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Abstract 

 

Members of the Sir2 family of NAD-dependent histone deacetylases are critical to 

regulation of gene expression in many organisms. In humans, the regulation of gene expression 

is critical to development and normal cellular function. Defects within this process can bring 

forth various disorders including cancer and other diseases.  This study seeks to investigate the 

role played by Sir2 in gene silencing in fission yeast, a common eukaryotic model. Using 

established methods, Sir2 was targeted to an actively expressed euchromatic locus, and its effect 

on gene expression was evaluated.  As appraised using nutrient selective growth assays, targeted 

recruitment of both the wild type enzyme and the catalytic mutant Sir2N247A were necessary 

and sufficient to silence gene expression. Preliminary findings further indicate that the 

mechanism of targeted gene silencing may involve direct genomic modification of the target 

locus, which will be investigated in future studies. 
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Chapter 1:  Introduction 

1.1 Eukaryotic chromosome structure and regulation of gene expression 

Chromosomes contain the majority of genetic information within the cell. A chromosome 

(derived from the Greek, chromo, color, and soma, body) is a large DNA molecule containing 

segments known as genes, which give rise to RNA and proteins involved in various cellular 

functions. Moreover, the structure and sequence chromosomal DNA is critical to inheritance and 

the regulation of gene expression. One structural feature of eukaryotic chromosomes is the 

centromere. The centromere (derived from the Latin, centrum, center, and Greek meros, part) is 

located towards the interior of the chromosome.  The centromere contains DNA sequences that 

direct kinetochore assembly, and is critical to chromosome segregation during mitosis (Endow, 

1990). Another structural feature of eukaryotic chromosomes is known as the telomere. 

Telomeres (Gr. telos, end) are located at the exterior ends of the chromosome. As such, 

telomeres have the important function of keeping together the ends of the chromosome, and 

protecting these structures from deterioration, while also preventing potential fusion with other 

chromosomes (Moyzis, 1988). During cell division, a chromosome replicates and the DNA 

sequences at their periphery far ends shorten. Telomeric proteins can repair this shortening and 

are thus highly important in promoting healthy cellular ageing, among other functions (Clark, 

2009). 

Chromosomes form a compact structure for the packaging of DNA. Detailed analyses of 

chromosome structure have shown that chromosomes composed of densely packaged structures 

known as heterochromatin, which are readily stained and visualized by light microscopy, and 

less condensed structures known as euchromatin, which are less readily stained and visualized. 

Heterochromatin is a form of condensed chromatin that is generally limits gene transcription 

(Cooper, 2000), whereas genes positioned within euchromatin are more likely to be actively 
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expressed. Heterochromatin was first recognized cytologically in insect and plant cells by Emil 

Heitz in the 1920s based on its discrete behavior throughout the cell cycle (Heitz, 1928). 

Heterochromatic gene silencing is critical to the development, differentiation, and genetic 

stability of eukaryotic organisms. The packaging of DNA into regions of heterochromatin is 

critical for the regulation of gene expression.  Moreover, heterochromatin also appears to play 

important structural functions, as it is critical maintenance of chromosome stability in eukaryotes 

(Moazed, 2001).  

Not surprisingly, defects in heterochromatin function have been implicated in the onset of 

various genetic disorders.  A literature review by M. Hahn, S. Dambacher, and G. Schotta (Hahn 

et al., 2010) describes various reports demonstrating that altered heterochromatic states can lead 

to an impairment in normal gene expressions that, in turn may trigger the development of cancer 

and other diseases. Numerous studies revealed that cancer cells have impaired gene silencing and 

genomic stability (Jenuwein, 2007; Kondo et al., 2003; Esteller, 2007; Baylin et al., 2006). 

Heterochromatin has important roles in supporting both of these processes. Its dysregulation 

alters these both gene silencing and genome stability and makes the cell or subsequent 

reproduced cells potentially cancerous. Heterochromatin abnormalities are thereby believed to 

lead to an increase susceptibility in developing cancer cells, and thereby, cancers in general 

(Eric, 2002). Biochemical mechanisms underlying heterochromatin formation are discussed in 

more detail below (Sections 1.2 and 1.2).  

Heterochromatin may be further divided into two distinct subtypes: facultative 

heterochromatin, which is transiently assembled, often in response to environmental and/or 

developmental signals, and constitutive heterochromatin, is tightly packaged throughout the life 
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cycle of the cell, and appears to serve important roles in chromosome structure, among other 

purposes. 

In fission yeast and higher eukaryotes, constitutive heterochromatin may be found within 

both centromeric and telomeric regions of the chromosome (Allshire et al., 1994). Prior studies 

in fission yeast have established important roles for heterochromatin in centromere function 

(Hsieh, 2000.; Kellum, 1995). For instance, mutations in gene products that restrict with the 

formation of heterochromatin leads to flaws in chromosome segregation seemingly due to some 

feature of centromere and/or kinetochore function is perturbed (Allshire et al., 1995.; Ekwall et 

al., 1999). Telomeric functions of heterochromatin are thought to be similarly important for 

genome stability.  The overarching roles of heterochromatin at centromeres and telomeres 

remains to be exhaustively determined, but would appear to include an imperative structural role 

independent of its function in transcriptional silencing. 

