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Abstract 

Heterochromatin, or condensed chromatin, is a transcriptionally repressive form 

of chromatin that occurs in many eukaryotic organisms. At its natural locations, 

heterochromatin is thought to play important roles in genome organization as well as 

gene expression. Just as important is the restriction of this repressive form of chromatin 

to appropriate regions of the genome. In the budding yeast Saccaromyces cerevisiae, 

domains of condensed, transcriptionally silenced chromatin are found at telomeres and at 

the silent-mating type cassettes, HML and HMR. At these locations, a complex of Silent 

Information Regulator (SIR) proteins gets recruited to DNA through discrete silencer 

elements. Once recruited, the Sir protein complex then spreads along chromosomes in a 

step-wise manner. This process results in the silencing of gene expression. It is unclear 

whether silenced chromatin is established in the same manner at different genomic 

locations. Understanding how silenced chromatin is formed is important for determining 

how these chromatin structures are regulated. 

To better understand how silenced chromatin is established in different genomic 

contexts, I used chromatin immuoprecipitation to follow the rate of silenced chromatin 

formation at different locations. The rates of Sir protein assembly were compared at two 

locations, telomere VI-R and HMR. I discovered that the silencers at these two locations 

were equally proficient at recruiting Sir proteins. However, the rate of Sir protein 

assembly onto nucleosomes was far more rapid at HMR than at the telomere VI-R. 

Furthermore, the rate of Sir protein assembly was more rapid on one side of the HMR-E 
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silencer at HMR than the other. Moreover, insertion of the HMR-E silencer adjacent to 

the telomere VI-R significantly improved the rate of Sir protein assembly onto 

nucleosomes. Additionally, observations that the association of Sir protein occurs 

simultaneously across several kilobases at HMR and that silencing at HMR is insensitive 

to co-expression of wild-type and catalytically inactive Sir2 proteins suggest that HMR-E 

enables the assembly of silenced chromatin in a non-linear fashion. These results suggest 

that HMR-E functions to both recruit Sir proteins and promote their assembly across 

several kilobases. 

In addition to the HMR-E silencer, HMR is also characterized by the presence of a 

second auxiliary HMR-I silencer and a tRNAThr gene that functions as a boundary 

element to restrict the spread of silenced chromatin. I used chromatin 

immunoprecipitation to determine how each of these regulatory elements contribute to 

the steady-state levels of Sir protein association with chromatin. Consistent with a role 

for HMR-E beyond recruitment, I discovered that the HMR-E silencer alone promoted 

higher levels of Sir proteins on nucleosomes compared to the telomere VI-R. The levels 

of Sir protein association with HMR were further elevated by the HMR-I silencer, even 

though this silencer does not recruit Sir proteins on its own and does not contribute to any 

of the known functions of silenced chromatin at HMR. Additionally, although the 

tRNAThr did block the spread of Sir proteins, I discovered that the capacity for Sir 

proteins to spread beyond a few kilobases was severely limited even in the absence of the 

boundary. 
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The results of this thesis work provide new insights into the mechanisms of 

silenced chromatin establishment and regulation in budding yeast. I show here that the 

capacity of Sir proteins to assemble onto nucleosomes is inherently limited. Additionally, 

silencers vary in their ability to promote this assembly. I conclude that the silencer is a 

key factor in determining the relative size, efficiency, and location of silenced chromatin 

domains in the cell.  
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1. Introduction  

1.1 Overview of heterochromatin 

The genomes of eukaryotic organisms are organized into functionally distinct 

domains termed euchromatin and heterochromatin. These domains were originally 

defined cytologically. Heterochromatin was characterized as regions of the genome that 

remain condensed in nuclei throughout interphase whereas euchromatin regions go 

through cycles of condensation and de-condensation during the cell cycle (Heitz 1928; 

Schultz 1936). Heterochromatic domains are often enriched with repetitive DNA 

sequences, contain few genes, and are often incompetent for expression of the genes that 

are present. Furthermore, these regions are resistant to certain DNA modifying enzymes, 

and replicate their DNA late in S-phase of the cell cycle. In higher eukaryotes, 

heterochromatin can be divided into two groups: constitutive and facultative 

heterochromatin. Constitutive heterochromatin occurs at the same locations in most cell 

types, namely pericentromeric and sub-telomeric regions of the genome, where it is 

thought to serve a structural role. In contrast, facultative heterochromatin is 

developmentally regulated, whereby euchromatic regions are converted to 

heterochromatic regions in the course of cellular development. A classic example of 

facultative heterochromatin is the packaging of one of the two X chromosomes in female 

mammals into the condensed, transcriptionally repressive Barr body, termed X-

inactivation. 

The earliest indication that condensed chromatin, or heterochromatin, impacts 

gene expression came shortly after its cytological characterization. This property was 
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described in Drosophila by Hermann Muller in 1930. In these experiments, the white 

gene, which controls eye color in fruit flies (expression of the white gene results in red 

eyes, repression results in white eyes), was translocated via X-irradiation-induced 

chromosomal rearrangement (Muller 1930). The white gene was moved from a 

euchromatic location to a location adjacent to pericentromeric heterochromatin. As a 

result of the new position, expression of the white gene was variegated, resulting in 

mosaic red and white eye colors, hence the term position effect variegation (Muller 

1930). This was one of the first examples showing a correlation between chromosomal 

organization and gene expression, and implied a role for the condensed chromatin 

structures that were observed cytologically. 

Subsequent studies have described molecular characteristics of heterochromatin at 

the level of nucleosomes. The amino terminal tails of histones H3 and H4 are subject to 

posttranslational modifications, namely acetylation and methylation of lysine residues. 

The nature of these modifications is specific for different types of heterochromatin as 

well as different organisms (Ebert et al. 2006). However, some of these posttranslational 

modifications are conserved among constitutive heterochromatin domains in higher 

eukaryotes. For example, acetylation of histone tails is generally underrepresented within 

heterochromatin (Dillon 2004) while the methylation of histone H3 at the lysine 9 residue 

is a modification that coincides with heterochromatin. Furthermore, the heterochromatin 

protein 1 (HP1) is a non-histone protein enriched in heterochromatin (James and Elgin 

1986), which specifically recognizes and binds to histone H3 when methylated at the 

lysine 9 residue, linking these two features to one another (Lachner et al. 2001; Schotta et 
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al. 2002). These chromatin markings are hallmarks of constitutive heterochromatin in 

higher eukaryotes. 

   

1.2 Overview of silenced chromatin in Saccharomyces cerevisiae 

In the budding yeast Saccharomyces cerevisiae, heterochromatin-like structures, 

termed silenced chromatin, are functionally similar but structurally distinct from the 

classic forms of constitutive heterochromatin in higher eukaryotes. Due to the 

comparatively small size of the S. cerevisiae genome, silenced chromatin cannot be 

observed cytologically. However, a condensed chromatin structure is inferred based on 

functional identity with heterochromatin. For example, silenced chromatin regions are 

less permissive to DNA modifying enzymes (Strathern et al. 1982; Gottschling 1992; 

Singh and Klar 1992; Loo and Rine 1994), contain ordered arrays of nucleosomes (Weiss 

and Simpson 1998; Ravindra et al. 1999), replicate their DNA late in S-phase (McCarroll 

and Fangman 1988; Reynolds et al. 1989), and are repressive to transcription in a gene 

non-specific manner (Brand et al. 1985; Schnell and Rine 1986; Mahoney and Broach 

1989; Gottschling et al. 1990).  

The molecular character of silenced chromatin is fundamentally different from 

constitutive heterochromatin in mammals. Most notably, histone H3K9 methylation, 

which is a highly conserved feature of heterochromatin in most other eukaryotes, is 

absent in S. cerevisiae (Briggs et al. 2001). Indeed, a homologue for the Su(Var)3-9 

family of histone methyltransferases (HMT), which are responsible for methylating 

H3K9, has not been identified in S. cerevisiae. Furthermore, S. cerevisiae lack 
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homologues to HP1. Nevertheless, consistent with nearly all other examples of 

heterochromatin, nucleosomes within silenced chromatin regions are hypoacetylated 

(Braunstein et al. 1993; Suka et al. 2001). Therefore, whereas classic heterochromatin can 

be defined by the presence of specific posttranslational modifications of histones, 

silenced chromatin in S. cerevisiae is typically defined by the absence of histone 

modifications that are common in euchromatin. 

 

1.2.1 Locations and function of silenced chromatin 

Silenced chromatin in S. cerevisiae occurs at the silent mating-type loci (HML 

and HMR), and at most telomeres. An alternative form of silenced chromatin occurs at 

the ribosomal RNA encoding repeats (rDNA). However, the silenced chromatin at rDNA 

is mechanistically distinct from the silent mating-type loci and telomeres. In particular, 

many of the proteins that convey silencing at rDNA are different from those important to 

silencing at telomeres and silent mating-type loci. Thus, rDNA silencing is not addressed 

in this dissertation. 

 

Silencing at the silent mating-type loci  

The function of silenced chromatin has been studied extensively at the silent 

mating-type loci. Haploid yeast cells can exist as one of two different mating-types, 

which are determined by the expression of mating-type genes, either �  or a, at the MAT 

locus. Additional copies of the mating-type genes are also located at the silent mating-

type loci, HML and HMR (Figure 1). In most strains of yeast, HML harbors copies of the 
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� -genes, and HMR contains the a-genes. The simultaneous expression of �  and a genes 

triggers the formation of a repressor complex that inhibits mating. This feedback 

mechanism has the benefit of precluding diploid yeast cells from further mating, as they 

express �  and a genes from heterozygous MAT loci. In order to maintain cell identity in 

haploid yeast cells, the mating-type genes located at HMR and HML must be repressed. 

Since identical copies of these genes are expressed at the MAT locus, promoter-specific 

repressors would have the unintended consequence of inactivating MAT. To solve this 

problem, S. cerevisiae package the auxiliary copies of mating-type information into 

transcriptionally inert silenced chromatin.  

