can only occur in the haploid state, and the yeast genome possesses both mating types, it is 

essential for mating that yeast cells only express one of the mating types at a time. The MAT 

locus regulates expression of mating types (Figure-4) (Mazor and Kupiec, 2009).  Whichever 

mating type is expressed is located in the MAT locus. Other loci located away from the MAT 

locus posses the a and α cassettes (termed HMLα and HMRa), and these loci must be silenced in 

their native location to ensure that only the MAT locus is expressing a mating type.  Both HMLα 

and HMRa are flanked with E and I elements which silence the expression of both mating types 

to prevent transcription. The endonuclease HO controls mate-type switching, which can occur 

every generation. When mating type is switched in haploid cells, HO promotes a uni-directional 

translocation event from the a or α cassette into the MAT locus, removing the existing cassette 

(Haber, 1998). Cells can now mate with cells of their former mating type to form α/a diploid 

cells. 

The E and I elements contain sites for silencing factors that are recruited to maintain the 

regulation of the a and α genes.  The better characterized E element contains binding sites for  
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Figure-3: Silencing at the telomere. The telomeric repeats contain multiple binding sites for Rap1p.  

Once bound, Rap1p recruits Sir3p and Sir4p. These in turn recruit the histone deacetylase Sir2p that 

moves deacetylating histone tails to spread the silencing signal.  Subtelomeric elements also contain 

ACS/B1 elements, and ORC bind here and recruits Sir1p. Sir1 recruits the rest of the Sir proteins and the 

silencing signal is further spread along.  
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Rap1p and Abf1p, which act as transcriptional activators/repressors in the genome. The E 

element also contains an ARS, and thus an ACS/B1 element (Figure-4) (Jensen et al., 1983). ORC 

binds ACS/B1, and Sir1 binds ORC. Sir3 and Sir4 bind Rap1p, and Sir2 deacetylates histone tails 

as previously discussed to form silent chromatin (Figure-5) (Miele et al., 2009).  Sir1 is not 

essential for the silent chromatin at telomeres, but all Sir proteins are essential for silencing the 

mating type locus (Fox and Weinreich, 2008). Remarkably, the E and I silencers work as origins 

of replication when placed on plasmids or elsewhere in the genome (Murphy et al., 2003). 

1.7 The Silencing of ARS is directional 

 

Though it has been well characterized how silencing at the MAT locus is obtained and 

maintained, it has only been shown in the past few years that the silencing elements have a 

preferred direction in which to silence effectively.  Orientation studies performed at the MAT 

locus (which contains two ACS/B1 elements) revealed that silencing of a URA3 reporter occurs 

only in the URA3-Abf1p-ACS-B1 orientation. This was also the case at HML-E (Fox and 

Weinreich, 2008). Nucleosome position studies revealed that there are stably positioned 

nucleosomes on the Abf1p side of the element, and these are not present on the ACS/B1 side 

(Zou et al., 2006b). This is logical as together both ACS/B1 sequences flanking the MAT locus 

create an insulated silencing domain across the MAT locus. There has been no other research on 

this subject, so it is not known if this is true for all ARS. 

1.8     Is ACS/B1 a dual function element? 

As it has been discussed, the ACS/B1 element serve both a replicative and silencer 

function in S. cerevisiae.  However, it is not clear what determines this dual function. Compared 

to the well characterized ARS1, band shift assays have revealed that ORC binds to the ACS/B1 of 

HMR-E approximately 10 fold higher (Zou et al., 2006a). Further investigation using a 
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Figure-4: The Mating Type (MAT) locus in S. cerevisiae. The MAT locus is flanked by both mating type 

cassettes termed HMLα and HMRa. Each of these regions are flanked by E and I silencer elements that 

contain ACS/B1 as well Rap1p and Abf1p binding sites. These sites bind proteins of the SIR complex, that 

help spread the silencing signal by deacetylating histone tails. 
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a hybrid cassette incorporating the B1 element of HMR-E and the A element from the synthetic 

HMR-SS (which contains ACS but not B1) showed a similar high affinity to ORC. The latter 

provides some insight to the idea that the B1 element influences ORC binding, and this 

difference in affinity may result in a dual function of ARS (Fox and Weinreich, 2008).  It has also 

been found that an orc2-1 mutation, which limits the amount of stable ORC does not alter ORC 

binding to the HMR locus.  It was proposed that when ORC levels are low, only high affinity 

binding sites can bind the stable ORC molecules left, and so sites such as HMR prevail (Rehman 

and Yankulov, 2009). This can also account for the fact that when the WTW motif of the B1 

element was mutated to WGG in ARS317 (located in the HMR locus) plasmid stability was not 

affected, even when levels of ORC were lowered (Shor et al., 2009).  The affinity of ORC also 

influences metabolic genes. ChIP-on-chip assays revealed new ORC binding sites that were 

resistant to an orc2-1 mutation in S.cerevisiae using genomic microarrays. These sites, 

frequently overlapped with an open reading frame (termed ORF-ORC sites). Interestingly they 

possessed no replicative activity in wildtype or orc2-1 strains and did not posses any consensus 

sequence. These ORC-ORF sites were commonly found along with genes involved in many 

nutrient metabolism systems such as amine degradation and glycolysis.  This easily explains why 

these sites were orc2-1 resistant as these processes are vital for survival (and thus will have 

priority when ORC levels are low), and shows another side of ORC that is not solely replication 

based (Chang et al., 2008). 

Other experiments have looked at the B1 element as a cause for the dual function of ARS 

and results have been mixed. It has been shown that mutations in the B1 element hinder ARS 

activity in most cases, with the exception of HMR-E and ARS319 located in the telomere (Shor et 

al., 2009). This was a logical outcome, until it was found that when ARS1 was inserted into the 
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telomeric region without its B1 element, silencing was not affected (Chang et al., 2008). The 

puzzling findings continued when ACS and B1 from ARS1 components were inserted into the 

HMR-SS cassette, and silencing was not as efficient as ARS317 (Rehman et al., 2006)(Rehman 

et al., 2009).  The Yankulov lab has also shown that the ACS elements of the core X element 

switch from protosilencers to antisilencers when transformed into yeast with mutations in 

replication factors. Interestingly, a mutation in the B1 element of the core X element resulted in 

an increase in silencing in replication factor mutants (Rehman and Yankulov, 2009).  

So, the question remains if the B1 element plays a role in the dual nature of ARS. In 2009, 

members of the Yankulov lab proposed that perhaps the affinity of ORC to the B1 element may 

be due to diverse possible conformations of ORC to B1 sequences (Figure-5). Aside from the 

WTW region, the sequence of the B1 element is quite diverse (Rehman et al., 2006). These 

differences in sequence may result in differential binding of ORC to origins, creating a 

difference in affinity and thus may account for the ability for ARS to act as both a protosilencer 

and an origin. 

1.9     Proposal 

 

  It is known that silencer ARSs can act as origins when placed in plasmids, and that origin 

ARSs can act as silencers when inserted into the telomere or other heterochromatic loci (Chang et 

al., 2008). The true mechanism of how ARS can act as both a silencer and an origin has yet to be 

determined.  The purpose of the following research is to test if the B1 element plays a role in the 

functional duality of ARS in S. cerevisiae. In order to assess the effect on the B1 element in 

relation to the duality of ARS, both silencer and replicator ARSs must be examined in both 

silencing and replication assays.  
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1.10 Hypotheses and Objectives 

 

Hypotheses 

1. The B1 element contributes to the dual nature of ARS 

2. B1 elements in different ARSs can extended beyond the WTW motif 

 

Research Objectives 

 

1.  To clone several origin and silencer ARSs. 

2. To perform fine scanning mutagenesis of the B1 element. 

3. To test the produced mutants for effects on silencing and replication. 

 

By performing the outlined research goals, it will be determined whether there are any 

differences between silencer and replicator ARS due to the B1 element. If indeed the B1 elements 

determine the dual function of ARS, one should expect to see differences in TPE and DNA 

replication upon mutation. This work could provide novel insights into the duality of ARS as well 

as its involvement in gene silencing. 
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Figure-5: Gene Silencing at the HMRa of the MAT locus.  The E and I elements contain 

ACS/B1 that recruit ORC. ORC recruits Sir1p, and Rap1 and Abf1p recruit Sir3 and Sir4 proteins 

to the locus. The histone deacetylase Sir2p is then recruited and deacetylates adjacent histone 

tails, which in turn recruit more Sir3 and Sir4p, and Sir2 continues to move along spreading the 

silencing signal.  
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2. METHODS  

 

2.1 General media for growth for Saccharomyces cerevisiae and Escherichia coli DH5α 

 

Yeast Peptone Dextrose (YPD) for growth of yeast cells: 1% yeast extract and 2% peptone was 

dissolved in dH20. The solution was then autoclaved for 20 minutes at 121°C. 1/10 of the volume 

of 20% pre-autoclaved glucose was added prior to use. 

 Luria-Bertani (LB): 1% NaCl, 1% bio-tryptone and 0.5% yeast extract were dissolved in dH20. 

The solution was autoclaved at 121°C for 20 minutes.  LB/amp plates contain 0.075mg/ml 

ampicillin that was added after autoclaving. 

Synthetic Complete (SC), SC/URA- and SC/FOA: For 1L SC Media: 2.32g/L of yeast nitrogen 

(YN) powder was dissolved in dH20, autoclaved at 121°C for 20 min, then supplemented with 

2% glucose and amino acids as outlined below. Amino acids are prepared by filter-sterilization 

(0.22µm) and glucose was autoclaved prior to addition. SC/FOA media includes the addition of 

0.1% of filter-sterilized (0.22µm) 5-Floroorotic acid (5’-FOA) after autoclaving. 