 

1.2 Mechanisms of gene silencing 

The control of genetic traits by factors other than an individual's DNA sequence is has 

come to be known as epigenetics (Latin, epi, outer or besides) (Simmons, 2008). As previously 

alluded, dysregulation or abnormalities in gene expression may have a direct relationship to 

human disease (Rice, 2007). Accordingly, epigenetic changes appear critical to normal human 

development and health, and epigenetic processes may have roles both in causing or preventing 

incidence of diseases such as cancer. Disruptive epigenetic changes in development include 

those which may lead to chromosomal instabilities, including those associated with aneuploidies 

leading to Down syndrome and other disorders (Simmons, 2008).   
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In higher eukaryotes, at least three systems commonly interact to effect gene silencing: 

DNA methylation, RNA-associated silencing, and posttranslational modifications of histones.  

(Egger et al., 2004).   

DNA itself may be targeted for covalent modification by direct methylation.  There are at 

least two known types of DNA methylation. Most notably, a methyl group may added to DNA 

either upon the fifth carbon atom of the cytosine base, producing 5-methylcytosine, or upon the 

sixth nitrogen atom of the adenine base, producing N6-methyladenine (Tang, 2007).   DNA 

methylation generally represses transcription and in many cases, loss of methylation is linked 

with gene activation (Bird, 2002). DNA methylation is commonly associated with other 

epigenetic silencing mechanisms, and a link between histone deacetylation and DNA 

methylation has been established (Irvine, Lin and Hsieh, 2001).  DNA methylation is a process 

that specifically occurs in regions wherein a cytosine nucleotide is adjacent to a guanine 

nucleotide to which it is linked by a phosphodieaster bond, often represented as a ‘CpG site’ 

(Simmons, 2008).   

RNA silencing encompasses forms of posttranscriptional silencing mediated by RNA in 

the form of antisense transcripts, noncoding RNAs, or short double stranded RNA molecules 

involved within the RNA interference (RNAi) pathway (Moazed, 2009).  RNA silencing has 

been postulated to in turn affect gene expression by causing heterochromatin to form, or by 

triggering histone modifications and DNA methylation (Egger et al., 2004). 

 Epigenetic silencing mechanisms are also mediated by posttranslational modifications of histone 

proteins.  Collectively, these modifications have the effect of regulating gene expression by 

controlling the accessibility of DNA to various factors which are required for transcription, as 

proposed within the “histone code” hypothesis, discussed below (Section 1.3). Critically, 
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chromatin is no longer regarded as a mere passive packaging molecule in the organization of 

DNA, but also an important controller of gene expression that can be dynamically regulated 

through various mechanisms (Jenuwein and Allis, 2007). 

 

1.3 The histone code hypothesis  

Histones are a family of highly conserved proteins that are among the primary 

components of chromatin.  When assembled into larger octameric structures known as 

nucleosomes, histones are responsible for the correct packaging of DNA within the eukaryotic 

nucleus (Rice, 2007). Posttranslational modification of histones by acetylation, methylation, 

phosphorylation, and ubiquitination are thought to affect the localized arrangement of chromatin 

structure (Strahl and Allis, 2000), which, in turn, can determine whether the associated 

chromosomal DNA will be transcribed to form RNA (and ultimately translated to form proteins). 

Acetylation and methylation are processes that add acetyl or methyl groups to lysine or arginine 

amino acid residues.  Phosphorylation is a posttranslational modification (PTM) that deals with 

the addition of a phosphate group, most commonly to serine or threonine residues. 

Ubiquitination refers to the covalent addition of a larger ubiquitin moiety, often targeting bound 

proteins for degradation or protein turnover.    

Histone acetylation and methylation are notable for their relative importance to 

contemporary developmental and medical research.  Histone acetylation is commonly associated 

with actively expressed euchromatin, while the process of deacetylation is associated in general 

with formation of heterochromatin (Simmons, 2008).   Histone deacetylases (HDACs) are 

therefore important for the downregulation of gene expression in eukaryotes (Bjerling et al., 
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2002).  The methylation process can be a marker for both active and inactive regions of 

chromatin.   

The collective control of DNA structure and gene expression based on histone 

modification has been termed the “histone code hypothesis” (Strahl and Allis, 2000). The histone 

code hypothesis proposes that the post-transnational modifications of histones, alone or 

combined, is responsible in the formation of direct, specific and distinct programs controlling 

gene expression (Jenuwein and Allis, 2007). Critically, postranslational marks are important for 

dictating the recruitment of different histone binding complexes, which may contribute many 

additional functionalities important control for gene activation or silencing (Jenuwein and Allis, 

2001).  

As previously alluded, within the nucleus of the eukaryotic cell, histones are commonly 

packaged into higher order structures termed nucleosomes.  The nucleosome is thought to 

represent basic unit of DNA packaging in eukaryotic chromosomes.  The DNA-bound 

nucleosomal assembly is comprised of 147 base pairs of DNA wrapped in two turns around an 

octamer of the four core histones (Luger et al., 1997). By analogy, nucleosomes form “spool”-

like structures around which thread-like DNA is “wrapped”, contributing to its compaction and 

organization within three-dimensional space. Nucleosomes are octameric structures consisting of 

two molecules each of the core histone proteins H2A, H2B, H3, and H4.   

Nucleosomal histone modification is a primary mechanism that adds to preservation of 

committed gene expression patterns, and nucleosomal structure is pivotal to regulation of gene 

expression and chromosome dynamics. For instance, a great number of chromatin remodeling 

complexes have been acknowledged that employ the energy of ATP hydrolysis in order to 

perturb nucleosome-DNA interactions and facilitate the binding of regulatory proteins and the 
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transcription machinery to DNA (Kingston, 1999; Peterson, 2000; Tamkun, 1995). Silencing 

mechanisms act in the conflicting direction by what seems to include the masking of 

nucleosomes from the liberating activity of the remodeling factors (Francis, 2001). An 

illustrative example concerns promoter-specific gene repression. An imperative characteristic of 

silencing is that it acts in a regional rather than promoter- or sequence-specific manner to 

produce huge domains of DNA that are inaccessible to DNA binding proteins (Rine, 1999).  