A second function of silenced chromatin at HML and HMR is to protect the DNA 

at these locations from being cut by the HO endonuclease. Some strains of S. cerevisiae 

possess the ability to switch their mating-type. Mating-type switching is accomplished 

through the expression of the HO endonuclease, which forms a double strand DNA break 

at the MAT locus. This double strand break is repaired by homologous recombination, 

preferentially with the opposite mating-type genes located at either HML or HMR, which 

results in gene conversion at the MAT locus (Haber 1998). For proper mating-type 

switching to occur, it is important that only the MAT locus undergo cleavage. However, 

the recognition sequence for the HO endonuclease is conserved at all three loci (MAT, 

HML, and HMR) (Nickoloff et al. 1986). The presence of silenced chromatin at HML and 

HMR renders these sites resistant to HO endonuclease (Loo and Rine 1994), ensuring that 

only the MAT locus gets cut. 
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Figure 1: Schematic of the silent mating-type loci in S. cerevisiae 

 

 

Silencing at telomeres 

   Unlike the silent mating-type loci, the biological function of silenced chromatin 

at yeast telomeres remains incompletely understood. One possibility is that condensed 

chromatin at telomeres serves a structural role important to the fitness of yeast. For 

instance, recent evidence suggests that the presence of certain euchromatin-associated 

histone modifications at telomeres results in a reduction in cellular lifespan (Dang et al. 

2009). Therefore, silenced chromatin may function to prevent these modifications from 

occurring at the telomeres. The basic components and characteristics of silenced 

chromatin at these sites are shared with the silent mating-type loci (Aparicio et al. 1991). 

Silencing at the telomeres was originally identified in experiments inserting reporter 

genes next to the telomere. As a result of proximity to the telomere, the expression of the 

reporter genes were variegated (Gottschling et al. 1990). For example, insertion of the 



 

7 

ADE2 gene, which controls yeast colony color (ade2- colonies are red, ADE2+ colonies 

are white), next to the telomere resulted in colonies with red and white sectoring 

(Gottschling et al. 1990). The model of silencing genes as a function of proximity to the 

telomere was termed telomere position effect (TPE). The phenotype of TPE is analogous 

to that of PEV described in Drosophila (Muller 1930). Thus, the silenced chromatin 

observed at telomeres, and likely the silent mating-type loci, are functionally similar to 

classic heterochromatin in higher eukaryotes.   

   

1.2.2 Sir proteins mediate silenced chromatin 

In S. cerevisiae, silenced chromatin is mediated by silent information regulator 

proteins, or Sir proteins. These proteins were identified genetically as essential for 

repression of the silent mating-type genes (Ivy et al. 1986; Rine and Herskowitz 1987). 

Chromatin immunoprecipitation studies revealed that the three Sir proteins required for 

silencing (Sir2p, Sir3p, and Sir4p) are enriched throughout the domains of silenced 

chromatin at telomeres and the silent mating-type loci (Hecht et al. 1996; Strahl-

Bolsinger et al. 1997; Lieb et al. 2001; Rusche et al. 2002). The Sir2, Sir3, and Sir4 

proteins interact to form a complex in the cell (Rudner et al. 2005). Sir4p plays an 

important structural role in the complex through its interactions with both Sir2p and Sir3p 

(Moazed et al. 1997; Hoppe et al. 2002; Rudner et al. 2005). There is some evidence that 

Sir2p and Sir3p may also interact with each other in vitro (Liou et al. 2005), however, 

this interaction does not occur in vivo in the absence of Sir4p (Strahl-Bolsinger et al. 

1997; Rudner et al. 2005). A fourth Sir protein, Sir1p, also interacts with Sir4p (Triolo 
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and Sternglanz 1996). However, in contrast to Sir2, 3, and 4p, Sir1p is not enriched 

throughout domains of silenced chromain (Rusche et al. 2002) and is not essential to 

maintain silenced chromatin (Pillus and Rine 1989).. For these reasons, Sir1p is thought 

to act independently of the core Sir2/3/4p silencing complex.  

The Sir protein complex associates with chromatin through interactions between 

Sir3p and Sir4p and nucleosomes. Direct physically interactions have been described 

between Sir3p and Sir4p and histone tails (Hecht et al. 1995; Liou et al. 2005). Sir3p has 

two domains that interact with histones. The interaction between Sir3p and histone tails 

was originally mapped to the C-terminal region of Sir3p (Hecht et al. 1995). More recent 

studies have identified a bromo-adjacent homology (BAH) domain in the N-terminal 

region of Sir3p that binds nucleosomes independently of the C-terminal region (Onishi et 

al. 2007; Sampath et al. 2009). The BAH domain of Sir3p directly binds to a region of the 

histone H4 tail that is distinct from the region bound by the C-terminus (Onishi et al. 

2007). The interactions between Sir3p and Sir4p and histones are regulated by 

posttranslational modifications on the tails. Acetylated lysine residues on the histone 

tails, which are abundant in euchromatin regions, significantly reduce the affinity of 

Sir3p for histones (Carmen et al. 2002). Consistent with the loss of Sir protein binding, 

the mutation of specific lysine residues on the tail of histone H4 results in silencing 

defects (Johnson et al. 1990). In particular, mutation of the lysine 16 residue of histone 

H4 to glutamine, which is thought to functionally mimic an acetylated lysine, results in a 

silencing defect that is much more severe than those observed in other lysine mutations 
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(Johnson et al. 1990) and strongly reduces the in vivo interaction between Sir3p and 

nucleosomes (Onishi et al. 2007).  

Although binding to histone tails is critical for proper association of Sir proteins 

with chromatin and silencing, Sir3p also binds nucleosomes in vitro in the absence of the 

histone tails (albeit with significantly reduced affinity), suggesting that Sir3p may interact 

with nucleosomes at additional sites (Georgel et al. 2001). Studies have indicated genetic 

interactions between the Sir complex and specific core residues of histones H3 and H4 

(Park et al. 2002; Norris et al. 2008). These histone H3 and H4 residues that are critical 

for silencing are in proximity to each other on the surface of the nucleosome (Park et al. 

2002) and genetically interact with the N-terminal region of Sir3p (Norris et al. 2008). 

Thus, the N-terminal region of Sir3p may directly interact with core residues of H3 and 

H4 as well.   

The preferential association of the Sir protein complex with deacetylated histones 

is thought to be facilitated by the catalytic activity of Sir2p. Sir2p is a NAD+ dependent 

histone deacetylase (Imai et al. 2000; Landry et al. 2000; Smith et al. 2000) and is the 

founding member of the Sirtuin family of histone deacetylases that are present in 

organisms ranging from bacteria to humans. Importantly, Sir2p deacetylates lysine 16 of 

histone H4, both in vitro and in vivo (Imai et al. 2000; Suka et al. 2002). Although the N-

terminal region of Sir3p appears to make additional contacts with the nucleosome, Sir3p 

binding to nucleosomes is dramatically diminished in H4K16 mutations that mimic the 

acetylated state (Onishi et al. 2007). Thus, the Sir2p-mediated deacetylation of H4K16 is 

critical for binding of Sir3p to nucleosomes and proper silencing.   
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1.2.3 Silencers recruit Sir proteins to chromatin 

Despite the capacity of the Sir protein complex to bind nucleosomes, these 

proteins are restricted to discrete regions of the genome (Lieb et al. 2001), implying that 

additional effectors facilitate the localization of silenced chromatin. Indeed, specific 

DNA sequences, termed silencers, are required to recruit Sir proteins to chromatin. At the 

silenced mating-type loci, these silencers were identified by mutational analyses on 

plasmids (Abraham et al. 1984; Feldman et al. 1984). Two silencers flank the mating-

type genes at each location: HMR-E and HMR-I flank the a genes at HMR, and HML-E 

and HML-I flank the �  genes at HML (Figure 1). These silencers contain binding sites for 

the Origin Recognition Complex (ORC) and the transcription factors Rap1p and Abf1p, 

which seed silenced chromatin through direct interactions with the Sir protein complex. 

Orc1p recruits Sir1p, which in turn binds to Sir4p (Triolo and Sternglanz 1996). Rap1p 

binds to both Sir3p and Sir4p (Moretti et al. 1994; Moretti and Shore 2001), and Abf1p 

likely binds to Sir3p (Gasser and Cockell 2001). Sir4p is required to recruit Sir2p to the 

silencer (Hoppe et al. 2002). In fact, Sir4p is the only member of the core Sir protein 

complex that gets recruited to silencers in the absence of the other Sir proteins (Hoppe et 

al. 2002; Rusche et al. 2002; Rudner et al. 2005), and is required to bring Sir3p to the 

silencer.   

Intriguingly, the composition of silencer binding sequences is unique to each 

silencer (Figure 1). Only HMR-E contains recognition sequences for all three silencer 

binding proteins. HMR-I and HML-I each contain binding sites for ORC and Abf1. HML-
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E harbors binding sites for ORC and Rap1p. It is thought that there may be some 

functional redundancy between the different silencer binding sites. For example, at HMR-

E, mutations in at least two of the three silencer protein recognition sequences are 

required to cause a defect in HMRa gene silencing (Brand et al. 1987). Furthermore, most 

of the silencers at HML and HMR are able to at least partially silence the adjacent mating-

type genes in the absence of the other silencer (Brand et al. 1985; Mahoney and Broach 

1989). The lone exception is HMR-I, which does not appear to recruit Sir proteins and 

fails to silence the HMRa1 gene in the absence of HMR-E (Brand et al. 1985; Rusche et 

al. 2002). It is unclear why HMR-I fails to function as a silencer on its own. Moreover, 

some variation in the efficiency of silencing also occurs among the other silencers. For 

example, when inserted at the MAT locus, HMR-E silenced the mating-type genes more 

efficiently than either HML-E or HML-I (Shei and Broach 1995). Thus, HMR-E is 

thought to be one of the most potent silencers in S. cerevisiae.  

In contrast to the silencers at HML and HMR, Sir proteins are recruited to 

telomeres via an array of Rap1p binding sites embedded in the telomeric repeat 

sequences (Cockell et al. 1995; Hecht et al. 1996). These Rap1p binding sites likely 

recruit the Sir complex through interactions with Sir4p. Additionally, the telomeric repeat 

sequences are located in close proximity to another repetitive DNA element termed the 

X-core sequence, which contains binding sites for ORC and, in most cases, Abf1p (Louis 

1995). Similar to HMR-I, the X-core sequence does not appear to initiate silencing on its 

own, however, it does improve the efficiency of silenced chromatin seeded by the 

telomeric repeat (Fourel et al. 1999). Another notable distinction from the silencers at 
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HML and HMR is the apparent absence of Sir1p from the telomeres. Sir1p gets recruited 

to the silencers at HML and HMR through interactions with Orc1p and plays an important 

role in recruiting the rest of the Sir protein complex (Triolo and Sternglanz 1996). 