 

 

SOB and TB medium for chemical transformation: For SOB medium, 2% bacto-tryptone, 0.5% 

yeast extract, 10mM NaCl and 2.5 mM KCl were added to the desired volume of dH20. Before 

autoclaving, pH was checked to ensure the solution had a pH of 6.8-7.0. Solution was then 

autoclaved at 121°C for 20 minutes. Once cooled, 33mM of filter sterilized (0.22µm) Mg
2+ 

(1M 

MgCl2•6H20/1M MgS04•7H20) was added to the solution. 

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 
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For TB medium, a solution of 10mM HEPES, 15mM CaCl2•2H20 and 250mM KCl were added 

to a desired volume of dH20, and pH was adjusted to 6.7 using KOH. 55mM MnCl2•4H20 was 

added. Solution was then filter sterilized (0.22 µm) and solution was placed at 4°C.  

For plate preparation: Prior to autoclaving, 2% agar was added to any of the media recipes 

above. 

2.2 Growth of cells 

 

Yeast cells were grown in YPD at 23°C while shaking. The doubling time of the W303 

wildtype strain was estimated to be approximately 1.5-2 hours. DH5α cells were grown in LB 

media while shaking or rotating at 37°C. These cultures were always grown to saturation. 

2.3 Plasmid isolation 

 

3 ml of culture was grown overnight in LB media containing ampicillin if necessary. 1.5 

ml of culture was pelleted at 6000 rpm for 2 min in a Beckman Coulter Microfuge Lite 

centrifuge. The supernatant was decanted, and this process was repeated. Once residual 

supernatant was aspirated, 100 ul of 50mM glucose/10mM EDTA/25mM Tris pH7.5 was added 

to the tube and the pellet was resuspended by vortexing. This was followed by the addition of 

100 ul of 1%SDS/0.2M NaOH and the tube was gently inverted. 150ul of 3M 

KoAC/11.5%HDAC was then added, and reactions were gently mixed and placed on ice for 5-10 

minutes. Cell debris and genomic DNA were then pelleted at 13000 rpm for 5 minutes, and 

supernatant was added to 400ul Phenol Chloroform (Ph:Cl) and centrifuged at 13000 rpm for 4 

minutes. The aqueous layer was transferred to a new tube and 720 ul of 100% ethanol (EtOH) 

was added. Tubes were then put at -20°C for 2 hours or -80°C for 1 hour to allow the 

precipitation of DNA.  Tubes were then centrifuged at 13000 rpm for 10 minutes to pellet DNA. 

After aspiration of the ethanol, pellets were washed with 1 ml of 70% ethanol by spinning at 
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13000 rpm for 1 minute followed by aspiration of the ethanol. Pellets were left to dry, and were 

then resuspended in 40 ul dH20. 1 ul of RNase (10 mg/ml) was added and tubes were left at 37°C 

for 1-2 hours. 3-4ul of plasmid was then run on a 1% agarose gel to ensure proper isolation. 

2.4 Restriction enzyme digestion 

 

Typical restriction enzyme digestion was done in 100 ul reactions containing the 

appropriate buffer, 100-1000 ng of DNA and 10U of the desired enzyme. 

Digestion of pGEM-T for subcloning: Positive pGEM-T plasmids (Strategene) were 

digested with BamHI for one hour at 37°C. Digests were run on a 1% aragose gel and the desired 

DNA was gel extracted as described in section 2.5 

Digestion of pADH4-Ura-tel (Rehman and Yankulov, 2009) for transformation: 70 ul of 

plasmid was digested in a 200ul digest with 10 ul of Tango Buffer and 3 ul of PaeI or SalI for 3 

hours at 37C. Digests were then heated at 65C for 20 minutes to inactivate the enzyme, and 3 ul 

of EcoRI was added and reactions were placed at 37C for 3 hours. The aqueous phase was 

extracted precipitated with ethanol as described in section 2.3, and was resuspended in 20 ul 

dH20. 

  Digestion of PCR products for ligation into pARS/CEN(Gottschling et al., 1990) :  PCR 

reactions were first digested with DpnI for 1 hour at 37°C to degrade template. Inserts were then 

double digested with SalI/EcoRI for 2 hours at 37°C, Ph:Cl and precipitated as described above. 

Final pellets were resuspended in 20-30 ul.  pARS/CEN was digested in parallel  with SalI/EcoRI 

for 3 hours at 37°C. Reactions were then run on a 1% agarose gel. The higher fragment of 

approximately 6kb was then gel purified as described in section 2.5. 

Diagnostic Digestion of positive clones in pARS/CEN: 10 ul of isolated plasmid was 

digested with Xho1 at 37°C for 1 hour.  A similar digest with SalI/EcoRI at 37°C for 1 hour was 
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done in parallel for further evidence of proper integration. Both digests were run on a 1% 

agarose gel along with undigested controls. 

2.5 Purification of  DNA fragments 

 

Purification of fragments was performed using the Bio-Basic EZ-10 Spin Column DNA Gel 

Extraction Kit.  20 ul of fragment was run per well of a 1% agarose gel at 100 V for 40 minutes. 

The fragments were then cut with a clean sharp razor. 400ul of Binding Buffer II was added for 

every 100mg of gel weight extracted. This mixture was then incubated between 50-60°C to allow 

the gel to dissolve. The mixture was then added to an EZ-column, incubated at room temperature 

for 2 minutes, and spun at 10 000 rpm for 2 minutes. Flow-through was discarded, 750ul of 

Wash Solution was added, and the column was spun again at 10 000 rpm for 1 minute. Flow- 

through was decanted, and this step was repeated. The empty column was then spun at 10 000 

rpm for one minute to allow any residual Wash Solution to flow through. The column was then 

placed in a clean 1.5 ml tube, and 30-50ul of Elution Buffer heated to 60°C was added to the 

centre of the column, incubated for 2 minutes at room temperature, and spun at 10 000 rpm for 2 

minutes. 4 ul of extraction was then run on a 1% agarose gel to estimate the yield of extracted 

fragment. The remaining extracted fragments were stored at -20°C. 

2.6.1 Amplification of different ARSs by PCR 

Primers were generated to amplify fragments of varying sizes encompassing different ARSs. 

Sequences for all primers can be found in Appendix A. Each primer contained a BamHI cleavage 

site which incorporated the site on each end of the desired ARS fragment. These fragments were 

generated in a Biometra T-Gradient thermocycler using Crimson Taq (New England Biolabs). 

Reagent concentrations were as outlined in the Crimson Taq manual. The thermocycler was pre-

heated to 95°C prior to adding samples. Conditions were as follows: an initial denaturation of 
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94°C for 2 minutes, a denaturation step at 94°C for 20seconds, an annealing step at 52°C for 30 

seconds, and an extension step at 72°C for 30 seconds. The denaturation/annealing/extension 

steps were repeated for 35 cycles, and then a final extension step at 72°C for 5 minutes was 

carried out.  10ul aliquots were run on a 1% agarose gel to verify successful amplification.   

2.6.2 Colony PCR protocol 

 

Colony PCR reactions were performed on positive colonies from transformed ligations 

into pARS/CEN. PCR conditions and reagents used were the same as amplification of ARS 

fragments. However, colonies from LB/Amp plates were taken with a sterile pipette tip, and 

were first streaked on another LB/amp patch plate. Then, the tip was dipped into tubes 

containing all other reagents, and the remainder of the colony was immersed in the tube.  The 

thermocycler was pre-heated to 95°C prior to adding samples. Conditions were as follows: an 

initial denaturation of  95°C for 30 seconds, a denaturation step at 95°C for 30seconds, an 

annealing step at 52°C for 30 seconds, and an extension step at 68°C for 30 seconds. The 

denaturation/annealing/extension steps were repeated for 35 cycles, and then a final extension 

step at 68°C for 5 minutes was carried out. M13/pUC primers were used as they flanked the 

cloning site (sequence is found in Appendix A). 10 ul of PCR reactions were run on a 1% 

agarose gel along with positive and negative controls. The patch plate was then placed at 37°C 

overnight. DNA from the patch plate corresponding to positive PCR reactions was then 

inoculated in LB medium containing ampicillin and plasmid were isolated as described in section 

2.3.  

2.7 Preparation of competent E.coli DH5α cells and transformation 

 

Some experiments were carried out with chemically competent cells made in the lab. A 

5ml culture of DH5α cells were grown in LB media overnight at 37°C. In the morning, 3 ml of 
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this culture was added to 250 ml of SOB medium in a 2L flask, and the culture was left to grow 

at 25-30°C while shaking. When an OD600=0.4-0.6 was reached, the flask was placed on ice for 

10 minutes. The culture was then placed in a 250 ml bottle and spun at 2500 x g for 10 mins at 

4°C. The supernatant was decanted, and the pellet was resuspended in 80 ml of ice cold TB, and 

placed on ice again for 10 minutes, then spun again for 10 minutes. The pellet was then 

resuspended in 20 ml TB, and DMSO (dimethyl sulfoxide) was added to a final concentration of 

7%. The mixture was then placed on ice for an additional 10 minutes, and then cells were placed 

in tubes in 200ul aliquots and placed at -80°C.  