Histones H3 and H4 were the first histones known to be subject to covalent modifications 

such as acetylation and methylation (Allis, 2000). Notable sites of modification include, but are 

not exclusive to, histone H3 lysine 4 (H3K4) and histone H3 lysine 9 (H3K9). H3K4 and H3K9 

are significant in that these sites, upon undergoing methylation, become important markers for 

the recruitment of protein complexes, which serve to control chromatin activation or repression.  

These modifications may also directly or indirectly influence the prevalence and effects of other 

histone modifications, though many of the mechanisms underlying such behavior remain poorly 

understood (Shi et al., 2011).   

H3K9 methylation has been one of the most studied epigenetic modifications as it was 

discovered early in the study Drosophila melanogaster (fruit fly) development.  Among simple 

eukaryotic models, it is notable that H3K9 methylation occurs within fission yeast, but is not 

present in budding yeast, making the former model a suitable candidate for research into the 

importance of H3K9 methylation and its associated implications (Jenuwei and Allis, 2007).     

In spite of considerable evolutionary divergence among molecular components, 

mechanisms of heterochromatic gene silencing in yeast and mammals often remain remarkably 

similar.  A notable example is the highly conserved Sir2 family of histone deacetylases, which 

plays a role in gene silencing in many organisms, from yeast to man.  
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1.4 The Sir2 family of NAD-dependent histone deacetylases 

Sir2 was first identified as the product of unbiased genetic screens conducted in the 

budding yeast Saccharomyces cerevisiae, It was recognized as one of four Silent Information 

Regulatory genes (SIR1-4) initially found to be required for controlling the expression of genes 

from the HML and HMR or HM mating type loci (Koch and Pillus, 2009). The corresponding 

budding yeast proteins Sir1p, Sir2p, Sir3p, and Sir4p are largely known for their involvement in 

the assembly of chromatin (Moazed et al., 1997). Of these factors, only Sir2p is known to 

possess a histone deacetylase activity.   

SIR2 was the first identified member of a unique gene family found to encode a type of 

histone deacetylase that absolutely requires an NAD (nicotinamide adenine dinucleotide) 

cofactor for enzymatic function (Imai et al., 2000). Roy Frye, in 1991, encapsulated related 

genes under the unifying term “sirtuin” after identifying five Sir2 homologues in humans 

(Ghosh, 2007; Frye, 1991). Due in part to their high degree of genetic conservation among 

species, sirtuins have since become a topic of widespread study (Frye, 2000). 

The sirtuin family is also noteworthy for its importance in ageing research (Bonda et al., 

2011). Sir2 homologs have been associated with lifespan extension in various organisms, 

including yeast, worms, and flies (Huang et al., 2007). Moreover, sirtuins appear to play 

important roles in regulating biological processes such as stress, cytokine responses, 

differentiation, and metabolism among others in mammals (Grimm, 2008). 

 

1.5 Sir2 function in fission yeast 

While Sir2 was initially identified in the budding yeast S. cerevisiae, it was later found to 

be expressed in other forms of yeast and many other organisms (Frye, 2000). It is thus present in 
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Schizosaccharomyces pombe or fission yeast, another highly tractable unicellular fungal model. 

A study conducted by G. D. Shankaranaraya and colleagues (Shankaranaraya et al., 2003) 

showed that the fission yeast genome encodes three proteins similar to the Sir2 gene found in 

budding yeast. Of these proteins, SpSir2 has the highest degree of sequence homology with the 

Sir2 homolog of the budding yeast. By extension, SpSir2 was similarly presumed, and has since 

been demonstrated to be an NAD-dependent lysine deacetylase (Shankaranarayana et al., 2003; 

Freeman-Cook et al.2005; Alper et al., 2013). Moreover, Shankaranaraya et al. and others have 

provided several lines of evidence reinforcing the conclusion that SpSir2 shares overlapping 

functions with the budding yeast homolog Sir2p.  

SpSir2 has been shown to play a crucial role in heterochromatin assembly 

(Shankaranarayana et al., 2003; Freeman-Cook et al., 2005; Buscaino et al., 2013; Alper et al., 

2013).  Notably, SpSir2 has a central role in silencing at the mating-type loci, telomeres, and the 

inner centromeric DNA regions in fission yeast. SpSir2 has since been shown to deacetylate 

critical lysine residues that are important for heterochromatin formation within each of these 

regions. Critiically, the deacetylation of H3K9 by SpSir2 may direct methylation of this residue 

by the Clr4 histone methyltransferase (Shankaranarayana et al., 2003; Alper et al., 2013).   

 

1.6 Fission yeast as a genetic model 

 Schizosaccharomyces pombe, or fission yeast, has become a popular model organism 

largely because it shares molecular and genomic traits with higher eukaryotes, such as mammals.  

It is an unusual species of yeast in that it has the ability to proliferate by fission rather than by 

budding.  S. pombe is a rod-shaped unicellular eukaryote that reproduces through mitotic nuclear 

division.  Its genome sequence has been analyzed, and revealing the presence of multiple 
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elements with similarities to human genes (Wood et al., 2002). Examples of conserved factors 

include heterochromatin proteins and machineries controlling cellular division checkpoints, 

which are at least partly homologous to those controlling polarized cell growth and division in  

human cells. 