However, despite the presence of Autonomously Replicating Sequences (ARS) that 

recruit ORC to the X-core, there is no evidence of a role for Sir1p in recruiting the Sir 

protein complex to the telomeres, and little evidence that Sir1p participates in TPE 

(Aparicio et al. 1991; Fourel et al. 1999; Pryde and Louis 1999; Mondoux and Zakian 

2007).  

The observed variety in silencer composition suggests that these elements may 

differ in the manner by which they establish silenced chromatin. In this dissertation, I 

addressed this question by comparing the rates of silenced chromatin assembly on 

nucleosomes adjacent to different silencers. Indeed, it was discovered that silencers differ 

in their abilities to promote the assembly of silenced chromatin. 

 

1.2.4 Mechanism of silenced chromatin assembly 

Once recruited to DNA by the silencer, the complex of Sir2p, Sir3p, and Sir4p 

then associates with adjacent nucleosomes. This process is thought to occur though the 

spread of Sir proteins along the chromosome in a step-wise mechanism referred to as 

sequential deacetylation (Rusche et al. 2003). According to this model, once recruited to 

the silencer, Sir2p deacetylates adjacent nucleosomes, which are then bound by 

molecules of Sir3p and Sir4p. Upon binding to a nucleosome, Sir3p and Sir4p then 

recruit an additional molecule of Sir2p and begin the process anew for the next 
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nucleosome. Thus, the Sir protein complex spreads along the chromosome through 

recurring cycles of deacetylation and nucleosome binding (Figure 2) (Hoppe et al. 2002; 

Rusche et al. 2002).  

In support of this model, studies with different Sir protein mutations revealed that 

recruitment of the Sir protein complex to silencers occurs prior to association with 

adjacent nucleosomes (Hoppe et al. 2002; Rusche et al. 2002). For example, Sir4p can 

localize to the HMR-E silencer in the absence of Sir2p and Sir3p, and can also recruit a 

partial complex with either Sir2p or Sir3p in the absence of the other. However, none of 

these partial complexes are able to associate with adjacent chromatin beyond the silencer 

(Hoppe et al. 2002; Rusche et al. 2002). Moreover, point mutations in Sir2p that render 

the histone deacetylase catalytically inactive enable the recruitment of a complete Sir 

protein complex to the silencer that is unable to associate with nucleosomes (Hoppe et al. 

2002; Rusche et al. 2002). Therefore, deacetylation of nucleosomes occurs subsequent to 

Sir protein recruitment to silencers and prior to their assembly on nucleosomes. The 

model of sequential deacetylation suggests that silenced chromatin spreads outward from 

silencers in a processive manner. A prediction of processive, or continuous, spreading is 

that Sir protein mutations that allow for recruitment but inhibit nucleosome binding 

should be dominant-negative when co-expressed with the respective wild-type alleles. 

Indeed, catalytically inactive alleles of SIR2, as well as mutant alleles of SIR3 that 

diminish binding to histones, demonstrate dominant-negative silencing phenotypes at 

telomeres (Armstrong et al. 2002; Buchberger et al. 2008). Also consistent with the 

predictions of continuous spreading, insertion of reporter genes at various distances from 



 

14 

the telomere result in a gradual increase in reporter gene expression as a function of 

distance from the telomeric silencer (Renauld et al. 1993; Pryde and Louis 1999). 

Collectively, these results imply that silenced chromatin propagates along chromosomes 

through a self-reinforcing relationship between a chromatin modifying enzyme, Sir2p, 

and nucleosome binding proteins, Sir3p and Sir4p (Figure 2).  

 Similar models of self-reinforcing propagation have been proposed for classic 

heterochromatin domains in other organisms. For example, in Drosophila, the histone 

methyltransferase Su(var)3-9 methylates histone H3 at the lysine 9 position. The 

heterochromatin protein HP1 specifically binds to nucleosomes that are methylated at the 

H3K9 position. Therefore, similar to silenced chromatin in yeast, a self-reinforcing 

relationship exists between a nucleosome modifying enzyme, Su(var)3-9, and a 

nucleosome binding protein, HP1.The phenotypic consequences of self-propagation 

among these two types of repressive chromatin are comparable, as illustrated by the 

similarities between TPE in yeast and PEV in Drosophila. 

The principle components of the model of spreading via sequential deacetylation 

are well established. This model is often represented as a one nucleosome at a time 

process along a linear ‘beads on a string’ chromatin template (Figure 2). However, it is 

unclear how many nucleosomes are involved at each step of deacetylation and binding. 

Additionally, it is unknown whether nucleosomes are arranged in a ‘beads on a string’ 

conformation or if higher order structures occur at the sites of silenced chromatin. In this 

thesis work, it was discovered that Sir proteins assemble simultaneously across an array 
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of nucleosomes at HMR, indicating that the spread of silenced chromatin at this location 

may be more complex than the model shown in Figure 2 suggests.         

 

Figure 2: Model of Sir protein spreading 

 

 

1.3 Regulation of silenced chromatin 

The genome of S. cerevisiae is relatively small compared to the genomes of other 

eukaryotes. The roughly six thousand genes encoded in the yeast genome account for 

nearly seventy-two percent of the total DNA (Dujon 1996), hence, the genome is largely 

euchromatic. Mislocalization of silenced chromatin into these gene-rich regions, either 

through unrestricted spreading from silencers or chance binding of Sir proteins to 

nucleosomes, could be detrimental to the cell. The challenge of excluding Sir proteins 

from transcriptionally active regions is exacerbated by the ubiquitous presence of the 

proteins that recruit the Sir complex (ORC, Rap1p, and Abf1p) throughout the yeast 

genome. Potentially, Sir proteins could bind to any of these sites and indiscriminately 
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modify the surrounding chromatin in a manner unsuitable for proper transcription. 

Nevertheless, genome-wide chromatin immunoprecipitation experiments indicate that 

silenced chromatin is absent from the majority of the genome (Lieb et al. 2001), and 

likely only occurs at the silent mating-type loci, telomeres, and rDNA repeats, which 

account for less than 10% of the genome (van Leeuwen and Gottschling 2002). 

Consequently, mechanisms must exist to mitigate the associations of Sir proteins with 

euchromatic regions. To prevent the promiscuous occurrence of silenced chromatin, 

multiple mechanisms are thought to restrict the Sir proteins to discrete regions of the 

genome. These mechanisms, which are not mutually exclusive, can be divided into three 

general models: (1) discrete boundary elements, (2) competition from euchromatin, and 

(3) intrinsic limitations on the Sir proteins themselves.  

 

1.3.1 Boundary elements limit the spread of silenced chromatin 

Boundary elements are defined as discrete DNA elements that block the spread of 

silenced chromatin, thus serving to partition euchromatin and silenced chromatin. The 

best-studied boundary in S. cerevisiae coincides with a tRNAThr gene located on the 

telomere-proximal side of the HMR locus (Donze et al. 1999). The boundary activity of 

the tRNAThr gene was identified by systematic deletions of DNA at the telomere-

proximal border of silenced chromatin at HMR (Donze et al. 1999; Donze and Kamakaka 

2001). In the absence of the tRNAThr gene, the expression of an endogenous gene located 

approximately three kilobases away from the native boundary of silenced chromatin is 

partially repressed in a Sir-dependent manner (Donze and Kamakaka 2001; Oki and 
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Kamakaka 2005). Furthermore, insertion of a DNA fragment containing the tRNAThr 

gene between the HMR-E silencer and the mating-type genes at HMR results in sterility, 

indicating that silencing of the mating-type genes is disrupted (Donze et al. 1999; Donze 

and Kamakaka 2001).  

The boundary activity of tRNAThr is thought to rely on the assembly of the RNA 

polymerase III transcription complex. Mutations in the box A and box B promoter 

elements of the tRNAThr gene, which result in the loss of RNA polymerase III 

recruitment, compromise boundary function (Donze and Kamakaka 2001). However, 

boundary activity is not necessarily inherent to RNA polymerase III transcribed genes, as 

not all RNA polymerase III genes are able to block the spread of silenced chromatin 

when inserted next to the HMR-E silencer (Donze and Kamakaka 2001). Nevertheless, 

there may be a conserved role for tRNA genes in delimiting the spread of 

heterochromatin. For example, in the distantly related yeast S. pombe, which employs a 

form of heterochromatin orthologous to that of higher eukaryotes, tRNA genes restrict 

the domains of pericentromeric heterochromatin (Scott et al. 2006; Scott et al. 2007). 

On the telomere-proximal side of HML, a DNA element corresponding to the 

gene VBA3 abates the spread of silenced chromatin (Bi 2002). The systematic placement 

of a reporter gene at various distances from HML demonstrates a gradual decline in 

silencing at sites further away from the silenced domain. However, silencing drops off 

sharply beyond the VBA3 location (Bi 2002). The VBA3 gene also mitigates the spread of 

silenced chromatin when translocated to the centromere-proximal side of HML (Bi 2002). 

Unlike the tRNAThr gene at HMR, VBA3 is a RNA polymerase II transcribed gene. It is 
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unclear how the VBA3 gene specifically functions to diminish silencing. However, there 

is some evidence that the upstream activating sequences (UAS) of some RNA 

polymerase II genes render these genes resistant to silencing and dampen the spread of 

silenced chromatin (Bi and Broach 1999).  

Other DNA elements with boundary function have been described at the ends of 

chromosomes. Adjacent to the telomeric repeat, various repetitive DNA elements, termed 

X and Y’, have been described (Louis 1995). All telomeres contain an X-core sequence, 

and many contain a Y’ element located between the X-core and telomeric repeat. 

Telomeres that lack Y’ elements, termed X-only telomeres, display a continuous spread 

of silenced chromatin from the telomeric repeat that is unimpeded by boundary elements 

(Pryde and Louis 1999). However, telomeres that have both X and Y’ elements exhibit a 

discontinuous domain of silenced chromatin (Fourel et al. 1999; Fourel et al. 2001). At 

these telomeres, silencing is disrupted along the length of Y’ and reformed at the X-core 

(Fourel et al. 1999; Pryde and Louis 1999). The broken domain of silenced chromatin is 

mediated by sub-telomeric anti-silencing regions (STAR) that block the spread of 

silenced chromatin seeded by the telomeric repeat (Fourel et al. 1999). The STAR 

elements contain binding sites for the transcription factors Tbf1p and Reb1p, which are 

thought to inhibit the spread of Sir proteins (Fourel et al. 1999; Fourel et al. 2001), 

however, the mechanism of inhibition is incompletely understood. Although STAR 

elements have the capacity to block the spread of silenced chromatin, due to their 

location between two elements that promote silencing (the telomeric repeat and the X-

core), STARs do not restrict the spread of silenced chromatin into sub-telomeric regions. 
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In summary, other than the two boundaries identified on the telomere-proximal 

sides of the HML (VBA3) and HMR (tRNAThr) loci, no discrete boundary elements have 

been described on the centromere-proximal sides of the two loci (Bi et al. 1999; Donze et 

al. 1999). Additionally, no boundary elements have been identified at the junctions 

between euchromatin and silenced chromatin beyond the X-core sequences at telomeres. 