For transformation, 200 ul of competent cells was thawed on ice. 1-5 ul of ligation 

mixture or plasmid was added to the cells, mixed gently, and cells remained on ice for 30 

minutes. They were then placed in a 42°C water bath for 30-60 seconds and placed back on ice 

for 2 minutes. 800 ul of SOC was added, and tubes were incubated at 37°C for one hour while 

rocking. Tubes were then spun down at 6000 rpm for 2 minutes; liquid was decanted until only 

100ul remained. Pellets were resuspended in 100 ul, and plated on LB plates containing 

ampicillin. Plates were placed at 37°C overnight to allow growth.  

Certain experiments were performed with commercially available cells from Invitrogen 

(Burlington, Ontario). For transformation, 50 ul of cells were added to 1.5 ml tubes, and 3-5ul of 

DNA was added to these cells, and left to incubate on ice for 30 minutes. Also, 2.5 ul of the 

pUC19 (Invitrogen) DNA was added to 50 ul of cells to serve as a positive control. Cells 

containing no DNA were also incubated to serve as a negative control. After 30 minutes, cells 

were placed at 42°C for 20 seconds, and placed on ice for 2 minutes. 950ul of pre-warmed 37°C 

SOC (0.5%yeast extract/2%tryptone/10mM NaCl/2.5mM KCl/10mM MgCl2/20mM 

MgSO4/20mM glucose) was added and tubes and were incubated for 1 hour at 37°C while 
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rocking. Cells were then pelleted at 6000 rpm for 2 minutes, and supernatant was decanted 

leaving only 100 ul. Pellets were resuspended and 100ul of liquid was spread onto LB/Amp 

plates and were placed at 37°C overnight. 

  Transformation of all mutant pADH4-URa-tel constructs were done by electroporation 

with cells made in the lab. DH5α cells were grown overnight on LB plates. The following day, 

cells were inoculated in 5ml LB media and grown overnight at 37°C. In the morning, this culture 

was added to 500 ml LB media, which was left to grow at 37°C until an OD600=0.6 was reached. 

Cells were then chilled for 10-15 minutes on ice. 250 ml of the culture was then centrifuged at 

5000xg for 15 minutes.  Liquid was decanted and this step was repeated.  Liquid was decanted 

and pellets were washed with 250 ml of sterile dH20 and pelleted as before. Liquid was decanted 

and another 250 ml was added to the pellet and centrifuged. After decanting water, cells were 

resuspended in 40 ml of 10% Glycerol and centrifuged again. Liquid was decanted and an equal 

volume of 10% Glycerol was added to the pellet.  120 ul of cells were then aliquoted in 1.5ml 

tubes and frozen at -80°C.  

 For transformation, the electroporation protocol was designed according to the manual of 

the BioRad Micropulser (cat. 165-2100). 40 ul of cells were added to 1.5 ml tubes, and 2-3 ul of 

DNA was added to each tube and incubated for 1-2 minutes on ice. The electroporation 

apparatus was set to Ec2 and time (ms) was measured. Cells were placed in 0.2 mm pre-chilled 

cuvettes and were subjected to electroporation. Acceptable ms readings were defined as an 

output of 4.5-5.5.  Immediately after electroporation, 1 ml of SOC (05% Yeast 

Extract/2%Tryptone/10mM NaCl/2.5mM KCl/10mM MgCl2/20mM MgSO4/20mM glucose) 

was added to cells and the resulting liquid culture was placed back into the 1.5 ml tube. Cells 

were then incubated at 37°C for 1 hour and plated on LB/amp as previously described. Cells 
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containing no DNA were done in tandem as a negative control. Plates were incubated overnight 

at 37°C. 

2.8 Transformation of S. cerevisiae by electroporation 

 

 W303 S. cerevisiae cells were grown overnight in YPD in a volume of 20 ml per 

transformation. Cells were grown to an OD600 of 0.85-1.0. Cells were spun down in 50 ml falcon 

tubes for 3 minutes at 4000 rpm, washed in 50 ml sterile dH20 followed by 25 ml of sterile 

dH2O, spinning and decanting each time. Cells were then resuspended in 5 ml of 1M sorbitol and 

spun again.  The liquid was decanted, and cells were resuspended in 1M sorbitol equating to 3X 

the volume of the cell pellet. 80 ul of cells were then used to transform 2-3ul of digested plasmid 

into cells by electroporation using the BioRad Micropulser. The apparatus was set to the Fungi 

Sc4 setting, and ms was chosen to be measured. Immediately after electroporation, cells were 

resuspended in 1 ml of recovery medium (YPD/1M Sorbitol) and left to rock at room 

temperature for 1.5-3 hours. Cells were then spun down for 2 minutes at 5000rpm. The aqueous 

layer was decanted until 100 ul remained, and cells were resuspended in this residual liquid. 

SC/URA- plates were divided in half, and 50 ul of cells were plated on one side, followed by 5 ul 

of cells on the other side. Plates were placed at 23°C and grown for 3 to 4 days. 

2.9 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/). 
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Subcloning of ARSs in pADH4-URa-tel and Mutagenesis 

2.10 Subcloning of ARSs in pADH4-Ura-tel 

 

Ligation into pGEM-T Easy Vector 

3 ul of PCR fragments were directly ligated into the pGEM-T vector using a PCR cloning kit 

(Strategene).  3-5 ul of ligation mix was transformed into chemically competent DH5α cells as 

described in section 2.7. Positive colonies were grown in 3 mL of LB media containing 

ampicillin overnight and plasmids were isolated as described in section 2.3. DNA was sent for 

sequencing using a primer for the Sp6 promoter. 

 Successful clones containing each orientation of ARS (ACS-B1 and B1-ACS) were then 

subjected to subcloning into pADH4-Ura-tel. This vector was chosen for the silencing assay as it 

posses key elements: a URA3 reporter, a telomeric repeat, as well as an ADH4 gene to allow 

insertion into the genome near the VIIL telomere. All of these elements are necessary to test for 

silencing at the telomere. PCR fragments from the pGEM-T vector were first digested with 

BamHI and gel purified as described in section 2.4 and 2.5. pADH4-Ura-tel was also digested 

with BamHI and treated with alkaline phosphatase to prevent any re-ligation. Purified ARS 

fragments and digested pADH4-Ura-tel were then ligated together with a T4 ligase (Invitrogen) 

in a 10ul reaction. 3-5 ul of the ligation was then transformed into competent DH5α and selected 

on plates containing ampicillin as described in section 2.7. Ampicillin resistant clones were then 

grown in LB media with ampicillin as previously described and then subjected to PCR with 

pVZfor2 and Ura3for2 primers.  Positive clones were then sent for sequencing using a pVZfor2 

primer. Clones in both orientations relative to the telomere (URA3-ACS-B1-tel and URA3-B1-

ACS-tel) were used for further analysis. 
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2.11 Mutagenesis of ARSs in pADH4-Ura-tel 

 

Five sets of PCR primers were generated for each ARS (numbered 1.1-1.5). Each primer 

set was approximately 40 bp in length and each contained a 2 base mismatch to the original ARS 

sequence (sequences found  in Appendix A). Primers were designed to span 4 bp before the 

proposed WTW element and ending 3 bp after the element. A/T bases were modified to G and 

G/C bases were modified to T’s. 

PCR was performed using Phusion High Fidelity Polymerase (New England Biolabs). 

Reagent concentrations were as outlined in the product manual by the manufacturer. Reactions 

were carried out using a Biometra T-Gradient thermocycler. The thermocycler was pre-heated to 

95°C prior to adding samples. Conditions were as follows; an initial denaturation of 98°C for 2 

minutes, a denaturation step at 94°C for 10 seconds, an annealing step at 50°C for 30 seconds, 

and an extension step at 72°C for 3 minutes. The denaturation/annealing/extension steps were 

repeated for 35 cycles, and then a final extension step at 72°C for 5 minutes was carried out. All 

ARS605 PCR reactions used an annealing temperature of 52°C, with the exception of URA3-

ACS605-B1.2-tel which had an annealing temperature of 51°C. 10ul of PCR reaction mix was 

run on a 1% agarose gel. A band of ~6 kb was an indication of a successful PCR. Successful 

PCR mixtures were then digested with DpnI as outlined in section 2.4. DNA was then 

transformed into DH5α cells as described in section 2.7.  Several positive colonies were 

inoculated into 3 ml of LB/amp media and plasmids were isolated as described in section 2.3.  

Plasmids were sent for sequencing with the pVzfor2 primer to search for a successful plasmid 

containing the integrated mutation.  Successful mutated plasmids were subjected to the silencing 

assay protocol as described in section 2.13. 
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Insertion of fragments into the VIIL telomere and Gene Silencing Assay for URA3 

2.12 Insertion into the VIIL telomere 

 

Successful mutant constructs were subjected to double digestion as outlined in section 

2.4, transformed into yeast cells as described in section 2.8 and left to grow on SC/URA- media 

for 3-4 days at 23°C.  Positive colonies were then streaked in triplicate onto SC/URA- and 

SC/FOA plates to confirm proper insertion into the VIIL telomere. SC/FOA is chosen as cells 

expressing URA3 will die in the presence of FOA. Successful integration into the telomere shows 

growth on both media, as any construct transformed into the subtelomeric region is subjected to 

variegated expression (switching the expression/repression of URA3).  Previous experience with 

this assay in the Yankulov lab shows that in an overwhelming number of cases, positive 

integration was confirmed by PCR. Once properly inserted, these constructs are stable, and will 

remain in the genome for future generations. 

2.13     Gene Silencing Assay for URA3 

 

Once proper insertion was confirmed, streaked colonies from the SC/URA- plates were 

inoculated into 3 ml YPD and grown for more than 20 generations to allow equilibrium of 

silenced and expressed URA3 to be established.  This was done by allowing the growth to reach 

saturation, and taking 10 ul of the saturated cells and placing it into 3 ml YPD and allowing 

growth to reach saturation again.  