 Fission yeast traces back to a 1921 isolate by A. Osterwalder, derived in southern France 

from “an exceedingly over-sulferized grape juice” (Osterwalder, 1924). However, the organism 

was first discovered in 1893 by Paul Lindner from east African millet beer, and hence was 

named pombe (Swahili, beer) (Egel, 2004).  Urs Leupold characterized aspects of the organsim’s 

genetics in the 1940s (Leupold, 1950).  Murdoch Mitchison studied its cell cycle, which had 

much potential regarding cell division and growth (Mitchison, 1962).  Later, Paul Nurse, won the 

2001 Nobel Prize in Medicine for work on cell cycle regulation conducted within the fission 

yeast, bringing international attention to the organismal model.  In 2002, the fission yeast 

genome sequence was reported, serving as crucial turning point for the expansion of its adoption 

as a model organism (Wood et al., 2002). The sequencing of the fission yeast genome along with 

the availability of novel research methodologies has expanded interest in conducting work within 

S. pombe, and has thus greatly accelerated the comparative study of eukaryotic cell processes 

(Egel, 2004). 

 Many of fission yeast’s intrinsic cellular processes, such as mRNA splicing, 

posttranslational modification, and cell cycle control, more closely resemble those of higher 

eukaryotes than do those of the budding yeast S. cerevisiae.  The two yeasts are have been 

estimated to be about separated by as much as 1 billion years of evolutionary divergence, with 

fission yeast being most nearly related to man in multiple aspects, including those enumerated 

above (Forsburg, 2006). Like most higher eukaryotic cells, fission yeast adopts the trait of cell 
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division by medial fission to produce two separate cells of equal sizes.  In this respect S. pombe 

is highly dissimilar from the buding yeast S. cerevisiae, which forms a bud at a particular site on 

the mother cell to which it generally remains attached once mature. Fission yeast also unusual 

among the yeasts in that it has developed Golgi apparatus and galactosyltransferase, of which are 

not present in other many other yeast species (Idiris et al., 2006).  Although there are other 

species of fission yeast (i.e., Schizosaccharomyces cryophilus, Schizosaccharomyces octosporus, 

and Schizosaccharomyces japonicus), to date, research conducted S. pombe has largely outpaced 

that conducted within other fission yeast species, leading to its broad adoption as a unicellular 

eukaryotic model.  

 

1.7 Growth selection methods applied to fission yeast 

Within the laboratory environment and throughout history, the budding yeast                   

S. cerevisiae has attracted human interest largely because it possesses the desirable qualities of 

being fast growing, cheap to culture, and simple to manipulate. Accordingly, the budding yeast 

has been extensively studied in the research environment, leading to the development of many 

tools and techniques that have been applied to genetic studies conducted within this organism. 

Thankfully, established protocols for the genetic manipulation of budding yeast are also broadly 

applicable to fission yeast, with minor changes, as described below.  

Fission yeast and budding yeast can both exist as either haploid or diploid organisms, and 

as such, their genetics may be readily manipulated within the lab.  In addition, a variety of drug 

and nutrient selective, or auxotrophic growth markers have been adapted for the selection of 

traits in both organisms.   
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A growth or culture medium is a substance taking the form of a liquid or gel used for 

growing microorganisms or cells. The diversity of microorganisms and cells, in addition to the 

differences in their respective metabolic pathways have led to the utilization of various types of 

media made specifically adapted to the cultivation of specific traits. A minute difference in the 

composition of the liquid or gel substance of a particular growth media can result into a 

considerable difference in the growth characteristics of a specimen (Atlas, 2007, p. 1).  

S. pombe may be readily cultivated on various growth medium, including PMG medium 

(Pombe Minimal Glutamate), which contains various substrates critical for supporting the growth 

of standard laboratory specimens (Madigan and Martiko, 2005). PMG is a derivative of 

Edinburgh Minimal Medium (EMM), which is also synthetic, well defined, and broadly applied. 

PMG is suitable for conducting experiments that require consistency in culture conditions or for 

maintaining auxotrophic markers. Where applicable, the medium must be supplemented with 

various nutritional additives (i.e., nitrogenous bases or amino acids) to support organismal 

growth (Sabatinos and Forsburg, 2010). 

As previously alluded, PMG is a minimal medium based on glutamate. The medium is 

poor in nutrients, often containing less than 75 percent of required nutritional substrates (Pepper 

and Gerba, 2009, p. 202). In addition, such growth medium contains no organic compound other 

than a carbon source, usually glucose. The typical composition of this minimal medium includes 

of Na+, K+, Mg2+, Ca2+, Fe2+, NH4+, and Cl- ions,in addition to buffering substrates such as 

phosphate for pH moderation  (Maloy et al., 1994)The addition of glutamate in a minimal 

medium thereby makes an ideal environment for growing yeast (Walker, 1998).  

Cultivating S. pombe in PMG and other standard medium is relatively simple. A member 

of kingdom fungi, S. pombe and its derivative strains are ubiquitous in nature. Fortunately, this 



23 
 

means that they tend to grow everywhere. S. pombe has recognized nutritional requirements 

thereby making it straightforward to grow in the laboratory (Walker, 1998, p. 244). Culture 

methods for fungi are similar to the methods applied in culturing bacteria. Hence, there is a 

propensity for fungal culture to become contaminated, i.e., through airborne contamination. 

Contamination may be limited by restricting bacterial growth through the addition of antibiotics, 

controlling the pH level of growth medium, and also by applying sterile laboratory practices 

(Pepper and Gerba, 2009; Forsburg, 2003).  

The methodology for the culture of S. pombe is generally similar to the methodology 

used for the culture of S. cerevisae. However, there are some notable differences in the 

organisms’ respective growth rates and optimal growth conditions (Forsburg, 2003). 