Therefore, there are as many as thirty genomic junctions between silenced chromatin and 

euchromatin that lack boundary elements. 

 

1.3.2 Competition limits the spread of silenced chromatin 

At locations where boundary elements are not present, silenced chromatin is 

thought to be limited through competition with euchromatin. In S. cerevisiae, several 

euchromatic proteins have been identified as having activity that is antagonistic to the 

spread of silenced chromatin. These proteins, referred to as anti-silencers, include 

chromatin modifying enzymes and proteins that associate with transcriptionally poised, 

or active, chromatin. Anti-silencers are thought to upset the spread of silencing by 

modifying chromatin in a manner that reduces the affinity of Sir proteins for 

nucleosomes. In their absence, Sir proteins spread farther from silencers and silence gene 

transcription over broader regions. It is important to note that the Sir protein complex 

retains the ability to modify chromatin in a manner permissive to its own propagation. 

Therefore, anti-silencers do not block the spread of Sir proteins, but rather mediate a 

competitive balance that results in a dynamic equilibrium between euchromatin and 

silenced chromatin.  
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Histone acetyltranferases  

The strong preference for Sir protein binding to unacetylated nucleosomes 

suggests that the enzymes responsible for depositing these inhibitory acetyl marks onto 

histones may also serve as anti-silencers. Indeed, the histone acetyltransferase (HAT) 

Sas2p has been characterized as a relatively potent anti-silencer. Sas2p is the catalytic 

subunit of a HAT complex with specificity for the lysine 16 residue of histone H4 (Shia 

et al. 2005). Acetylation of H4K16 is one of the most abundant post-translational 

modifications in chromatin, occurring on approximately 80% of all histone H4 proteins in 

vivo (Smith et al. 2003). Although Sas2p is not the only HAT capable of acting on 

H4K16, in the absence of Sas2p global levels of acetylated-H4K16 are dramatically 

reduced, implying that Sas2p is the most prevalent HAT for H4K16 in vivo (Kimura et al. 

2002). H4K16 is an in vitro target for Sir2p-deacetylation (Imai et al. 2000), hence, the 

acetylation state of this residue is of particular importance to silencing. Indeed, mutating 

H4K16 to glutamine, which is thought to functionally mimic an acetylated lysine, results 

in a severe defect in silencing (Johnson et al. 1990).  Consequently, Sas2p is a classic 

example of a chromatin modifying enzyme that directly competes with Sir2p for an 

instrumental substrate in the regulation of silenced chromatin. In the absence of Sas2p, 

Sir3p associates with sub-telomeric chromatin as far away as 10 to 20 kilobases from the 

telomeric repeat, as opposed to only 1 to 3 kilobases when Sas2p is present (Kimura et al. 

2002; Suka et al. 2002). Furthermore, Sir proteins assemble more rapidly onto sub-

telomeric chromatin in the absence of Sas2p, indicating the removal of an impediment to 

spreading (Katan-Khaykovich and Struhl 2005). Finally, the increase in Sir protein 
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spreading correlates with the down-regulation of genes located within twenty kilobases of 

telomeres (Kimura et al. 2002).  

Other HATs have also been implicated in restricting the spread of silenced 

chromatin at telomeres. In the absence of the histone H3 HATs Gcn5 and Elp3, Sir3p 

association with sub-telomeric chromatin occurs at locations as far away as 15 kilobases 

from the telomeric repeat (Kristjuhan et al. 2003). The exact anti-silencing mechanisms 

of these HATs are less well understood. However, presumably they also function to 

reduce the affinity of Sir proteins for nucleosomes. 

 

Histone methyltransferases  

In addition to acetylation, methylation of lysine residues on histones H3 and H4 

have been shown to reduce the affinity of Sir proteins for nucleosomes. The histone 

methyltransferase (HMT) Dot1p methylates histone H3 at the lysine 79 residue (Ng et al. 

2002; van Leeuwen et al. 2002). In contrast to the histone tails, H3K79 is located in the 

core of histone H3. However, the H3K79 residue maps to the surface of the nucleosome 

in a region that has been hypothesized to interact with the BAH domain of Sir3p (Norris 

et al. 2008). In S. cerevisiae, H3K79 is methylated ubiquitously in euchromatin, 

occurring at 90% of all nucleosomes genome-wide (van Leeuwen et al. 2002). On the 

other hand, H3K79 is hypomethylated at silenced chromatin, which likely accounts for 

the 10% of nucleosomes that are not methylated at H3K79 (Ng et al. 2002; van Leeuwen 

and Gottschling 2002). Silenced chromatin is thought to be incompatible with H3K79 

methylated nucleosomes. This is supported by the observation that in the absence of Sir 
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proteins, H3K79 methylation increases at telomeres and the silent mating-type loci (Ng et 

al. 2003a). Moreover, Dot1p, which is the only HMT that acts on H3K79 in S. cerevisiae, 

participates in the regulation of silenced chromatin, particularly at telomeres. For 

instance, overexpression of Dot1p results in increased levels of methylated H3K79 at 

telomeres, and a corresponding decrease in the levels of Sir3p (van Leeuwen et al. 2002; 

Altaf et al. 2007). Furthermore, the reciprocal experiment (overexpression of Sir3p) 

results in decreased levels of methylated H3K79 concomitantly with increased Sir3p 

levels (Ng et al. 2003a). These results imply a dynamic and mutually exclusive 

relationship between Dot1p-mediated H3K79 methylation and the Sir protein complex.  

Recent biochemical and genetic studies have shown an elegant interplay between 

Dot1p and Sir3p for access to nucleosomes. Both proteins bind to the same patch of basic 

amino acids on the tail of histone H4 (Altaf et al. 2007; Fingerman et al. 2007). This 

basic patch is critical for the association of Sir3p with histones (Hecht et al. 1995). In 

contrast to Sir3p, Dot1p retains significant affinity for nucleosomes even in the absence 

of the H4 basic patch, but is unable to methylate H3K79 (Altaf et al. 2007). Thus, Sir3p 

likely inhibits the methylation of H3K79 in silenced chromatin by excluding Dot1p from 

binding to the tail of histone H4. Moreover, acetylation of histone H4 at the lysine 16 

position, which is located immediately adjacent to the basic patch, inhibits the binding of 

Sir3p to histone H4 tails, but not Dot1p. Thus, histone acetylation plays a key role in 

mediating the competitive exchanges between Sir proteins and H3K79 methylation.  

Clearly Dot1p directly competes with Sir3p for access to the histone H4 tail, and 

this competition is likely important to the anti-silencing activity of Dot1p. These results 



 

23 

call into question whether methylation of the core histone H3K79 residue contributes to 

the anti-silencing activity of Dot1p. However, changing the H3K79 residue to alanine 

results in mislocalization of Sir proteins at the telomere (Ng et al. 2002; van Leeuwen et 

al. 2002). Therefore, it is likely that methylation of H3K79 is, at least in part, responsible 

for regulating the spread of silenced chromatin. Indeed, H3K79 maps to a region of the 

nucleosome implicated in genetic interaction experiments with the BAH domain of Sir3p 

(Norris et al. 2008). This potential interaction may be weakened by methylation of the 

positively charged H3K79 residue. Consistent with this hypothesis, Sir3p binds to a H3 

peptide containing H3K79, and this binding is lost upon methylation of H3K79 (Altaf et 

al. 2007). Thus, Dot1p may antagonize the spread of silenced chromatin in two ways: (1) 

Dot1p may directly compete with Sir3p for access to the histone H4 tail, and (2) Dot1p 

methylation of H3K79 may prevent the association of Sir3p with core histone residues on 

the surface of the nucleosome.  

The HMT Set1p, which methylates histone H3 at the lysine 4 position (Briggs et 

al. 2001; Krogan et al. 2002), has also been implicated as having anti-silencing function. 

The H3K4 residue is located on the tail of histone H3, in close proximity to the binding 

sites for the Sir proteins. The affinity of Sir3p in vitro for the H3 tail is greatly diminished 

when H3K4 is methylated (Santos-Rosa et al. 2004). Thus, Set1p likely competes with 

Sir3p for access to the histone H3 tail substrate. Nucleosomes methylated at the H3K4 

residue are enriched in active regions of the genome and absent at the silenced loci 

(Bernstein et al. 2002).  In particular, Set1p is targeted to the early transcribed regions of 

actively transcribed genes where the highest levels of H3K4 methylation are observed 
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(Krogan et al. 2003; Ng et al. 2003b). Similar to Sas2p and Dot1p, the exclusion of 

methylated H3K4 from silenced chromatin is thought to be mediated by competition 

between the Sir proteins and the chromatin modifying enzyme. In support of this model, 

in the absence of Set1p, Sir proteins are mislocalized at the telomeres and at HML 

(Santos-Rosa et al. 2004). In the case of telomeres, loss of Set1p results in an increase of 

Sir3p association with sub-telomeric locations beyond the normal borders of silenced 

chromatin (Santos-Rosa et al. 2004). Furthermore, in the absence of Set1p, a 

disproportionately high number of genes become down-regulated within 20 kilobases of 

telomeres (Venkatasubrahmanyam et al. 2007), consistent with the observation that Sir 

proteins spread farther away from telomeres in these conditions.  