After being grown for about 20 generations, each culture was subjected to six 1 in 10 

serial dilutions of a final volume of 250 ul in a microtiter plate. Then, 5 ul of each well was 

spotted in a line on YPD, SC/URA- and SC/FOA media. Plates were placed at 23°C for 3-4 

days. Colonies were then counted from all three media (YPD, SC/URA-, SC/FOA) and numbers 

were analyzed in Microsoft Excel 2007. Colony counts from selective media (SC/URA- and 
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SC/FOA) were divided by the corresponding dilution count from the non-selective media (YPD). 

These numbers show the percentage of cells that were able to express and repress the URA3 

reporter (termed %URA
r
 and %FOA

r 
respectively, with 

r
 representing resistance). Since each 

ARS mutation set was spotted in triplicate, and two dilutions were countable in most cases for 

each set, multiple values for %FOA
R
 were produced and averaged together to get the final 

%FOA
r
 for graphic representation. Standard deviations for the average FOA

r
 and URA

r
 values 

were also calculated, and these are shown as error bars in all graphs.  Statistical analysis was also 

performed to assess if changes in FOA
r
 were statistically significant. Two-way ANOVA tests 

were performed with each mutation set relative to wildtype. Analysis was also performed with 

all mutant samples and wildtype for a given ARS in one ANOVA test, and results were similar. 

All %FOA
r  

values
 
were entered into the Vassarstats  Statistical Computational  website 

(http://faculty.vassar.edu/lowry/VassarStats.html).  The samples were defined as independent 

samples, and also a weighted analysis was selected. Significant data was assessed by the 

calculated p-values.  A difference in a mutant construct relative to wildtype was deemed 

significant if the p-value obtained was equal to or less than 0.05. 

Minichromosome Stability Assay 

2.14 Amplification of ARS products by PCR 

 

PCR primers were designed to flank the mutated ARS fragment already existing in 

pADH4-Ura-tel.  The pVZfor2 primer is complementary to the pVZ region of pADH4-Ura-tel, 

and the URA3for2-Xho1-SalI primer is complementary to the URA3 reporter found in pADH4-

Ura-tel.  Xho1 and SalI sites were incorporated for later use. PCR was performed using Crimson 

Taq DNA polymerase (New England Biolabs) in a Biometra T-Gradient thermocycler. Reagent 

concentrations outlined by the manufacturer were followed. The thermocycler was pre-heated to 
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95°C prior to adding samples. Conditions were as follows; an initial denaturation of 95°C for 2 

minutes, a denaturation step at 95°C for 30seconds, an annealing step at 52°C for 30 seconds, 

and an extension step at 68°C for 60 seconds. The denaturation/annealing/extension steps were 

repeated for 35 cycles, and then a final extension step at 68°C for 5 minutes. 10ul of reaction was 

run on a 1% agarose gel to ensure successful amplification. 

2.15 Digestion of PCR fragments and Ligation into pARS/CEN 

 

Digestion of both the inserts and pARS/CEN with SalI/EcoRI is described in section 2.4. 

Following digestion, ligation reactions were set up using digested PCR fragments of each 

mutation and digested pARS/CEN. PCR fragments were combined with pARS/CEN in a 20 ul 

ligation with a 1:5 insert: vector ratio. Several controls were also subjected to ligation. To ensure 

the ligase was performing efficiently, ligation reactions of pADH4-Ura-tel digested with EcoRI 

were performed as controls; one with and one without ligase. Similar ligations were also 

performed with pARS/CEN.   All ligation reactions were left at 23°C for 2 hours or overnight at 

4°C. 2-4ul of ligation reaction was transformed in chemically competent DH5α cells as described 

above in section 2.7. 100ul of cells was spread on LB plates containing ampicillin and grown 

overnight at 37°C. 3-4 positive colonies from each plate were subjected to colony PCR as 

described in section 2.6 to check for successful ligation in pARS/CEN. 

2.16 Assay for Mini-Chromosome Loss 

 

Transformation of pARS/CEN into W303 cells was performed as outlined in section 2.8, 

and cells were plated on SC/URA- media. The pARS/CEN plasmids do not integrate into the 

genome, but are replicated via the ARS element maintained via CEN as mini-chromosomes. 

Because the mini-chromosomes are not essential, they are lost at a low rate of 3-5% per 

generation. An increase in this loss is indicative of poor function of ARS or CEN. 
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Positive colonies were streaked in triplicate on SC/URA-, and a single colony from each 

streak was inoculated in 1 ml of sterile dH20. Five 1:10 serial dilutions were made for each tube 

in final volume of 250 ul in a microtiter plate. Then, 5 ul of each well of a set was spotted in a 

line on YPD and SC/URA- media and plates were placed at 23°C to grow. All cultures were 

diluted to an OD600=0.01 in 3ml of YPD, and grown to saturation (approximately 10 generations) 

at 23°C. 10 ul of saturated tubes were then transferred again into 3 ml YPD, and grown to 

saturation. Once cells had been grown for approximately 20 generations, five 1:10 dilutions were 

made and cells were again spotted on SC/URA- and YPD media and left to grow. Colonies were 

then counted from both spot sets, and the percentage of URA3
+
 cells in the initial spots (I), as 

well as the final spots (F) was calculated. The loss per generation was then calculated by the 

formula L=1-(F/I)
 1/N 

where N= 20 generations. 
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3. Results 

 

 The main goal of this research is to determine if the B1 element plays a role in the dual 

nature of ARS in S. cerevisiae. This encompasses cloning silencer and replicator ARSs from the 

S. cerevisiae genome, mutating their B1 elements, and testing the silencing and replication 

efficiency of these mutants compared to wildtype ARSs. This was done by performing routine 

silencing and mini-chromosome stability assays on the mutant ARSs.  If in fact the B1 element 

plays a role in the dual nature of ARS, I expected to see differences in silencing and replication 

abilities of the two types of ARSs upon mutation of B1  

3.1 Amplification and Cloning of ARSs 

 

 In order to achieve the above goals, I cloned two silencer ARSs (ARS319 and ARS317) 

and two replicator ARSs (ARS305 and ARS605). ARS317 and ARS319 are both poor origins, and 

fire rarely in the cell cycle. ARS317 is found in the well characterized mating type locus, and 

ARS319 is found in the subtelomeric region of Chromosome III. Previous research on ARS317 

has shown that replication ability is not affected upon mutation of the B1 element, whereas 

mutation in WTW of ARS319 causes a two fold increase in plasmid instability (Marahrens and 

Stillman, 1992). ARS305 is one of the most characterized ARSs, and is found in euchromatin. It is 

a very efficient ARS and fires every cell cycle. ARS605 is found near the centromere on 

Chromosome III, and fires very early in the cell cycle.  

 These origins were amplified by PCR, and cloned into the pGEM-T vector using a kit 

(Strategene)(Figure-6a). ARS fragments were then subcloned into pADH4-URA3-tel by first 

digesting both vector and insert with BamHI, followed by ligation and transformation into DH5α 

cells (Figure-6b). PCR with URA3for2 and pVZfor2 primers was performed on positive  
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Figure-6: Amplification of ARSs and cloning into pADH4-Ura-tel A) Amplification of various 

ARSs by PCR from wildtype W303a using specific primers for each ARS. B) ARSs in pGEM-T were 

digested with BamHI for 3 hours at 37C. Successfully extracted ARSs are shown by arrows. ARSs 

were extracted using a gel extraction kit ligated into pADH4-Ura-tel. Only ARS305 is depicted, but all 

ARSs showed a similar trend. C) Confirmation of ARSs in pADH4-Ura-tel. Plasmids were isolated 

from positive colonies of transformed ligations, and subjected to PCR using pVZfor2 and URA3for2 

primers along with negative and positive controls to confirm successful integration of ARSs in 

pADH4-Ura-tel. Positives were sent for sequencing with pVZfor2 primer to confirm proper 

integration and orientation of ACS/B1. Only ARS319 and ARS605 are shown, but all ARSs showed a 

similar pattern. 
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colonies to confirm proper ligation into pADH4-Ura-tel (Figure-6c). pADH4-Ura-tel was chosen  

as it possesses a URA3 reporter, a telomeric repeat, as well as ADH4 to allow insertion into the 

genome near the VIIL telomere. I successfully cloned each ARS in both orientations (ADH4-

URA3-ACS-B1-tel and ADH4-URA3-B1-ACS-tel) as confirmed by sequencing with the pVZfor2 

primer (sequence in Appendix A).  

3.2 The orientation of the cloned ARSs determine the level of telomeric silencing 

 

It has previously been shown that ARS317 exhibits a unidirectional silencing pattern at 

the mating type locus. Orientation experiments revealed that the silencing of a URA3 reporter 

was greater when positioned in the URA3-ABF1-B1-ACS orientation as opposed to the URA3-

ACS-B1-ABF1 orientation (Chang et al., 2008). Though this led to the conclusion that the MAT 

locus exhibits a directional silencing signal to efficiently repress the mating type genes, this has 

not been tested with other ARSs at another silencing loci.  I wanted to test if the same directional 

silencing would be seen at the telomere with another silencer ARS as well as the replicator ARSs 

described above. This was done to determine if all ARSs exhibited the unidirectional nature. 