 PMG, a nutrient dropout medium, is commonly applied for selective culture of fission 

yeast strains bearing growth specific or auxotrophic selection markers (Sabatinos and Forsburg, 

2010). The specific contents of the PMG medium employed are controlled as dictated by 

experimental considerations.  
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Chapter 2:  Targeting Sir2 to an actively expressed euchromatic locus 

2.1 Hypothesis and scope   

In the fission yeast Schizosaccharomyces pombe, efficient silencing of transcription at the 

constitutively heterochromatic mating type loci, telomeres and centromeres requires Sir2, an 

NAD-dependent histone deacetylase (Shankaranarayana et al., 2003). Heterochromatic silencing 

is a process that involves repressing transcription through modification of histones and other 

processes. Among the factors that may induce transcriptional silencing are those which are 

responsible restructuring of chromatin by inducing chemical changes in histone structure, 

including deacetylation of modified lysine residues.  (Rice and Allis, 2001).  

Various reporter systems may be used to study gene expression in fission yeast. The 

GAL4 system provides a particularly relevant example. Our current studies of targeted gene 

silencing rely on the GAL4 gene of budding yeast S. cerevisiae. The corresponding GAL4 gene 

product, Gal4p is a transcription factor which contains a DNA binding domain that binds to four 

sites located in the so-called upstream activating sequence (UAS) of galactose-inducible genes 

GAL1 and GAL10. Gal4p is thereby a positive regulatory protein which serves to induce 

galactose inducible gene expression (Giniger, 1984). The high affinity of Gal4p for its UAS 

binding targets has been ubiquitously applied.  Perhaps counterintuitively, high affinity binding 

interactions between Gal4p its UAS binding targets have even been used to target gene silencing. 

Notably, a study conducted by Kagansky et al. (2009), showed that recruiting certain Gal4p 

fusion proteins to a euchromatic locus was sufficient to induce heterochromatin formation at 

these locales. For example, heterochromatin formation was induced by targeting a Gal4p-histone 

methyltransferase fusion partner to a triply iterated Gal4p DNA binding site (3xgbs) positioned 

upstream of the ade6+ auxotrophic reporter gene, which was inserted within the euchromatic 

ura4+ locus, and elsewhere. 
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In this study, we have applied the GAL4 tethering system of Kagansky et al. to evaluate 

the importance of SpSir2 within the establishment of gene silencing at a targeted euchromatic 

locus. In so doing, we have sought to establish whether SpSir2 is not only necessary for 

establishment of heterochromatic gene silencing, but may also be sufficient to target gene 

silencing within an actively expressed region of the genome.  

To this end, we assessed whether expression of SpSir2 as a Gal4p DNA binding domain 

fusion partner (GBD-SIR2), was sufficient to target silencing of ade6+gene expression from an 

actively expressed locus bordered by the Gal4p DNA binding sequence (3xgbs).  In the current 

experimental design, the 3xgbs::ade6+ target locus was positioned within the euchromatic arg3 

locus.  The arg3 locus contains a constitutively expressed euchromatic gene which directs 

expression of an ornithine carabamoyltransferase required for arginine metabolism (Arg3) in 

wild type cells. In the targeted gene silencing experiment, the arg3 locus was interrupted with 

the 3xgbs::ade6+ targeted silencing construct. While the ade6+ gene within this construct remains 

functional absent modification of the target locus, the arg3 gene is no longer intact.  Hence, the 

targeted locus may be described as having the genotype arg3::3xgbs-ade6+.  The principle for 

targeted recruitment of GBD-Sir2 to the arg3::3xgbs-ade6+ is represented schematically in      

Fig. 1, below. 

In addition to questioning whether expression of GBD-Sir2 was sufficient for targeting 

gene silencing, we assessed further assessed whether the Gal4p DNA binding domain (GBD) 

alone was capable of targeting gene silencing, and also whether the Sir2 catalytic mutant (GBD-

Sir2N247A) supported this function. The tethering Sir2-GBD tethering experiment was 

performed using expression constructs that were sustained using selectable (ura+) plasmids, 

which permitted cell growth on medium lacking uracil.  The expression of the respective GBD 
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tagged proteins as stable proteins of the expected molecular mass has been previously 

established (Alper and Partridge, unpublished observations).  A schematic diagram depicting the 

experimental method for the targeted silencing assay is presented in Fig. 2.  Experimentally 

derived data from the targeted silencing assay is presented within Figs. 3 and 4, as well as within 

Tables 1 and 2, below. 
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Figure 1:  Principle of targeted gene silencing by GBD-Sir2 
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Legend for Figure 1: Principle of targeted gene silencing by GBD-Sir2.  To test whether 

tethering Sir2 to a euchromatic locus was sufficient to promote gene silencing, the DNA binding 

domain of the budding yeast transcription factor Gal4p (GBD) was fused to Sir2 using molecular 

methods, yielding GBD-Sir2 (black circle and rectangle). Gal4p binds with high affinity to DNA 

elements containing the Gal4p DNA binding sequence (GBS, green square).  GBD-Sir2 was then 

expressed within a strain of yeast that contained three Gal4 binding sites (3xgbs) upstream of the 

reporter gene ade6+, which was inserted at the euchromatic arg3 locus, as described within 

Kagansky et al. (2009).  Targeted silencing of the ade6+ reporter was then evaluated by growth 

selection methods.  Yellow and blue arrows indicate the relative positions of genes within the    

S. pombe genome (parallel lines).   
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Figure 2:  Schematic of targeted gene silencing assay 
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Legend for Figure 2: Schematic of targeted gene silencing assay. S. pombe strains       

(rounded rectangles) of the genotypes indicated are grown on selective medium containing a 

limiting amount of adenine.  Under this growth condition, loss of ade6 expression or function 

imparts a pink or red color to cells which are incapable of adenine biosynthesis. In wild type 

cells, adenine biosynthesis requires expression (arrow) of the ade6+ gene.  Wild type cells are 

capable of adenine biosynthesis, and form white colonies when grown on adenine-limited 

medium.  ade6- cells express a mutant allele of the ade6 gene that does not support adenine 

biosynthesis.  Thus, yeast from this strain background appear pink when grown on adenine-

limited medium.  The arg3::3xgbs-ade6+ reporter directs expression of a functional ade6+ gene.  