 

Euchromatin-associated factors 

In addition to chromatin modifying enzymes, other proteins that associate with 

euchromatic regions of the genome convey anti-silencing capabilities. For instance, the 

histone variant H2A.Z exhibits several of the hallmarks of anti-silencing proteins. Several 

genome-wide studies have shown that H2A.Z localizes to the promoter regions of 

euchromatic genes, where it is believed to facilitate proper transcriptional activation 

(Guillemette et al. 2005; Li et al. 2005; Raisner et al. 2005; Zhang et al. 2005; Millar et 

al. 2006; Albert et al. 2007). However, H2A.Z is absent from the promoters of silenced 

genes (Meneghini et al. 2003; Raisner et al. 2005). Interestingly, compared to discrete 

peaks of H2A.Z enrichment at euchromatic promoters, H2A.Z-containing nucleosomes at 

regions flanking silenced chromatin at telomeres and HMR are more broadly distributed 
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(Guillemette et al. 2005). The level of H2A.Z enrichment in these regions is on par with 

average levels observed in the genome (Zhang et al. 2005), thus the broad distribution of 

H2A.Z may represent increased fluidity of H2A.Z-containing nucleosomes or variability 

in the location of H2A.Z nucleosomes within the cell population (Guillemette et al. 

2005). At these locations, the loss of H2A.Z results in the mislocalization of Sir proteins 

from their normal sites of action and an increase in spread of Sir proteins spread beyond 

their normal borders (Meneghini et al. 2003). Also consistent with the predictions of an 

anti-silencer, a significant fraction of H2A.Z-activated genes are localized within 20-35 

kilobases of telomeres and 57% of these genes are down-regulated in a Sir-dependent 

manner (Meneghini et al. 2003). Similar results were observed at genes flanking HMR 

(Meneghini et al. 2003). Thus, H2A.Z protects euchromatin from the spread of silencing 

at telomeres and HMR.   

The mechanism of H2A.Z anti-silencing is incompletely understood. However, 

HATs play an important role in the deposition of H2A.Z into chromatin and, potentially, 

in anti-silencing activity. For example, Sas2p is required for proper localization of H2A.Z 

in sub-telomeric chromatin (Shia et al. 2006). Additionally, H2A.Z is generally 

acetylated, and this acetylation is thought to participate, at least in part, in the anti-

silencing properties of the histone variant (Babiarz et al. 2006). Therefore, H2A.Z may 

help fortify the anti-silencing activity of associated HATs. It is unclear whether H2A.Z 

possesses intrinsic properties that inhibit silenced chromatin assembly. 

Another euchromatin-associated factor that has been implicated in anti-silencing 

activity is the bromodomain-containing factor Bdf1p. The localization of Bdf1p in the 
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genome is highly correlated with that of H2A.Z and Bdf1p is thought to be important for 

the recruitment of the histone variant to euchromatic promoters (Zhang et al. 2005; 

Durant and Pugh 2007). However, unlike H2A.Z, Bdf1p also localizes to open reading 

frames (Ladurner et al. 2003; Kurdistani et al. 2004). Bdf1p is recruited to chromatin 

through the binding of hyperacetylated histone H3 and H4 tails and is underrepresented 

in silenced chromatin domains (Ladurner et al. 2003; Matangkasombut and Buratowski 

2003; Kurdistani et al. 2004). In the absence of Bdf1p, Sir proteins spread beyond their 

natural borders at telomeres and HML (Ladurner et al. 2003). The consequence of this 

increased spread of silenced chromatin is the down-regulation of sub-telomeric genes 

within 20 kilobases of telomeres, and of a gene (CHA1) adjacent to HML. Bdf1p is 

thought to protect acetylated histone tails from the deacetylase activity of Sir2p (Ladurner 

et al. 2003). Therefore, although Bdf1p is not a chromatin modifying enzyme, it appears 

to function in collaboration with HATs to restrict the spread of silenced chromatin. 

Furthermore, Bdf1p may also serve to prevent the spread of silenced chromatin by 

facilitating the deposition of H2A.Z. 

In summary, these results suggest that multiple euchromatic proteins collaborate 

to compete with silenced chromatin and reduce the potential for indiscriminate binding of 

Sir proteins at inappropriate locations of genome. Interestingly, Sas2p-mediated histone 

acetylation appears to play a particularly important role in these processes. In addition to 

directly competing with Sir2p for the H4K16 substrate, Sas2p also facilitates the 

incorporation of H2A.Z at the borders of telomeric silenced chromatin and likely 

mediates H3K79 methylation as well. Indeed, overexpression of Sas2p results in an 
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increase of methylated H3K79 enrichment at sub-telomeric chromatin (Altaf et al. 2007). 

Furthermore, it is also possible that acetylation of the histone H4 tails by Sas2p promotes 

the binding of Bdf1p, which subsequently facilitates H2A.Z deposition. Thus, Sas2p may 

act as a critical determining factor, coordinating the activities of other anti-silencing 

proteins.  

At telomeres, the loss of competition from anti-silencers results in a Sir-dependent 

down-regulation of genes as far as 20 kilobases from the telomeric repeat sequences. 

However, spreading rarely exceeds 20 kilobases. Moreover, Sir protein levels in the 

extended silenced chromatin domains are significantly lower than the levels observed at 

the natural sites of silenced chromatin (Kimura et al. 2002; Suka et al. 2002), indicating 

that the long-distance spread of Sir proteins only occurs in a fraction of cells. In the 

absence of two anti-silencers, H2A.Z and Set1p, genes were down-regulated by Sir 

proteins as far away as 100 kilobases from the normal sites of silenced chromatin 

(Venkatasubrahmanyam et al. 2007). However, these genes were only marginally 

repressed (approximately 1.4-fold average), and Sir protein association was undetectable 

by chromatin immunoprecipitation (Venkatasubrahmanyam et al. 2007), indicating that 

any association of Sir proteins with chromatin at these distal locations is transient and 

only occurs in a small fraction of cells. Therefore, additional constraints must dampen the 

spread of silenced chromatin beyond its natural borders. Indeed, intrinsic limitations on 

the Sir proteins themselves are thought to contribute to the low capacity of these proteins 

to spread beyond a few kilobases 
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1.3.3 Intrinsic limitations of Sir proteins 

Limited availability of Sir proteins 

One such constraint is the limited availability of free Sir proteins in the cell. For 

example, overexpression of Sir3p extends the domain of silenced chromatin at telomeres 

in a dose-dependent manner from only a few kilobases to as much as 20 kilobases 

(Renauld et al. 1993; Hecht et al. 1996). Increased expression of Sir3p also extends the 

size of the silenced chromatin domain at HMR (Donze et al. 1999). These results indicate 

that Sir3p is limiting in the cell. Interestingly, many anti-silencers actually promote Sir 

protein association with endogenous regions of silenced chromatin. In the absence of 

these anti-silencers (including Sas2p, Dot1p, H2A.Z, and Set1p), Sir protein levels at the 

telomeres, and in some cases the silent mating-type loci, are reduced (Kimura et al. 2002; 

Ng et al. 2002; Suka et al. 2002; van Leeuwen et al. 2002; Santos-Rosa et al. 2004). This 

seemingly counterintuitive phenotype has been interpreted to suggest that, upon 

misregulation, the limited pools of Sir protein are siphoned away from their endogenous 

locations into euchromatin (van Leeuwen and Gottschling 2002). 

 

Turnover of silenced chromatin  

Silenced chromatin is a dynamic structure that requires constant reinforcement 

from silencers (Cheng et al. 1998; Cheng and Gartenberg 2000). In experiments that 

decouple preexisting silenced chromatin at HMR from the adjacent HMR-E and HMR-I 

silencers through the formation of extrachromosomal rings, the silenced state reverts to 

euchromatin (Cheng and Gartenberg 2000). On the other hand, when the 
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extrachromosomal rings include the adjacent silencers, the rings remain silenced for more 

than 6 hours (Cheng and Gartenberg 2000). Similar experiments were performed at the 

HML locus. In these examples, silenced chromatin decoupled from the HML-E and HML-

I silencers persists for more than 6 hours (Holmes and Broach 1996; Cheng and 

Gartenberg 2000). The persistence of silenced chromatin on extrachromosomal HML 

rings is attributed to the presence of a Rap1p binding site located in the promoter of the 

� -genes (Cheng and Gartenberg 2000). In the absence of the Rap1p binding site, the 

extrachromosomal silenced chromatin rings revert to euchromatin, as at HMR (Cheng and 

Gartenberg 2000). Thus, silenced chromatin turns over at a relatively high frequency in 

the absence of silencers, and a comparatively low frequency in their presence. From these 

results, it can be inferred that the binding of Sir proteins to nucleosomes is a highly 

dynamic event that would not occur without a nearby silencer. Furthermore, the high 

degree of Sir protein turnover provides insight into the low capacity for Sir proteins to 

spread beyond a few kilobases. According to the model of sequential deacetylation, the 

binding of a Sir protein complex to a nucleosome is dependent on Sir protein complexes 

bound to adjacent nucleosomes. If these Sir protein complexes are turning over, then the 

Sir protein occupancy at each nucleosome will become increasingly improbable at each 

successive step of spreading beyond the first nucleosome.    

The importance of intrinsic limitations on the regulation of silenced chromatin has 

received far less attention compared to boundaries and anti-silencers. One important 

discovery in this thesis is that in the absence of a silencer that can both recruit Sir 

proteins and promote their association with nucleosomes, Sir proteins are severely limited 
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in their capacity to spread. Thus, the high rate of Sir protein turnover on chromatin 

appears to play a critical role in limiting the size of silenced chromatin domains. 

It is worth noting that the dynamic nature of silenced chromatin is not unique to 

Sir silencing in S. cerevisiae. For example, HP1 is highly mobile at heterochromatic sites 

in higher eukaryotes, as evidenced by fluorescence recovery after photobleaching 

(FRAP) experiments (Cheutin et al. 2003; Festenstein et al. 2003). In these experiments, 

the association of a GFP-HP1 chimeric protein is restored at heterochromatin within 

seconds after photobleaching, suggesting that HP1 association is not static, but rather 

turns over at a high frequency (Cheutin et al. 2003; Festenstein et al. 2003). These results 

are analogous to the turnover of silenced chromatin in the absence of silencers in S. 

cerevisiae. Furthermore, the relative strength of PEV in Drosophila is dependent on HP1 

dosage. Therefore, similar to observations that overexpression of Sir3p strengthens TPE 

in S. cerevisiae, overexpression of HP1 enhances PEV in Drosophila (Eissenberg et al. 

1992). Thus, heterochromatin in other organisms may also be regulated by limited 

availability of proteins and high turnover rates. 