I performed a routine assay examining gene silencing by measuring the proportion of 

cells with silenced URA3. Both orientations (ADH4-URA3-ACS-B1-tel and ADH4-URA3-B1-

ACS-tel) of each ARS cloned were inserted into the subtelomeric region of the VIIL telomere by 

recombination of ADH4 and the telomeric repeats (tel) (Figure-7).  Insertion near telomere 

allows the construct to be exposed to silencing machinery found at the telomere. This assay uses 

5-Floroorotic acid (FOA) as a selective agent for cells that do not express URA3. If a cell is 

expressing URA3 and placed in media containing FOA, the FOA is converted by the enzyme 

encoded by URA3 into a highly toxic compound (5-Florouracil) resulting in death. Therefore, the  
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Figure-7: Assessing silencing ability using FOA sensitivity. A) Digestion of pADH4-Ura-tel 

with EcoRI and SalI linearizes the desired fragment, and transformation into S. cerevisiae allows 

recombination with the telomeric repeats (TG) and ADH4. B) Once integrated, yeast cells are 

subjected to a routine silencing assay using FOA sensitivity to assess the silencing efficiency of 

cells 
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efficiency of a given construct to be silenced can be evaluated.  In this case, I compared the 

percentage of cells able to grow on FOA between the two orientations for a given ARS. The 

silencing ability of the pADH4-URA3-tel vector alone is also included as a control. The 

percentage of FOA resistant cells is shown graphically for all orientations (Figure-8). 

I found that in all cases the URA3-ACS-B1-tel orientation showed more FOA resistant 

cells (FOA
r
) than their URA3-B1-ACS -tel counterparts (Figure-8).  This indicates that in the 

ACS/B1 orientation produces more repression of URA3 and thus has a higher silencing efficiency 

as compared to the URA3-B1-ACS -tel orientation. The URA3-ACS-B1-tel constructs also had a 

higher silencing efficiency than the ADH4-URA3-tel control, while constructs in the B1-ACS 

orientation did not.  Another interesting result was that the difference of FOA
r
 between the two 

orientations for each ARS was quite drastic. It seems as though ARSs prefer to silence in a certain 

direction, and the opposite direction impedes the silencing efficiency quite drastically. 

 

3.3 The role of B1 elements in telomeric silencing 

 

After the orientation experiments were performed, I mutagenized all ARSs by PCR 

(Figure-9a). Five mutations were introduced into ARS317 and ARS305, while four mutations 

were introduced into ARS605 and ARS319.   I achieved this by generating 40 bp primers 

spanning the B1 element that introduced 2 bp scanning mutations starting 5 bases upstream and 

ending 3 bases downstream of the WTW motif (termed URA3-ACS-B1.1 to URA3-ACS-B1.5). 

Unmutated ARSs from the orientation experiment were used as template, were propagated in 

E.coli, and thus were methylated. The PCR reaction produced multiple copies of unmethylated 

mutant clones. A digestion with DpnI degraded the methylated template, and mutants were 

transformed into E.coli and confirmed by sequencing before being integrated into the VIIL 

telomere of S. cerevisiae (Figure-9b). The same silencing assay as described in the orientation  



41 
 

 

 

 

 

 

 

 

 

 

 

 

Figure-8: The silencing of ACS/B1 is directional. ARS605, ARS319, ARS305 and ARS317 were 

inserted into the VIIL of S.cerevisiae telomere in both orientations. A routine silencing assay using FOA 

sensitivity was then performed to assess the silencing efficiency of both orientations. The %FOA
r
 is 

shown along with standard deviations. The URA3-tel empty vector is also included as a control. 
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Figure-9: Mutagenesis of B1 by PCR. A) 2 bp scanning mutations were introduced by PCR using 40 bp 

primers specific to each ARS encompassing the WTW region of the B1 element. A band of 6 kb on a 1% 

agarose gel is indicative of as successful PCR. A positive control of ARS305 with original primers was 

included to ensure PCR was efficient. Only ARS317 is shown, but PCR of all ARSs showed a similar 

image when run on a 1% agarose gel. B) Digestion of PCR products with DpnI. PCR reactions were 

digested with 10U of DpnI for 1.5 hours at 37°C to digest away unmutated template. A positive control of 

URA3-ACS317-B1-tel methylated template was also digested to DpnI to ensure digest was efficient. After 

digestion, reactions were transformed into E.coli to propagate the mutant plasmid prior to transformation 

into S. cerevisiae. 
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experiment was then performed to examine if there were any differences in the expression of 

URA3 upon mutation of the B1 element relative to wildtype unmutated constructs. 

It must be noted that in this assay, the main silencer is the telomere itself, which remains 

unmutated in all cases. A deletion in a gene that has a strong regulatory role in gene silencing 

would cause a drastic reduction in silencing to less than 1% of its original ability.  However, ARS 

is a protosilencer; therefore its deletion would have a less dramatic effect, and would only 

moderately reduce silencing at the telomere. Furthermore, a deletion of only an auxiliary element 

of ARS such as the B1 element could have an even smaller effect on the silencing ability of any 

ARS. 

Overall, all wildtype constructs showed a similar silencing efficiency, ranging between 

60%-69%.  The silencing efficiency of mutational constructs ranged between 34%-84%, 

however the majority of constructs fell between 56%-71%.  The silencer ARSs tested averaged a 

higher silencing efficiency in the mutational constructs compared to replicator ARSs; however 

the majority of mutations remained close to their wildtype counterparts.  

Statistical analysis was performed using the Vassarstats computational website. A paired 

two sample one-way ANOVA tests were performed for each mutant FOA
r
 values compared to 

the wildtype values. Differences were shown to be significant if the p-value was equal to or less 

than 0.05.  ANOVA tests were also performed encompassing all mutant constructs for a given 

ARS as well as the wildtype control in one test, and this yielded very similar results to when only 

one mutant was compared to wildtype alone. Therefore, p-values that compared each single 

mutant to the wildtype value are shown graphically.  

In the case of the silencer ARS317, all mutation sets seemed to be similar to the silencing 

efficiency of the wildtype construct (Figure-10). Slight increases in FOA
r
 were seen in the 
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flanking sequences of the WTW motif, but these were not drastic changes. For all statistical 

analysis performed, none of the mutants were statistically different than the unmutated construct, 

showing further evidence that all mutations had no effect on the silencing efficiency of ARS317 

at the VIIL telomere. 

  The same outcome is true for the other silencer tested, ARS319.  Though very small 

increases and decreases were seen in the mutants, the silencing ability of all constructs remained 

very close to that of the wildtype ARS319 (Figure-10). Together, it seems as though both silencer 

ARSs tested in this study were not affected by mutations in their B1 elements with respect to 

gene silencing. Statistical analysis performed on all ARS319 mutants relative to wildtype also 

showed no statistical difference, adding more confidence to the conclusion that both silencer 

ARSs were unaffected by mutation in the B1 element. However, I did not find this trend to be 

true for replicator ARSs. 

ARS305 showed an interesting silencing pattern upon mutation.  The mutations of 

flanking sequences of the WTW motif (URA3-ACS-B1.1, URA3-ACS-B1.3 and URA3-ACS-

B1.5) in ARS305 both showed differences in silencing ability compared to wildtype (Figure-

11)(Appendix B). However the flanking sequences away from ACS (URA3-ACS305-B1.1) 

produced a slight increase in silencing, while flanking sequences of the WTW motif close to ACS 

(URA3-ACS305-B1.3) revealed a decrease in silencing. This decrease was shown to be 

statistically significant (p=0.034) (Figure-11). Another decrease in silencing was seen when the 

first two bases of the WTW motif were mutated (URA3-ACS305-B1.2).  The most drastic 

decrease in silencing was seen in URA3-ACS305-B1.5, where mutation occurs 5 bases upstream  
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Figure-10: Effect of the B1 element on the silencing ability of silencer ARSs ARS319 and 

ARS317.  FOA sensitivity assays were performed on linker scanning mutants around the WTW 

motif (ARS3191.1-1.4 and ARS3171.1-1.5) at the VIIL telomere along with unmutated wildtype 

constructs in S. cerevisiae.  Average %FOA
r
 with standard deviations are shown. Also, p values 

from a two sample one-way ANOVA of all mutant constructs compared to wildtype are shown to 

the right. The proposed WTW is shown by a red box. Mutations are shown in lower case letters. 
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Figure-11: Effect of the B1 element on the silencing ability of replicator ARSs ARS305 and 

ARS605.  FOA sensitivity assays were performed on linker scanning mutants around the WTW 

motif (ARS3051.1-1.5 and ARS6051.1-1.4) at the VIIL telomere along with unmutated wildtype 

constructs in S. cerevisiae.  Average %FOA
r
 with standard deviations are shown. Also, p values 

from a two sample one-way ANOVA of all mutant constructs compared to wildtype are shown to 

the right. The proposed WTW is shown by a red box. Mutations are shown in lower case letters 
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of the WTW motif close to ACS. These two decreases in silencing were found to be significant 

statistically (with p values of 0.0076 and 0.0089 respectively). It seems that not only does the 

WTW motif show a decrease in silencing upon mutation, but flanking sequences found in-

between B1 and ACS may be important in silencing function of ARS305. ARS605 showed a 

similar trend, where flanking sequences on both sides of WTW showed differences in silencing 

compared to wildtype upon mutation (URA3-ACS605-B1.1 and URA3-ACS605-B1.3) (Figure-

11). It was again shown that bases encompassing the WTW motif as well as flanking sequences 

between WTW and ACS (URA3-ACS605-B1.2 and URA3-ACS605-B1.3 respectively) showed 

decreases in silencing ability.  However, it must be noted that only URA3-ACS605-B1.2 was 

found to be statistically significant (p=0.058) (Figure-11).  