Accordingly, colonies from this strain background appear white when grown on adenine-limited 

medium.  However, transformation of the arg3::3xgbs-ade6+ parent strain with plasmids 

(circles) directing expression of GBD fusion proteins [GBD], [GBD-Sir2], or [GBD-Sir2N247A] 

may direct silencing of ade6+ gene expression in the transformed cell backgrounds.  The efficacy 

of gene silencing is determined experimentally.  White colonies are presumed to actively express 

the ade6+ allele, whereas pink colony growth may be indicative of ade6+ gene silencing in 

plasmid-transformed arg3::3xgbs-ade6+ strain backgrounds. 
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Figure 3. Effect of Sir2 targeting to euchromatic locus in S. pombe 
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Legend for Figure 3: Effect of Sir2 targeting to euchromatic locus in S. pombe.                    

A. Photographs of the colored colony growth assay. Cells of the genetic backgrounds indicted 

were cultured on selective medium containing limiting amounts of adenine for 5 days at 32 °C 

and then photographed. Pink colony growth is indicative of defective adenine biosynthesis.  

Additional details of the experimental methodology may be found within the materials and 

methods.  B.  Quantitation of colored colony growth assay.  The percentage of observed 

colonies which appeared pink when grown on adenine limited medium is presented by vertical 

bars.  Where shown, error bars indicate standard error of the mean (n=2 experimental replicates).  

Raw numerical data used to construct the graphs in panel B is presented in Table 1, and is 

derived in whole or part from analysis of the culture plates presented in panel A.  
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         Figure 4. PCR analysis of strains used in this study 
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Legend for Figure 4: PCR analysis of strains used in this study. PCR products shown were 

resolved by agarose gel electrophoresis, stained using ethidium bromide, and subject to UV 

transillumination.  Experimental details may be found within the materials and methods.  

Applicable genotypes and oligonucleotide primer sequences may are presented in Tables 2 and 3, 

respectively. Arrows denote the expected migration patterns for the full length ade6+ gene, and 

the ade6-DN/N deletion mutant.  Histone h3.1 amplification served as a loading control.             

W and P denote white and pink colony colors, respectively. 
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Genotype Number of 
Pink Colonies 

Number of White 
Colonies 

ade6+ 
 

0 
 

1000 

ade6- 1000 0 

arg3::3xgbs-ade6 [GBD]  
arg3::3xgbs-ade6 [GBD] 

0 
0 

310 
400 

arg3::3xgbs-ade6 [GBD-Sir2] 
arg3::3xgbs-ade6 [GBD-Sir2] 

134 
98 

67 
34 

 arg3::3xgbs-ade6 [GBD-Sir247A] 
arg3::3xgbs-ade6 [GBD-Sir247A] 

412 
457 

119 
53 

 

Table 1. Quantitation of colony color in the targeted silencing assay 
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Strain Genotype 

 
SpBA1 h-  

 
SpBA11 

 
h- sir2D::kanMX6 otr1R(SphI)::ura4+  ura4-DS/E  ade6-210 leu1-32 

his3-D arg+ 

SpBA27 h+ arg3::3gbs-ade6+ his3D1 leu1-31(or -32?) ura4D-18 ade6-DN/N 

SpBA28 h+ arg3::3gbs-ade6+ his3D1 leu1-31(or -32?) ura4D-18 ade6-
DN/N  [pMH42-GBD(no tag)-STOP-STOP-STOP ura4+] 

SpBA29 h+ arg3::3gbs-ade6+ his3D1 leu1-31(or -32?) ura4D-18 ade6-
DN/N  [pMH42-GBD(no tag)-Sir2-STOP ura4+] 

SpBA30 

 
h+ arg3::3gbs-ade6+ his3D1 leu1-31(or -32?) ura4D-18 ade6-

DN/N  [pMH42-GBD(no tag)-Sir2N247A-STOP ura4+] 
 

 

Table 2. Fission yeast strains used in this study 
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Oligonucleotide 
number Sequence Target 

 
OBA5 

 
 
 

OBA6 

 
CCAGGAAAGTGTTGAAAAAGC 

 
 
 

GCTTCAAACTGAGAAGTTGGGC 

S. pombe ade6 
forward across DN/N 

deletion region. 
 

S. pombe ade6 reverse 
across DN/N deletion 

region. 
 
 

OBA20 
 
 

OBA21 
 

 

GGCGACGCTGTCTATTTGTT 
 
 

ATGGCAGAAGATTGGAAACG 

S. pombe h3.1 
upstream forward. 

 
S. pombe h3.1 

upstream reverse. 

 

Table 3. Oligonucleotide primers used in this study 
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2.2 Results  

Plasmid constructs encoding GBD-Sir2 and GBD-Sir2N247A appeared sufficient to 

repress ade6+ reporter gene expression from the arg3::3xgbs-ade6+ targeting construct, whereas 

the ade6+ reporter gene was efficiently expressed in cells carrying plasmids directing expression 

of GBD alone (Fig. 3A). While targeted ade6+ reporter silencing appeared to require Sir2 

expression, the role of this factor may be independent of its catalytic activity, as the arg3::3xgbs-

ade6+ was similarly silenced effectively in cells expressing the catalytic mutant GBD-

Sir2N247A (Fig. 3B; note appearance of pink colonies among cells thought to express GBD-Sir2 

or GBD-Sir2N247A, but not GBD only).  