 

1.3.4 Summary of silenced chromatin regulation 

In summary, several mechanisms are involved in restricting the occurrence of 

silenced chromatin to a relatively small region of the genome. Two discrete boundary 

elements have been described which coincide with a tRNAThr gene on the telomere-

proximal side of HMR, and the VBA3 gene on the telomere-proximal side of HML. These 

boundaries restrict the spread of silenced chromatin from HMR and HML, respectively. 
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At the remaining locations where silenced chromatin and euchromatin happen together, 

competition with euchromatin limits the spread of silencing. Several euchromatin-

associated anti-silencers have been identified that modify chromatin in a manner that 

restricts the ability of Sir proteins to bind nucleosomes. The HAT Sas2p acetylates 

H4K16, which is abundant throughout euchromatin. The HMTs Dot1p and Set1p 

methylate histone H3 at the K79 and K4 residues, respectively. Methyl-H3K79 is 

ubiquitous in euchromatin, and methyl-H3K4occurs in the 5’ ends of transcribed genes. 

The histone variant H2A.Z localizes to the promoters of genes in euchromatin, and the 

bromodomain-containing factor Bdf1p binds to acetylated histones in euchromatin.  All 

of these anti-silencers restrict the spread of Sir proteins from telomeres. In their absence, 

silenced chromatin spreads as far as 20 kilobases away from its normal borders in sub-

telomeric chromatin. The roles of different anti-silencers in restricting the spread of Sir 

proteins from the silent mating-type loci have not been thoroughly investigated. 

However, the loss of either Dot1p or Set1p results in a more rapid rate of silenced 

chromatin establishment at HMR (Katan-Khaykovich and Struhl 2005; Osborne et al. 

2009), indicating the removal of an impediment to silencing. Additionally, H2A.Z has 

been shown to restrict the spread of silencing beyond its normal borders at HMR 

(Meneghini et al. 2003), and Bdf1p restricts silenced chromatin at HML (Ladurner et al. 

2003). Finally, some additionally spreading of Sir3p occurs beyond the natural borders of 

HMR in the absence of Sas2p (Oki and Kamakaka 2005). Further exacerbating the impact 

of these anti-silencers are intrinsic limitations on the Sir proteins themselves. Sir3p is 
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available in limited amounts in the cell, and the association of Sir proteins with 

nucleosomes turns-over frequently.  

 

1.4 Locus specific promotion of silenced chromatin 

Multiple overlapping mechanisms for dampening the spread of silenced 

chromatin have the advantage of diminishing the probability that Sir proteins will form at 

inappropriate locations. This is especially pertinent in S. cerevisiae, where the same 

proteins that recruit the Sir complex to chromatin also play important roles in DNA 

replication and transcriptional activation. Nevertheless, it is also important to maintain 

silenced chromatin at the appropriate locations, particularly at the silent mating-type loci 

HML and HMR. At these locations, the silencers are essential to maintain consequential 

domains of silenced chromatin. 

Interestingly, the relative strength of the silenced chromatin domains appears to 

be locus specific. In particular, silenced chromatin at HMR, and to a lesser extent HML, 

are frequently resistant to mutations that disrupt silencing at telomeres. For example, 

point mutations in Sir4p that significantly weaken interactions with Sir3p result in a 

complete loss of silencing at telomeres, but have no effect on the ability of Sir proteins to 

silence the mating-type genes at HMR (Rudner et al. 2005). Additionally, telomeric 

silenced chromatin is more sensitive to mutations that disrupt Sir protein binding to 

histone tails (Thompson et al. 1994). For instance, second site suppressors of the 

silencing defects of H4K16G and H4K16Q mutants have been identified in the BAH 

domain of Sir3p (Johnson et al. 1990; Norris et al. 2008). These suppressor mutations 
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partially restore silencing at the silent mating-type loci, but not telomeres (Norris et al. 

2008). These results suggest that these histone tail residues are less important for 

silencing at the silent mating-type loci than at telomeres. Furthermore, silenced chromatin 

at the silent mating-type loci is also less sensitive to mutations in the histone core. Out of 

10 mutations to the core surface of the nucleosome that disrupt telomeric silencing, 7 

result in partial depression of reporter genes at HML and HMR, and only 2 result in 

mating defects (Park et al. 2002). Collectively, these results imply that Sir proteins 

associate with nucleosomes more efficiently at HML and HMR compared to telomeres.   

Silenced chromatin domains are also differentially impacted by anti-silencers. For 

example, in the absence of anti-silencers, silenced chromatin at the telomeres is always 

misregulated. In contrast, the effects of anti-silencers at HML and HMR vary depending 

on the anti-silencer in question. In the case of Sas2p, loss of the HAT has a greater 

impact at a telomere than at HMR (Katan-Khaykovich and Struhl 2005). Moreover, Sas2p 

also affects silenced chromatin differently at HML and HMR (Ehrenhofer-Murray et al. 

1997; Xu et al. 1999; Xu et al. 2006). In single-cell experiments using fluorescent 

reporter genes at HML and HMR, the loss of Sas2p results in complete expression of the 

fluorescent probe located at HML, but only partial expression of the fluorescent probe 

located at HMR (Xu et al. 2006). Similar locus-specific phenotypes have been observed 

for the Dot1p anti-silencer. In the absence of Dot1p, Sir protein levels are significantly 

reduced at telomeres with no observable change in the steady-state Sir protein levels at 

HMR (van Leeuwen et al. 2002). Finally, the relative strength of silenced chromatin also 
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varies among different telomeres (Pryde and Louis 1999). It is unclear if these telomeres 

respond differently to anti-silencers as well. 

 Despite these differences, the basic requirements for Sir2p, Sir3p, and Sir4p are 

shared at each location. Furthermore, both acetylation of H4K16 and methylation of 

H3K79 are highly enriched throughout euchromatin, implying that the anti-silencers 

responsible for these posttranslational modifications are ubiquitous in the genome, as 

opposed to being targeted to specific boundaries of euchromatin and silenced chromatin. 

Therefore, it is likely that silencers mediate the assembly and maintenance of silenced 

chromatin in distinct ways.  While numerous studies have made great progress 

elucidating the mechanisms of anti-silencers and boundary elements in negatively 

regulating the formation of silenced chromatin, far less attention has been paid to the 

contributions of the different silencers to the regulation of silenced chromatin.  

Curiously, there is significant disparity in the molecular compositions of silencers 

at different locations. Each individual silencer recruits Sir proteins through different 

combinations of binding sites for ORC, Rap1p, and Abf1p. Additionally, the nature of the 

consensus sequences for these binding sites, as well as the spacing between consensus 

sequences, are unique to different silencers. Furthermore, HMR-E is the only silencer that 

recruits all three silencer binding proteins. Clearly, Sir proteins get recruited differently to 

each silencer. However, it is unknown whether these silencers also differentially 

influence the assembly of Sir proteins onto nucleosomes. Moreover, the manner in which 

Sir proteins assemble onto nucleosomes could potentially determine the way silenced 

chromatin is restricted to its natural borders. However, the mechanisms for silenced 
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chromatin assembly and regulation at different locations remains incompletely 

understood. In this dissertation, I address some of these questions concerning locus-

specificity in silenced chromatin assembly and regulation. I have focused on two 

locations of silenced chromatin: the strongly silenced HMR locus, and the comparatively 

weak domain of silenced chromatin at telomere VI-R. 
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2. Silencers differ in their abilities to promote the assembly of 
silenced chromatin 

2.1 Introduction 

  The first step in establishment of silenced chromatin is the recruitment of Sir 

proteins to the chromosome, which is mediated by DNA sequences termed silencers.  At 

the silent mating-type cassettes, the silencers HMR-E and HMR-I flank HMR, and the 

silencers HML-E and HML-I flank HML.  Each of these silencers consists of binding sites 

for the Origin Recognition Complex (ORC) and for either Rap1p, Abf1p, or both.  Sir 

proteins are assembled at the silencers through physical interactions with the DNA-

binding proteins and each other.  A fourth Sir protein, Sir1p, also participates in the initial 

assembly process through interactions with ORC and Sir4p (Triolo and Sternglanz 1996).  

Telomeric silencers are distinct from the silencers at HM loci in that they are composed 

of an array of Rap1p binding sites embedded in the telomeric (TG1-3)n repeats.  Despite 

variation in composition, most silencers function to recruit the Sir complex and thus 

initiate silencing.  The one exception is HMR-I, which does not recruit Sir proteins on its 

own and appears to play a supporting role in silencing HMR (Rivier et al. 1999; Rusche 

et al. 2002). 

Once recruited to a silencer, Sir2p, Sir3p, and Sir4p spread along the 

chromosome.  A working model for spreading proposes that Sir proteins propagate in a 

step-wise manner facilitated by sequential deacetylation of histones  (reviewed in Rusche 

et al. 2003).  Sir2p, a histone deacetylase, generates hypoacetylated histone H3 and H4 

tails that are preferentially bound by Sir3p and Sir4p, which in turn recruit additional 
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Sir2p to deacetylate the next nucleosome (Hecht et al. 1995; Carmen et al. 2002; Hoppe 

et al. 2002; Rusche et al. 2002).  Thus, the Sir proteins are dependent on each other for 

assembly.  This model predicts that Sir-silenced chromatin should propagate linearly 

along a chromosome.  Because silencers serve as the initiators of the spreading process, 

they determine where silenced chromatin will form.  Although Sir proteins are recruited 

differently by silencers at HM loci and telomeres, spreading of the Sir complex occurs at 

all sites.  

In this study, I characterized the rates of Sir complex assembly at different 

genomic locations. I discovered that spreading rates vary at different genomic loci and 

that much of this variation can be attributed to the silencer. Sir proteins assembled rapidly 

at HMR over a region of about 3 kilobases and the association of Sir proteins occurred 

virtually simultaneously throughout the locus. In contrast, assembly at a telomere (VI-R) 

was significantly slower and proceeded in a linear fashion, such that the Sir proteins 

associated with regions closer to the telomere earlier than regions farther from the 

telomere. Remarkably, despite the differences in the rates of spreading, the Sir proteins 

were recruited to the silencers (HMR-E or the telomeric repeat) at equivalent rates and at 

similar levels. Furthermore, insertion of the HMR-E silencer into the telomere resulted in 

more rapid spreading of Sir proteins, indicating that the slower spreading observed at the 

telomere was not simply due to the telomeric chromatin being restrictive to spreading. 

From these observations, I conclude that the HMR-E silencer does not simply recruit Sir 

proteins to the chromosome. It also has the capacity, which the telomeric repeat does not 

have, to promote the assembly of silenced chromatin over a distance of several kilobases. 
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I propose that HMR-E permits a higher order chromatin structure to exist that would 

otherwise be unstable and that the silencer’s ability to promote spreading is an important 

parameter for determining the size and stability of silenced chromatin domains. 