In conclusion, the B1 element seems to be unimportant for silencing in the silencer ARSs 

I tested in this study. This does not seem to be the case in the replicators ARSs tested, as bases 

within WTW motif as well as flanking sequences between ACS and WTW seem to have a role in 

the silencing ability of these ARS.  In both cases, mutations within the WTW motif were found to 

be statically significant (URA3-ACS-B1.2), along with URA3-ACS305-B1.5. 

3.4 The Role of B1 elements in origin activity  

 

I tested the replicator activity of all mutant ARSs in a Minichromosome Maintenance 

(Plasmid Stability) assay. I subcloned all mutant origins from pADH4-Ura-tel into the 

pARS/CEN minichromosome. pARS/CEN is a low copy plasmid harbouring a centromere 

(CEN4), a selection gene marker URA3, and a cloned chromosomal origin of replication, ARS1. 

On such plasmids chromosomal origins fire once per cell cycle (Zou et al., 2006b). The resultant 

two plasmids are then faithfully segregated in daughter cells through the CEN elements. These 

synthetic minichromosomes very rarely integrate in the genome. Because they do not carry 
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essential genes, occasional miss-firing of the origins leads to plasmid loss at a rate of 

approximately 3-5% per generation. The loss can be monitored by testing for the proportion of  

URA
+
 cells on selective SC/URA- medium. An increase of the loss rate from wildtype is 

indicative of a deficiency in DNA replication (Kramer et al., 2002). 

Mutated constructs from pADH4-Ura-tel were amplified by PCR using primers 

complementary to flanking pVZ and URA3 sequences surrounding the cloned origins (Figure-

12a)(Figure-13-a). Also, SalI and Xho1 sites were integrated into the Ura3for2-XhoI-SalI primer 

for later use.  The XhoI site was incorporated to confirm integration of an ARS fragment in the 

recipient chromosome pARS/CEN.  The pVZ primer generates a unique EcoRI site on the 

opposite side of the amplified fragments that contain ARS elements (Figure-13a). Digestion of 

pARS/CEN with SalI and EcoRI excises the existing ARS1 in the plasmid and generates 

complementary overhangs for the insertion of the replacement ARS produced by PCR. Since 

template DNA used for PCR (pAHD4-Ura-tel) could also be digested with SalI and EcoRI, PCR 

reactions were digested with DpnI before being ligated with pARS/CEN.  Digested PCR 

fragments and pARS/CEN vector were then ligated together and transformed into DH5α cells. 

Colonies were subjected to Colony PCR to confirm successful ligation. Fragments were 

compared to both positive (pARS/CEN+ARS) and negative (pARS/CEN with no insert) PCR 

controls (Figure-12b).  DNA from the patch plate corresponding to positive PCR reactions was 

then grown in LB, and the plasmid was isolated and digested with Xho1, as well as a double 

digest with SalI and EcoRI. Since only ARSs amplified by PCR possess the Xho1 site, vectors 

that had incorporated the desired ARS fragment produced a linear vector when run on 1%   
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Figure-12: Amplification of ARSs and subcloning into pARS/CEN. A) amplificaiton 

of ARSs from pADH4-Ura-tel using pVZfor2 and Ura3for2-Xho1-SalI primers.Only 

ARS317 and ARS319 are depicted. B) Colony PCR of some transformed ligations from 

E.coli using M13 primers. Positive and negative controls are also shown. Though only 

ARS317 and ARS605 are shown, all colony PCRs were done similarly. C) Confirmation 

of ligation into pARS/CEN. DNA from colony PCR positives were digsted with Xho1(X) 

and SalI/EcoRI (SE) for 1 hour at 37°C, and run along with undigested (UD)controls. 

Similar digests were performed on all ARSs  
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Figure-13: Plasmid stability assay outline to assess replication efficiency. A) Outline of 

cloning strategy to clone existing wildtype and mutant ARSs from pADH4-Ura-tel into 

pARS/CEN.B) Minichromosome Maintenace stability assay outine.  Minichromsomes were 

transfored into wildtype S.cerevisiae cells and selected for on SC/URA- media. The proportion 

of URA+cells was then obtained by spotting on SC/URA-media. Cells were then diluted and left 

to grow for 20 generations, and the proportion of URA+ cells was then assessed again by 

spotting on SC/URA-media. Initial and Final URA+ values were then used to calculate the loss 

per generation of each construct. 
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 agarose gel. Also, if in fact the ARS was incorporated into pARS/CEN, a double digestion with 

SalI and EcoRI would extract the ARS from the vector, producing fragments of approximately 6 

kb and 750 bp (Figure-12c). Once successfully ligated, mutated constructs were subjected to a 

routine plasmid stability assay in S.cerevisiae along with unmutated controls examining the 

replicative ability of the mutants by assessing growth on SC/URA-  before and after cells were 

allowed to grow for 20 generations. Initial and final URA+ levels are then compared to obtain 

the loss rate of the plasmid, giving an indication of replication efficiency of the plasmids (Figure-

13b). 

In the plasmid stability assays done on ARS319, plasmid loss rates of most mutants fell 

within the normal range between 3-5% (Figure-14). The slight decrease in the pACS319-

B1.1/CEN mutant is statistically insignificant (p=0.11447). pACS319-B1.4/CEN did show a 

significant increase in plasmid loss rate. This mutation encompasses the last base of the WTW 

motif, as well as flanking sequences away from ACS. The plasmid loss rate of this constructs was 

a two fold increase as compared to wildtype and all other constructs. The experiments on 

ARS317 did not product any significant plasmid loss rate as compared to the wildtype construct, 

which is similar to existent research (Figure-14) (Kramer et al., 2002).  The loss per generation 

ranged between 3-6%, indicating that all values were in the normal range of plasmid loss. This is 

in accordance with the silencing data performed above, in which all mutations remained close to 

wildtype values. Statistical analysis also revealed no significant differences in the mutant 

constructs, therefore only significant values are shown graphically for ARS319. However 

repetitions must be done to ensure the validity of this preliminary study.  
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Figure-14: The effect of B1 on the replication ability of silencer ARSs.  Plasmid stability 

assays were performed on the above linker scanning mutants of ARS317 and ARS319 using a 

routine assay involving FOA sensitivity. The average loss per generation of pARS/CEN with a 

URA3 reporter is shown, along with standard deviations of the mean. A p-vaue from a one way 

ANOVA for ARS319 1.4 is also included. 
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Figure-15: Sequence Alignments reveal a broader consensus in silencer ARSs. Sequence 

alignments were performed using Weblogo of replicator (25), proto-silencer (13) and silencer (6) 

ARSs. Sequences were aligned along the ACS and include 17 bp upstream and 37 bp downstream of 

ACS. ACS are B1 are shown, and the proposed WT Wmotif, as well as broader consensuses are 

shown. 
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3.5 Silencer ARSs possess a wider B1 consensus compared to replicator ARSs 

 

Though all ARSs have previously been aligned in search of a consensus in the B1 

element, specific categories of ARS sequences have not been looked at exclusively. I  

performed multiple sequence alignments for Replicator, Silencer and Telomeric ARSs using 

Weblogo (www.weblogo.berkeley.edu)(Figure-15). The output from this tool is a graph, with the 

x axis representing the base number in the sequence, and the y-value representing the 

commonality of a particular base within all sequences analyzed. The larger the letter, the more 

common this base is found in all sequences. The output from the alignment of Replicator ARSs 

produced only ACS and the WTW motif as regions of high homology. However, Silencer ARSs 

showed a larger consensus around the WTW motif (WTTT). Telomeric ARSs revealed a 

consensus of WTTTT around the WTW motif. Therefore, it seems that silencer ARSs have a 

broader consensus in their B1 elements than replicator ARSs, or all ARSs compared together 

(Chang et al., 2008). 
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4. Discussion 

 

 The goal of this research was to analyze the role of the B1 element in the dual nature 

of ARS in S.cerevisiae. Two silencer ARSs (ARS317 and ARS319) and two replicator ARSs 

(ARS605 and ARS305) were amplified from the genome and their B1 elements were analyzed in 

both replication and gene silencing.  

 First, ARSs were cloned into pADH4-Ura-tel in both orientations (URA3-ACS-B1-tel 

and URA3-B1-ACS-tel), inserted near the VIIL telomere and subjected to a routine silencing 

assay to determine if the silencing of ARS was unidirectional at the telomere as previously 

reported at the MAT locus with ARS317 (Chang et al., 2008). The research presented in this study 

also shows that silencing proceeds in a unidirectional manner in all ARSs tested in this study at 

the telomere. The URA3-ACS-B1-tel orientation resulted in more FOA resistant cells, and in 

most cases the differences in silencing between the two orientations was quite drastic. ARSs were 

subjected to linker scanning mutagenesis around the WTW motif of the B1 element and silencing 

efficiency was examined with the same routine assay as in the orientation assay. Upon mutation 

of the B1 element, both silencer ARSs maintained a silencing efficiency similar to wildtype. Both 

replicator ARSs showed decreases in silencing within the WTW motif and in regions between 

WTW and ACS, and the majority of these decreases in silencing were shown to be statistically 

significant. Plasmid stability assays were performed on ARS317 and ARS319, and results are 

somewhat consistent with previous research (Chang et.al, 2008). 