PCR analysis indicated that the resultant colonies share common elements of the parental 

genetic background, as all strains exhibited the ade6 DN/N deletion thought to be present within 

the endogenous genomic locus. PCR analysis suggested that the functional ade6+ allele may have 

been removed from the genome of the pink colonies in which GBD-Sir2 and GBD-Sir2N247A 

are expressed (Fig. 4). An experimental loading control indicated that all strains are histone 

H3.1+, again consistent with the assertion that these strains are otherwise identical to the parental 

genotype. 

 

2.3 Materials and method 

Fission yeast strains used in this study  

Fission yeast (S. pombe) strains used in this study are listed in Table 2, above.  Where 

applicable, plasmid borne genes have been validated by DNA sequencing analysis, and 

expression of anti-GBD immunoreactive proteins of the expected molecular mass has been 

confirmed by Western blotting (Alper and Partridge, data not shown).   
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Media preparation  

4.5 L of PMG medium was prepared within ultrapure type 1 water by addition of 15.0 g 

phtalic acid, 11 g di-sodium orthophosphate, 18.75 g glutamic acid, 100 g glucose, 5.0 ml 1000X  

vitamins (prepared from an autoclave-sterilized stock solution consisting of 1 g Inositol, 1 g 

nicotinic acid, 0.5 g pantothenic acid, and 1 mg biotin per 100 ml), 0.5 ml 10,000 X minerals 

(prepared from an autoclave sterilized stock solution consisting of 1 g H3BO3, 1 g MnSO4�4H2O, 

0.8 g ZnSO4�7H2O, 0.4 g FeCl3�6H2O, 0.3 g H2MnO4, 80 mg CuSO4�5H2O, 2 g citric acid, and 

20 mg KI per 200 ml), and 100 ml 50X salts (prepared from an autoclave-sterilized stock 

solution consisting of 26.75 g MgCl2�6H2O, 0.5 g CaCl2�6H2O, 25 g KCl, and 1g Na2SO4 per 

500 ml). Overall, these materials were used to prepare 10 x 450 ml bottles of PMG solution. 

Where solid medium was needed, 10 g bacteriological agar was additionally weighed into each 

bottle containing 450 ml PMG liquid medium.  The final pH of the medium was adjusted to 6.5 

by addition of sodium hydroxide. Bottles containing the PMG medium were then autoclaved at 

121 °C for at least 35 min, and upon cooling, were supplemented with appropriate nutritional 

additives or stored under sterile conditions. 

 

Yeast color growth assay 

After propagating cells of the appropriate genotypes on PMG medium lacking uracil, a 

sterile coffee stirrer was used as an inoculating stick to take up a tip-sized amount of yeast ( < 0.1 

g) before re-suspending these cells into 5 ml of liquid PMG medium. This medium did not 

include any nutritional additives.  The inoculation and re-suspension process was performed 

using sterile technique in order to avoid possible contamination. Subsequently, the resuspended 

sample was diluted with by liquid PMG at a ratio of 2:3 ml.  A spectrophotometer was used to 
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measure the optical density for the diluted sample of each strain at 600 nm. This measurement 

was important in order to determine an approximate of cell concentration. 

The approximate cell concentration within the diluted sample was 0.5 OD600 ≈ 106 

cells/ml. These samples were subsequently diluted further using sterile water to a final 

concentration of 104 cells/ml. 100 µl of the diluted samples (104 cells/ml) were then mixed with 

900 µl sterile water, and 100 µl of these mixtures plated onto selective medium. Each strain was 

plated on solid medium containing all necessary additives, except for a “limiting” amount of 

adenine free base (about .355 mg/µl).  This amount of adenine was experimentally determined to 

be sufficient to promote cell growth yet cause characteristic growth of red colonies among ade- 

yeast strains (data not shown). All strains were incubated at 32 °C for 5 days. 

 After the incubation period, the growth each strain was scrutinized, and the ratio of white 

and pink colonies was recorded, providing an indirect measure of the extent of silencing of the 

ade6+ reporter gene. Two stains were used as controls for adenine auxotrophy: one strain was 

ade+ (spBA1) and the other ade- (SpBA11) (see Table 1, above). All strains were grown on the 

same “limiting” adenine medium used to plate the tested strains above. 

 

Genome screening by polymerase chain reaction (PCR) 

In order to determine whether the pink colonies and the white colonies were genetically 

equivalent, the identity of the ade6+ locus was evaluated by polymerase chain reaction (PCR). A 

wild type cell and the targeted silencing parent strain were used as  controls.  The genotypes for 

these strains are ade6+ (spBA1) and arg3::3xgbs-ade6+ ade6-DN/N (SpBA27), respectively. 

PCR amplification of histone H3.1, which is present within all experimental genotypes, served as 



41 
 

a loading control.  Oligonucleotide primers that were used to amplify ade6+ / ade6-DN/N  (oBA5 

and oBA6) and histone H3.1 (oBA7 and oBA8) are described in Table 3, above. 