Furthermore, I hypothesize that the HMR-E silencer promotes the assembly of Sir 

proteins over a distance by creating a situation in which spreading is not strictly linear, as 

predicted by the step-wise model of sequential deacetylation. 

 

2.2 Materials and methods 

Yeast strains and plasmids 

Strains used in this study were derived from W303-1b. The following alleles were 

described previously: sir3� ::LEU2 (Rusche and Rine 2001), RPB1::18myc::TRP1 

(Pokholok et al. 2002), hmr� I (Rivier et al. 1999), LEU2::sir2-N345A (Imai et al. 2000; 

Armstrong et al. 2002) and HMRss(5xGal4DBS-RAP1-ABF1)� I (Fox et al. 1997). To 

create the SIR3-myc allele, 9x-myc DNA was amplified by PCR from a plasmid 

containing 9x-myc and the TRP1 marker from Kluyveromyces lactis in pUC19 vector 

backbone (pWZV87; courtesy of Kim Nasmyth, Oxford) using primers 5’-

GAGACTGCATGTGTACATAGGCATATCTATGGCGGAA 

GTGGGCCAGAAGACTAAGAGGTG and 5’-CCTTTTCGATGGATGAAGAATTCA 

AAAATATGGACTGCATTGGTTCTGCTGCTAGTGGTG with the underlined 

sequences annealing to the plasmid and the remaining sequences homologous to the 3’ 

end of the SIR3 gene. The resulting DNA was integrated at the SIR3 locus by 

homologous recombination to generate SIR3-myc. To generate strains with a HA-tagged 
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sir2-N345A allele, a plasmid containing N-terminal HA-tagged SIR2 plus approximately 

1 kilobase of the SIR2 promoter (pRO298; courtesy of Rohinton Kamakaka, UC Santa 

Cruz) was cut with SacII and BglII and the fragment containing the promoter and 5’ end 

of the SIR2 gene was ligated into the same sites of plasmid pRS305-sir2N345A (Imai et 

al. 2000; Armstrong et al. 2002), resulting in pLR0727. To integrate HA-sir2-N345A into 

the genome, pLR0727 was cut within the LEU2 gene by AflII and integrated into yeast 

via homologous recombination, resulting in a LEU2::HA-sir2-N345A allele.       

The TELVIR::HMRE and TELVIR::STUFFER alleles were constructed in four 

steps: (1) A TELVIR::URA3 allele was created by homologous recombination in a 

sir3� ::LEU2 strain using DNA amplified from pRS396 (Sikorski and Hieter 1989) with 

primers 5’-TCATAAACATAAGCGTATCCAATTTTGACATATCCTTCACCTGTGC 

GGTATTTCACACCG and 5’-AACGAGTGGATGCACAGTTCAGAGTTATCTAAC 

AATATTCGATTGTACTGAGAGTGCACC, resulting in LRY1862. (2) TELVIR::URA3 

was amplified from LRY1862 genomic DNA by PCR with high-fidelity Pfu Turbo DNA 

polymerase (Stratagene) using primers 5’-CACGAGGTACCCAGCAA 

TAAGAAAATGTGAGCATAC and 5’- GAGTCGGAGCTCGTGCTAAAGGAATCCC 

CAGAGAC with the underlined sequences corresponding to engineered recognition sites 

for KpnI and SacI, respectively. The PCR products were digested with SacI and KpnI, 

and cloned into vector pRS412 (Sikorski and Hieter 1989) to generate pLR566. (3) 431 

bases of DNA containing either HMR-E or a fragment of the TRP1 open reading frame 

were amplified from wild-type (W303) genomic DNA with high-fidelity polymerase 

using primers 5’-AATATAAATGATATATCATAAACATAAGCGTATCCAATTTTG 
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ACATATCCTTCACCTAAATCGCATTTCTTTTCGTC CAC and 5’-TTCGAACGTG 

ATCCTAACGAGTGGATGCACAGTTCAGAGTTATCTAACAATATTCTAACAA 

AAACCAGGAGTACCTGCGC for HMR-E and 5’-AATATAAATGATATATCATAA 

ACATAAGCGTATCCAATTTTGACATATCCTTCACGAATGTGCTCTAGATTCCG 

ATGCTG and 5’-TTCGAACGTGATCCTAACGAGTGGATGCACAGTTCAGAGTT 

ATCTAACAATATTCCTCTCTTGCCTTCCAACC CAGTC for STUFFER with the 

underlined sequences annealing to the template and the remaining sequences homologous 

to sub-telomeric VI-R DNA. The resulting PCR products were recombined into AccI-

gapped pLR566 by homology driven in vivo gap-repair to generate pLR568 

(TELVIR::HMRE) and pLR573 (TELVIR::STUFFER). (4) The TELVIR::HMRE and 

TELVIR::STUFFER alleles were integrated by gene conversion of TELVIR::URA3 in 

strain LRY1862 using high-fidelity PCR products amplified from pLR568 and pLR573 

with primers 5’-CAGCAATAAGAAAATGTGAGCATAC and 5’-GTGCTAAAG 

GAATCCCCAGAGAC. The resulting integrations were positioned 60 bases adjacent to 

the core-X sequence. 

Plasmid pJR517 contains SIR3 under control of the GAL1 promoter and was 

constructed in the laboratory of J. Rine (UC, Berkeley). Plasmid pLR577 was constructed 

by ligating a PCR-generated SIR3-myc fragment, amplified from genomic DNA from 

LRY1827, into an EagI site located within the SIR3 gene on pJR517. The primers used to 

amplify the SIR3-myc insert were 5’-CATCTGTGCTTTCAAGTAAAC and 5’-

GAGTCGCGGCCGAGTGAATGATCGTT CCAC, in which the underlined sequence 

corresponds to an EagI site. Plasmid pLR529 was a HA-tagged derivative of pJR1811, a 
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PMET3-GAL4DBD-SIR1 construct in pRS313 vector previously described (Fox et al. 1997). 

To tag SIR1, the plasmid was gapped with EcoNI and AflII, then repaired by in vivo 

homologous recombination with chromosomal HA-tagged SIR1 from CFY416 (Gardner 

and Fox 2001). 

 

Cell growth conditions 

All cultures were grown in selective, supplemented media (CSM, MP 

Biomedicals) and maintained in logarithmic growth throughout timecourses. For the 

induction of PGAL1- SIR3, cultures pre-grown in 2% raffinose were brought to an OD600 of 

approximately 1.0 (+/- 0.1), then induced by the addition of galactose to a final 

concentration of 2%. For the induction of PMET3-GAL4DBD-SIR1-HA, cultures were grown 

in medium lacking methionine. These strains were grown in 2% glucose.  

 

Chromatin immunoprecipitation 

Chromatin immunoprecipitations were performed essentially as previously 

described (Rusche and Rine 2001) using 10 optical density equivalents of cells and 3 µl 

rabbit polyclonal antiserum to recombinant LacZ-Sir2p or LacZ-Sir3p (rabbits 2932 and 

2934, respectively; gifts from J. Rine, UC Berkeley), or 3 µl of antibodies to histone H4 

acetyl-K16, the C-terminus of histone H3, myc or HA tags (07-329, 05-928, 06-549, 05-

902; Upstate Biotechnology). Cells were treated with 1% formaldehyde for 20 minutes to 

cross-link proteins to DNA, after which the cross-linking reaction was quenched by the 

addition of glycine to a final concentration of 0.125 mM. For Figures 22A and 23A, cells 
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were treated with formaldehyde for 35 minutes and the cross-linking reaction was not 

quenched. Quantitative real-time PCR was performed as previously described (Lynch et 

al. 2005), except a different control locus was selected for normalization. For most 

reactions, PHO5 was chosen as the internal control locus since this site is neither subject 

to silencing nor transcription under the specified growth conditions. For Figures 8, an 

uncharacterized open reading frame (YKL105C) on chromosome XI which lacks 

significant levels of RNA polymerase II (Steinmetz et al. 2006) was selected as the 

internal control for Rpb1p-myc chromatin IP analysis. Relative IP values represent the 

ratio of the query locus relative to the internal control locus. Where indicated, the relative 

IP data were normalized to either the maximum ratio of query to control locus obtained in 

the particular experiment, or to the ratio observed in uninducing conditions. Unless 

otherwise indicated, reported values represent averages of at least 2 independent 

immunoprecipitations analyzed in at least 3 separate PCRs. Sequences of the 

oligonucleotides used are available upon request. 

 

Mating assay 

One optical density equivalent of logarithmically growing MAT�  haploid cells 

was collected by centrifugation and resuspended in 100 � l of minimal media (YM). A 

ten-fold dilution series was prepared in YM and 3 � l from each dilution was spotted onto 

yeast extract-peptone-dextrose (YPD) to control for growth. To induce mating, an 

equivalent volume of MATa tester cells (LRY1021), suspended in YPD at a dilution of 10 

optical density equivalents per mL, was added to the dilution series. 3 � l of the mating 
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mixture was spotted onto YM plates to select for diploids. Plates were imaged after 2 

days growth at 30ºC.  

  

RNA blotting 

Total RNA was isolated via the hot phenol method (Schmitt et al. 1990), 

separated on formaldehyde agarose gels, and transferred to Zeta Probe nylon membranes 

(BioRad) by capillary action. DNA probes were generated by PCR using total yeast 

genomic DNA as a template. The sequences of primers are available upon request. 

Probes were labeled with [� -32P] dCTP using the RediPrime II DNA labeling kit 

(Amersham). The mRNA of interest was normalized to ACT1 mRNA using a Storm 

phosphoimager. 