4.1 The silencing of ACS/B1 is directional 

 

 Results obtained in this experiment strongly suggest that ARSs do not silence bi-

directionally as originally proposed, but in fact act uni-directionally. My results show that the 

URA3-ACS-B1-tel orientation is a significantly more efficient silencer than the URA3-B1-ACS-
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tel orientation. This is consistent with research done by Zou et al (2006) performed at the MAT 

locus. In this study, it was also observed that the silencing of ACS-B1 proceeds in a directional 

manner towards the B1 element. When a URA3 reporter was placed on the B1-ACS side of the 

HMR- E element (which contains ARS317), URA3 was expressed; however when the element 

was flipped, the reporter was silenced (Figure-16). It was later observed that a stably positioned 

nucleosome was found directly adjacent to ACS, and not found on the opposing side containing 

the B1 element (Zou et al., 2006a; Zou et al., 2006b). A stably positioned nucleosome allows for 

recruitment of the SIR complex to deacetylate histone tails and spread the silencing signal along 

adjacent DNA.  This explains why orientations with B1 directly adjacent to the URA3 reporter 

show a significant decrease in silencing, as the stable positioned nucleosome is absent to spread 

the silencing signal, and thus expressing the URA3 reporter rendering cells unable to grow on 

FOA. Also, contrary to HML and HMR loci, some of the ARSs tested in this study do not contain 

Rap1p or Abf1p sites (ARS305, ARS605), known to recruit Sir proteins. This is strong evidence 

that it is in fact the ACS/B1 relationship that is influencing silencing by recruiting the SIR 

complex. 

 I believe that a similar phenomenon is true for all ARS, especially those tested in this 

study. Also, the differences in silencing efficiency between orientations were also quite 

significant, as also reported by Zou et.al (2006). I propose that one side of ACS-B1 performs as a 

boundary element, thus containing the spread of the silencing signal. This is because in all cases 

the silencing efficiency of URA3-B1-ACS-tel silencing was much lower compared to the opposite 

URA3-ACS-B1-tel orientation (Figure-8). It seems that ACS has a role in preventing any further 

deacetylation of subsequent histone tails, thus containing the silencing signal to where it is 

needed.  The other side therefore acts as a silencer element recruiting silencing machinery. The 
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binding of ORC to ACS/B1 may influence the asymmetric nucleosome pattern as discovered by 

Zou et al (2006).  It is already known that ORC binding to ARS results in a gap in the 

surrounding nucleosomal array to allow the protein to bind effectively (Xu et.al, 2006). 

Therefore, it is further proposed that this gap from the ORC/ACS association creates a boundary 

element that prevents the spreading of the silencing signal. However, the ORC/B1 association 

does not cause a gap in the nucleosomal array, creating an enhanced silencing signal. These two 

roles are independent of orientation at a silencing locus. It is also interesting that not only did the 

URA3-ACS-B1- tel orientation increase silencing, but the opposite orientation (URA3-B1-ACS-

tel) decrease silencing relative to wildtype URA3-tel.  It seems that in the opposite orientation, 

the arrangement of these sequences show an antisilencing ability rather than any silencing 

function. 

4.2 Role of the B1 element in ARS silencing ability  

 

 The results presented in this study lead to two conclusions. The first conclusion is that the 

B1 element seems to be dispensable for silencer ARS function. All mutations tested in both 

ARS317 and ARS319 remained relatively unchanged compared to the wildtype constructs. Some 

increases and decreases were seen, but these were not found to be statistically significant and 

thus are most likely due to experimental variation. This is somewhat in accordance with research 

done examining the role of the B1 element on replication efficiency. In a plasmid stability assay 

performed by Chang et al (2008), mutation of the WTW element to WGG resulted in no change 

in plasmid stability in ARS317; however a two fold increase in plasmid instability was seen in 

ARS319. Conversely, replicator ARSs showed a much greater increase in plasmid instability. 

Along with my results, it seems that that B1 element in silencer ARSs in unimportant for ARS 

function altogether. 
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Figure-16: The silencing of HMR-E is unidirectional. Using a similar routine assay to assess 

gene silencing as outlined in this study, Zou et al (2006) revealed that HMR-E (which contains 

ARS317) shows a unidirectional silencing pattern. In its normal orientation, a URA3 reporter 

placed on the B1 side of the E element resulted in expression of the URA3 construct (shown on 

the left). However, when the element was flipped, URA3 was repressed. This was later attributed 

to the absence of a stably positioned nucleosome on the B1 side, one that was present on the 

Abf1p binding site, thus allowing the recruitment of the SIR complex (Zou et al., 2006a). 
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 The second conclusion obtained from the silencing data is that ARS305 has a well 

defined B1 element that plays a role in the silencing ability of the ARS. Not only were decreases 

in silencing shown with a mutation in the WT W motif itself (URA3-ACS305-B1.2 and URA3-

ACS305-B1.3), and these decreases were shown to be statistically significant (p= 0.0076 and 

0.034), but mutations in flanking sequences also produced a decreases in silencing (Figure-11). 

This suggests that perhaps the flanking sequences (also found in URA3-ACS305-B1.3 as well as 

URA3-ACS305-B1.5) of the WTW motif within the B1 element may also be important for ARS 

function.  The URA3-ACS305-B1.5 mutation encompasses flanking sequences towards ACS 

beginning 5 bases away from the WTW motif. Consistent with these findings, plasmid stability 

assays have also mutated similar sequences in ARS305, and replicative ability has also been 

hindered (Zou et al., 2006a). Plasmid stability assays done on other highly active replicator ARSs 

such as ARS315 also show plasmid stability decreases upon mutation of the WTW motif (Chang 

et al., 2008).  

Though a similar silencing pattern was shown in the mutant ARS605 constructs, only one 

mutation set was found to be statistically significant (URA3-ACS605-B1.2) (Figure-11). This is 

more evidence that the B1 element of replicators may be important in silencing.  There are some 

explanations for other decreases seen in ARS605 that were not deemed significant like ARS305. 

For example, ARS305 and ARS605 are found on different chromosomes, and in different 

chromosomal locations. Also, since B1 elements vary immensely in sequence between ARSs, it 

may be that the B1 element of ARS305 has a sequence that renders it more important for 

function. Perhaps if other highly efficient ARSs were tested, the same outcome might appear. 

Therefore, although the trends seem similar (as these are both replicator ARSs), the presence of 
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different proteins and other factors may have played a role to render some decreases significant 

statistically and others non-significant.   

4.3 Silencer and telomeric ARSs have a broader consensus than replicator ARSs 

 

After sequence alignments were performed on silencer, replicator and telomeric ARSs, it 

was shown that silencer and telomeric ARSs seems to have a broader, and perhaps more flexible 

WTW consensus than that of replicator ARSs.  With respect to silencer ARSs, a WTTT consensus 

emerged from the sequences alignments, and a WTTTT consensus appeared when telomeric 

ARSs were analyzed (Figure-15). If in fact ORC requires a WTW motif (and W=A/T) to bind to 

ARS, there therefore exists many WTW sequences in the broader consensuses in silencer and 

telomeric ARSs.   Therefore, even if 2 bp mutations are introduced along this consensus, there 

still exists a combination of WTW motifs within the desired area to bind ORC in this region. 

This could explain why ARS317 and ARS319 seemed unchanged by the mutations performed in 

this experiment (Figure-10).  In summary, a broader consensus may result in a more flexible 

binding site for ORC, or may simply be more resilient to slight mutations, allowing proper ORC 

binding and thus proper recruitment on replication or silencing machinery to the ARS, supported 

by replication assays done on ARS317 and ARS319 (Huang and Kowalski, 1996) and silencing 

assays performed in this study.  In contrast, replicator ARSs such as ARS305 and ARS605 show 

only the previously reported WTW element, and as a result a mutation in one or two bases might 

abolish any WTW motif in the desired region to bind ORC. This could be why we see a 

reduction in both silencing and replicative ability when these sites are mutated (Chang et al., 

2008; Rehman et al., 2009). 
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4.4 The Role of B1 in the Replication Ability of ARS 

 

Plasmid stability data shown in this study on ARS319 are somewhat consistent with other 

mutational analysis (Figure-14) (Chang et al., 2008; Rehman and Yankulov, 2009). This earlier 

study has shown that a mutation of the WTW motif to WGG of ARS319 results in a two-fold 

increase in plasmid loss, which is indicative of a deficiency in DNA replication (Chang et al., 

2008). Though pACS319-B1.3/CEN (in which two bases of WTW are mutated) did not show the 

expected increase in plasmid loss, pACS319-B1.4/CEN did show approximately a two fold 

increase in plasmid loss compared to wildtype. I cannot explain the subtle difference between the 

two studies. The pACS319-B1.4/CEN mutation encompasses the last base of the putative WTW 

motif, as well as a flanking sequence on the opposing side of ACS. Taken together with previous 

results by Chang et al (2008), it seems as though it is the last base of the WTW of ARS319 that 

plays the key role in the replicative ability of ARS, though the same mutation was not found 

significant in the silencing assay.  

My assays on ARS317 are in agreement with similar research (Chang et al., 2008). In all 

mutants, the replicative ability of ARS317 remained in the wildtype range, providing further 

evidence that the B1 element of this silencer ARS is dispensable for function. However, this 

experiment must be repeated as error bars are significant in the experiment shown (Figure-14). 

Results were not performed on ARS305 and ARS605 as cloning into pARS/CEN of all 

clones has yet to be obtained. These assays will be performed by a future lab member. 

4.5 Flexibility of ORC and Environmental Influence 
 

 Though we have presented the idea of the B1 element being a key player in the dual 

nature of ARS, and the data we have compiled does show that the silencing of replicator ARSs is 

reduced when mutations in and around the WTW motif are introduced, this is not the whole 
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story. It is extremely important to note that none of the mutations abolished the function of ARS. 