For purposes of liberating DNA for the polymerase chain reaction, yeast were treated by 

lyticase enzyme (20 mg/ml) for 60 minutes at 37°C, then at 100 °C for 2 minutes to stop the 

enzymatic reaction.The PCR mixture was prepared by mixing lyticase treated cells (4µl) with 

10µl 2X PCR Pre-Mix (Syd Labs Inc., Boston MA), 4µl sterilized water, and 2µl of each used 

primers (0.25 µM final). The PCR method relies on thermal cycling, which was performed using 

a protocol consisting of 30 thermal cycles. Each thermal cycle consisted of an initial DNA 

denaturing step (95 °C x 30 sec), followed by an annealing step (55 °C x 10 sec) and a DNA 

polymerase mediated extension step (72 °C x 1 min). Thermal cycling was performed within a 

BioRad Gene Cycler Thermal Cycler (BioRad Inc., Hercules CA). 

 

Agarose gel electrophoresis 

Following thermal cycling, PCR amplified samples were analyzed by agarose gel 

electrophoresis, providing for qualitative analysis of the presence or absence of the amplified 

target locus with within the fission yeast genome.  A 1% agarose gel was prepared by dissolving 

1 g molecular biology grade agarose in 100 ml TBE buffer containing 12.1 g/L tris base, 6.2 g/L 

boric acid, and 0.7 g ethylenediaminetetraacetic acid (EDTA) that was prepared using type 1 

ultrapure water. Approximately 0.1 µg/mL ethidium bromide was added to the gel, permitting 

direct detection of DNA by UV transillumination following electrophoretic separation.  PCR 

amplified DNA was resolved by electrophoretic separation (100 V x 60 min.), and detected using 

the a midrange UV transilluminator (Edvotek Inc., Washington DC).  A picture of the 

transilluminated gel was obtained using a high quality camera. 
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Chapter 3:  Discussion and conclusion 

Our data suggest that Sir2 recruitment may be sufficient to effect silencing of an actively 

expressed euchromatic locus. Targeted loss of gene expression was achieved by presumptive 

tethering of Sir2-Gal4 DNA binding domain fusion protein [Sir2-GBD] or [Sir2N247A-GBD] to 

Gal4-upstream activation sequences adjacent an actively expressed ade6+ reporter gene. Sir2 

function in this capacity appears independent of enzyme’s histone deacetylase activity, as 

expression of either the “wild-type” Sir2-Gal4 DNA binding domain fusion protein [Sir2-GBD] 

or the catalytic mutant targeting construct [Sir2N247A-GBD], but not the GAL4 DNA binding 

domain [GBD] alone, was sufficient to effect silencing of the arg3::3xgbs-ade6+ expression 

construct (Fig. 3). 

An exciting if preliminary interpretation of our Sir2 tethering experiment is that targeted 

recruitment of GBD-Sir2 and GBD-N247A, may bring about reporter gene silencing by targeted 

excision of the arg3::3xgbs-ade6+ from the fission yeast genome. This result is supported by our 

failure to detect the ade6+ target locus upon PCR amplification of genomic DNA from cells 

expressing Sir2-GBD or Sir2N247A-GBD, but not GBD alone, wherein each strain was derived 

from transformation of an identical parent bearing the arg3::3xgbs-ade6+ genotype (SpBA27, 

see Table 2).  

Collectively, these results are of great interest and are deserving of further study. The 

claim that Sir2 may carry out targeted gene silencing through site-directed genome modification 

remains to be validated, and moreover, the mechanistic role of Sir2 in carrying out stargeted 

gene silencing has yet to be determined.  Future studies will therefore seek to evaluate the role of 

Sir2 in this process in greater mechanistic detail, as described below. 

 



43 
 

Chapter 4:  Future directions 

By common definition, gene silencing is a process that involves epigenetic control of 

gene expression. In nature, gene silencing plays an important role in eukaryotic development and 

human disease. For example, the emergence of cancer cells or cells with irregular activities may 

result from of disruption in gene silencing. 

Based the results from this and other studies, fission yeast Sir2 and other related enzymes 

have clear and important roles in the control of gene expression and regulation of genome 

integrity.  Perhaps, based on the findings from this study, methods based on Sir2 targeting may 

in the future be used to resolve genetic and cellular disorders arising from disruption in gene 

silencing. Clearly, this hypothesis calls for further investigation through continuing studies and 

experiments related to this line of inquiry. 

Despite our demonstration that Sir2 targeting may have a direct role in the control of 

gene expression, several important questions remained unanswered. One question concerns the 

identity of the targeted arg3::3xgbs-ade6+ locus, as PCR checks of pink, but not white colonies 

thought to express GBD-Sir2 and GBD-Sir2N247A appear to no longer possess the intact ade6+   

gene.  What then, has happened to the target locus? Is the arg3::3xgbs-ade6+ locus reproducibly 

modified in strain backgrounds expressing GBD-Sir2?  If so, what is the biochemical nature of 

such modifications?    

To answer these questions, further study is needed.  First, the reproducibility of this 

phenotype will need to be confirmed using both genetic and molecular methods.  Next, the 

identity of the modified arg3::3xgbs-ade6+ target locus will need to be established.  To this end 

example, a PCR amplification of this locus will be performed. Oligonucleotide primers 

complementary to the arg3 locus will initially be used to attempt amplification of the target 
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locus. If the gene product can be amplified, DNA sequencing analysis will be used to evaluate 

the identity of the modified arg3::3xgbs-ade6+ reporter.   

The aforementioned questions set the direction for future studies that would serve to 

extend and expand this study. Apart from the fact that such future studies would make this 

current study complete, they should also provide or identify the factors that are critical in 

heterochromatin formation at the centromeres. Future studies may perhaps contribute to a more 

meaningful understanding of genetic irregularities that lead to cancer and other genetic disorders, 

and perhaps other diseases of ageing. 
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