In all cases, all constructs were able to still perform their silencing ability. The changes in 

silencing that were observed were minor, and so we must turn to other factors in S. cerevisiae to 

unravel what influences ARSs behaviour in different locations in the genome.   

We propose that ORC is flexible in its nature, and there therefore may exist alternative 

structures of ORC to ACS/B1, and these different conformations may influence whether ARSs 

will silence or replicate.  A different orientation may expose Orc1p, thus increasing interaction 

with Sir1p and the rest of the SIR complex at silencing domains.  We have also shown that a 

broader consensus exists at silencing domains, and this broader consensus may influence the 

conformation of ORC. As previously mentioned, a broader conformation also may take 

advantage of the flexibility of ORC, and this broader conformation might result in ORC adopting 

a different conformation. This broader consensus may permit more WTW interactions with 

ORC, and thus increase ORC affinity to DNA, since ORC is known to bind mating type loci with 

a higher affinity than other loci (Chang et al., 2008). 

Though it has been extensively discussed if the sequence of B1 element may play a role 

in the dual nature of ARS, it must not be forgotten that the environment plays a significant role in 

this duality. It is already known that silencer ARSs can replicate when placed on plasmids, and 

replicator ARSs are able to silence when placed in heterochromatin. This already indicates that 

some environmental cues help dictate whether an ARS adopts a silencing or replicative role.  

Therefore, it may not actually be the sequence of ACS/B1 that has the highest influence on ARS 

activity, but the environment in which it is located.  A heterochromatic environment may 

therefore influence the conformation of ORC to bind to ACS/B1 with a higher affinity, and in 

such a manner to recruit silencing machinery (ex. exposing the binding domain for Sir1p). 
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Conversely, in euchromatic regions ORC adopts another conformation that results in a weaker 

affinity of binding to ARS, and subsequently recruits cdc6 and cdt1 to initiate DNA replication.  
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5. Conclusion  

 

 This study aimed to reveal the B1 element as a key player in the ability of ARS to serve as 

an origin for DNA replication as well as recruit machinery to aid in gene silencing. However, 

findings actually suggest that there is no critical cis element that distinguishes between silencer 

and replicator ARSs. Nevertheless, the B1 element of good replicators is better defined, and has a 

slight influence on the replicative and silencing ability these ARSs. This is opposed to silencer 

ARSs where B1 seems to be completely dispensable for either function. This may be attributed to 

a more flexible consensus found in silencer ARSs, possibly allowing multiple attachment sites for 

ORC. The environment in which a specific ARS is located may be the overall determinant of 

which function an ARS performs, and this must be further investigated. There may still be a key 

player that determines the dual nature of ARS in S.cerevisiae, however it remains unidentified to 

date.  
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7. Appendix 

 
Appendix-A: Primer Sequences. Primer sequences (5ʹ to 3ʹ) and respective melting 

temperatures for all PCR reactions used in experiments outlined in this study. 
 

Primer Name Sequence (5ʹ3ʹ) Tm (°C) 
ARS319 Forward: GAGGATCCGAGTGTTACAATAGTGAGGTGC 

 

Reverse: GAGGATCCGCCATTTACCCATAAAGCCCACG 

72.1 

 

79.6 

ARS605 Forward: GGATCCGCTGAGGATGCCCAGACAC 

 

Reverse: GGGCCTCTAGTCTCATTTCGAGGATC 

65.0 

 

60.6 

ARS317 Forward: GCCGTCGTCGGATCCGTTGCAAATCTAACCCACTAG 

 

Reverse: GCCGTCGGATCCCCTGCGCTTATTCTCAAAGCTA 

80.1 

 

83.0 

ARS305 Forward: GCCGTCGGATCCAAGACCGGCCAGTTTGAAATGCT 

 

Reverse: GCCGTCGGATCCAGCACTTTGATGAGGTCTCTAGCA 

78.9 

 

75.6 

Sp6 GATTTAGGTGCACACTATA 43.3 

pVzfor2 CCAATGCATTGGCGCCGCGGC 83.0 

Ura3for-Xho1-SalI GACTGGGCAGTCGACCGCAGCCTCGAGGCACAAGGGAGACGCATTG

GGTCAACA 

96.1 

URA3for2 GGAGACGCATTGGGTCAACA 68.4 

M13pUC Forward: GCCAGGGTTTTCCCAGTCACGA 

 

Reverse: GAGCCGATAACAATTTCAGACAGG 

73.2 

 

67.3 

ARS305Mut 1.1 Forward: CATATCCTAAAATTAAAGGTGAAATAAACAATACATAACA 

 

Reverse: TGTTATGTATTGTTTATTTCACCTTTAATTTTAGGATATG 

 

67.1 

 

67.1 

ARS305Mut 1.2 Forward: TATCCTAAAATTAAAGGGAGGATAAACAATACATAACAAA 

 

Reverse TTTGTTATGTATTGTTTATCCTCCCTTTAATTTTAGGATA 

 

68.6 

 

68.6 

ARS305Mut 1.3 Forward: TCCTAAAATTAAAGGGAAAGGAAACAATACATAACAAAAC 

 

 Reverse: GTTTTGTTATGTATTGTTTCCTTTCCCTTTAATTTTAGGA 

 

70.7 

 

70.7 

ARS305Mut 1.4 Forward: CTAAAATTAAAGGGAAAATGGACAATACATAACAAAACCA 

 

Reverse TGGTTTTGTTATGTATTGTCCATTTTCCCTTTAATTTTAG 

 

71.7 

 

7.17 

ARS305Mut 1.5 Forward: AAAATTAAAGGGAAAATAAGGAATACATAACAAAACCATA 

  

Reverse TATGGTTTTGTTATGTATTCCTTATTTTCCCTTTAATTTT 

 

69.0 

 

69.0 

ARS317Mut1.1 Forward: ATTAAACAATGTTTGATTTGGTAAATCGCAATTTAATACC 

 

Reverse GGTATTAAATTGCGATTTACCAAATCAAACATTGTTTAAT 

 

71.5 

 

71.5 

ARS317Mut1.2 Forward: TAAACAATGTTTGATTTTTGGAATCGCAATTTAATACCTA 72.5 
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Reverse TAGGTATTAAATTGCGATTCCAAAAATCAAACATTGTTTA 

 

 

72.5 

ARS317Mut1.3 Forward: AACAATGTTTGATTTTTTAGGTCGCAATTTAATACCTAAA 

 

Reverse: TTTAGGTATTAAATTGCGACCTAAAAAATCAAACATTGTT 

 

71.4 

 

71.4 

ARS317Mut1.4 Forward: CAATGTTTGATTTTTTAAAGTGCAATTTAATACCTAAATA 

 

Reverse TATTTAGGTATTAAATTGCACTTTAAAAAATCAAACATTG 

 

68.2 

 

68.2 

ARS317Mut1.5 Forward: TGTTTGATTTTTTAAATCTTAATTTAATACCTAAATATA 

 

Reverse TATATTTAGGTATTAAATTAAGATTTAAAAAATCAAACAT 

 

62.8 

 

62.8 

ARS319Mut1.1 Forward: TTAGGTGATTTTAGTTTTGATTTTTCTGTAATATTGACATA 

 

Reverse TATGTCAATATTACAGAAAAATCAAAACTAAAATCACCTAA 

 

68.2 

 

68.2 

ARS319Mut1.2 Forward: TTAGGTGATTTTAGTGGCTATTTTTCTGTAATATTGACATA 

 

Reverse TATGTCAATATTACAGAAAAATAGCCACTAAAATCACCTAA 

 

69.4 

 

69.4 

ARS319Mut1.3 Forward: TTAGGTGATTTTAGTGGTGGGTTTTCTGTAATATTGACATA 

 

Reverse TATGTCAATATTACAGAAAACCCACCACTAAAATCACCTAA 

 

72.3 

 

72.3 

ARS319Mut1.4 Forward: TTAGGTGATTTTAGTGGTGATGGTTCTGTAATATTGACATA 

 

Reverse TATGTCAATATTACAGAACCATCACCACTAAAATCACCTAA 

 

72.0 

 

72.0 

ARS605Mut1.1 Forward: TTTCAATGACTTCACGCTTGTTAAAGTTTCCTTTAGCAAC 

 

Reverse TATGTCAATATTACAGAACCATCACCACTAAAATCACCTAA 

 

75.5 

 

75.5 

ARS605Mut1.2 Forward: ---TCAATGACTTCACGCTTTGGGAAGTTTCCTTTAGCAACAA 

 

Reverse: TTGTTGCTAAAGGAAACTTCCCAAAGCGTGAAGTCATTGA 

 

79.9 

 

79.9 

ARS605Mut1.3 Forward: AATGACTTCACGCTTTGTAGGGTTTCCTTTAGCAACAAAA 

 

Reverse TTTTGTTGCTAAAGGAAACCCTACAAAGCGTGAAGTCATT 

 

77.3 

 

77.3 

ARS605Mut1.4 Forward: TGACTTCACGCTTTGTAAATGTTCCTTTAGCAACAAAAC 

 

Reverse CGTTTTGTTGCTAAAGGAACATTTACAAAGCGTGAAGTCA 

 

77.7 

 

77.7 
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Appendix-B: Assessing the silencing efficiency of ARS305 upon mutation of the B1 element. Visual 

representation of mutated constructs versus wildtype on non-selective (YPD) and selective (SC/URA- and 

SC/FOA) media. Colonies from these plates were counted and used to determine %FOA
r 
values. Though 

only ARS305 is shown, all mutated constructs from all ARSs in this study were subjected to the same 

assay, and visual representation is similar.  

 

 

 

 

 

 

 

 

 