 

Protein blotting 

Proteins were extracted from whole cells by a trichloroacetic acid (TCA) 

precipitation technique described previously (Hickman and Rusche 2007). Proteins from 

0.2 optical density equivalents of cells were separated on 7.5% SDS-PAGE gels, 

transferred to nitrocellulose membranes (Amersham) and probed with antibodies to myc 

(06-549, Upstate Biotechnology) and 3-phosphoglycerate kinase (A-6457, Molecular 

Probes/Invitrogen). 
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2.3 Results  

Following induction of SIR3, HMRa1was largely silenced within one generation 

To compare the rates at which Sir proteins spread at different genomic locations, 

an inducible SIR3 gene was employed. Prior to investigating the rate of Sir protein 

spreading at the telomere VI-R, I first sought to thoroughly characterize the establishment 

of silenced chromatin at HMR. To determine the timeframe for gene silencing at HMR in 

the inducible SIR3 system, the establishment of silencing was assessed by quantitative 

northern blotting for HMRa1 mRNA (Figure 3A and B), which has a half-life of less than 

3 minutes (Miller 1984). After an initial delay of ~10-20 minutes, HMRa1 levels dropped 

dramatically. By 60 minutes the precipitous drop in HMRa1 levels began to level out, and 

within 105 minutes total mRNA was at 10% of the original value, approaching its steady-

state level (Figure 3B). The doubling time of the yeast during this experiment was 

approximately 120 minutes. Thus, the majority of silencing occurred within one 

generation. The amount of HMRa1 mRNA was inversely related to SIR3 mRNA, which 

steadily increased until maximum expression was reached around 105 minutes (Figure 

3A and B). To follow the accumulation of the Sir3 protein, a 9x-myc tag was fused to the 

C-terminus of Sir3p, and protein samples were collected for immunoblotting at various 

times after induction (Figure 4A). Sir3p-myc was first detected 20 minutes after 

induction. The myc tag did not alter the rates of SIR3 expression, however, the 

establishment of HMRa1 silencing was slightly slower, indicating that the myc-tagged 

protein may be less proficient at silencing compared to wild-type (Figure 4B). 
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 It should be noted that expression of SIR3 driven by the GAL1 promoter results in 

overproduction of the protein compared to endogenous levels (Figure 5A). Since silenced 

chromatin is sensitive to the dosage of SIR3, an alternative method to establish silencing 

was examined in which initiation is controlled by a synthetic silencer that acts through 

the recruitment of a Gal4DBD-Sir1p-HA fusion protein, whose expression is dictated by 

the inducible MET3 promoter (Fox et al. 1997). In this system, regulation was achieved 

without altering the endogenous levels of the Sir proteins that spread (Sir2/3/4p), 

guaranteeing that the rate of spreading is not affected by unusually high levels of Sir3p. 

Establishment rates were slightly slower in this system compared to those observed upon 

overexpression of SIR3, which could be explained by the absence of the HMR-I silencer. 

However, the majority of HMRa1 mRNA was still repressed within the first generation 

(Figure 5B). Thus, overproduction of Sir3p did not result in a significant change in the 

rate of establishment. 
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Figure 3: HMRa1 is silenced rapidly following induction of SIR3 

 

(A) RNA was isolated at the indicated times following the addition of galactose to a 
sir3�  strain (LRY0750) with a plasmid expressing wild-type SIR3 under control of the 
inducible GAL1 promoter (pJR517). The blot was probed for HMRa1, SIR3, and 
ACT1. (B) Quantification of HMRa1 and SIR3 mRNAs following induction of SIR3. 
Numbers represent the average of 2 independent experiments normalized first to a 
control mRNA, ACT1, then to the experimental maximum. 
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Figure 4: HMRa1 is silenced rapidly following induction of SIR3-myc 

 

 

 

 

(A) Immunoblot of protein from a sir3�  strain (LRY2042) with a plasmid containing a 
9x myc-tagged SIR3 under control of the GAL1 promoter (pLR577). Protein samples 
were collected under similar conditions as in A and probed with antibodies against the 
myc tag and 3-phosphoglycerate kinase (loading control). (B) HMRa1 and SIR3 
mRNAs following induction of SIR3-myc. Numbers represent the average of 2 
independent experiments normalized as in Figure 3. 
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Figure 5: HMRa1 is silenced rapidly with endogenous levels of SIR3 

 

 

 
 
 
 
 

(A) Expression of SIR3-myc from a strain with chromosomal SIR3-myc expressed by 
its endogenous promoter (LRY2043) and transformed with plasmid pLR577 in non-
inducing (Raf.) and inducing (Gal.) conditions. The Sir3p-myc observed in non-
inducing (Raf.) conditions represents the endogenous levels of the protein. (B) RNA 
was isolated from a strain with a modified HMR allele containing a synthetic silencer 
in the place of HMR-E and no HMR-I silencer. The strain was transformed with a 
plasmid containing GAL4DBD-SIR1-HA (LRY1861). Expression of GAL4DBD-SIR1-HA 
was driven by the inducible MET3 promoter (pLR529), and RNA was collected at the 
indicated times following transfer to medium lacking methionine. HMRa1 mRNAs 
were detected and quantified by northern blotting as described above. 



 

49 

Association of Sir2p and Deacetylation of H4K16 at the HMRa1 promoter occurs in a 
similar time frame to that of repression of HMRa1 
 

A prior study following establishment of silencing using a similar inducible SIR3 

gene reported that it takes several generations to reach a fully mature silenced state 

(Katan-Khaykovich and Struhl 2005). However, in both the previous study and our work, 

around 90% of transcriptional repression occurred within the first generation. Therefore, 

this early phase of silencing is likely to be the time during which the Sir complex 

associates with HMR. To test this hypothesis, I repeated the experiment described above 

and assessed the association of Sir2p with the HMRa1 promoter by chromatin 

immunoprecipitation (IP) assays at various times after induction of SIR3 (Figure 6A and 

B). Sir2p was chosen as the representative Sir protein based on the consistency of results 

with anti-Sir2p antibodies. After induction of SIR3, accumulation of Sir2p at the HMRa1 

promoter was relatively rapid. There was little change in the total levels of Sir2p after 90 

minutes, and these levels were very close to those observed in the late timepoints of the 

experiment (Figure 6B). This was roughly the same length of time required for the 

majority of HMRa1 repression (Figure 6B). Therefore, the initial phase of silencing at 

HMR represents the time during which Sir proteins assemble along the chromatin. 

 To determine whether deacetylation of histones occurred concomitantly with 

association of Sir2p, I examined the acetylation of K16 of histone H4, an in vitro 

substrate of Sir2p (Imai et al. 2000; Tanny and Moazed 2001). In the same samples used 

to follow association of Sir2p, acetylation of H4K16 declined during the same period of 

time that association of Sir2p increased (Figure 6C). This decline was probably not due to 

loss of histones, as the total levels of H3 were relatively constant during the time that 
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decrease in acetyl-H4K16 was observed (Figure 7). Interestingly, the acetyl-H4K16 

signal continued to decrease between 90 and 180 minutes after induction of SIR3, 

whereas the association of Sir2p didn’t change significantly during this time. It is 

therefore possible that Sir2p becomes saturated at the HMRa1 promoter prior to complete 

deacetylation of resident nucleosomes. In any event, the association of Sir2p with the 

HMRa1 promoter was accompanied by a loss of acetylation of H4K16, a known substrate 

for Sir2p. 
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Figure 6: The association of Sir2p and loss of acetylated H4K16 occurs rapidly at 
the HMRa1 promoter 
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Figure 7: Histone H3 levels are relatively constant following SIR3 induction 

 

 

 

 

 

(Figure 6 continued) (A) Diagram of the HMR locus. The bar indicates the position of 
the amplicon used for PCR analysis. (B) Association of Sir2p with HMRa1 following 
induction of SIR3 in strain LRY0750. DNA coprecipitated with Sir2p was analyzed by 
real-time PCR with primers specific for the promoter of HMRa1 (black bar in A). 
Values represent average of 2 independent experiments normalized first to an internal 
control (PHO5), and then to the experimental maximum. RNA was also collected and 
analyzed for HMRa1 mRNA as in Figure 3. (C) Acetylation of H4K16 at HMRa1. 
DNA coprecipitated with an anti-acetyl H4K16 antibody from the same samples 
collected in B was analyzed as described above, with the exception that relative IP 
values were normalized to those obtained from uninducing conditions at the 0 minute 
timepoint. 

Total Histone H3 levels were assessed by chromatin IP from the same samples 
collected in Figure 6. Relative values were normalized first to an internal control, then 
to the value at the uninduced timepoint. 
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RNA polymerase II was displaced by Sir proteins 

The mechanism by which Sir chromatin blocks transcription remains disputed, 

and two different models have been proposed. The first model argues that silenced 

chromatin blocks the transcription complex from assembling at promoters within the 

silenced domain (Chen and Widom 2005; Li et al. 2006). The other model suggests that 

RNA polymerase II-containing pre-initiation complexes do form at the promoter but are 

unable to clear the promoter and enter the elongation phase of transcription (Sekinger and 

Gross 2001; Steinmetz et al. 2006; Gao and Gross 2008). In light of conflicting data on 

the presence of RNA polymerase II (Pol II) within silenced chromatin, I examined 

whether Pol II is displaced during the assembly of silenced chromatin. Pol II occupancy 

at the HMRa1 promoter was assayed by chromatin IP of myc-tagged Rpb1p, the largest 

subunit of the polymerase. Following induction of SIR3, Rpb1-myc levels dropped 

precipitously (Figure 8), indicating that the Sir complex does displace RNA polymerase 

II from chromatin. This drop occurred over the same time period as loss of H4K16 

acetylation (compare Figure 6C to Figure 8). Control experiments revealed that the rate 

of silencing of HMRa1 mRNA in this Rpb1-myc strain was comparable to the rate 

observed in the untagged strain (data not shown). These results are consistent with the 

first model, that Sir chromatin blocks the access of Pol II to silenced promoters, although 

it remains possible that some pre-initiation complexes do form and are prevented from 

elongating. 
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Figure 8: RNA polymerase II is displaced from the HMRa1 promoter upon 
induction of SIR3 

 

Association of RNA polymerase II with the HMRa1 promoter following induction of 
SIR3 was determined by chromatin IP of myc-tagged Rpb1p from a strain of the 
genotype sir3�  RPB1-myc (LRY1780) transformed with a PGAL1-SIR3 on a plasmid 
(pJR517). Relative chromatin IP values plotted on the y-axis were analyzed as in 
Figure 6C with the exception that data were first normalized to a different internal 
control (YKL105C), then to the uninduced timepoint. 
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Association of Sir2p was rapid and uniform across HMR 

To determine the rate at which the Sir complex propagates along the 

chromosome, I examined the association of Sir2p with DNA as a function of distance 

from the HMR-E silencer (Figure 9A). Since the HMR-I silencer cannot independently 

silence chromatin and does not recruit the Sir complex (Brand et al. 1985; Rusche et al. 

2002), HMR-E is the point at which Sir proteins are first recruited to HMR. The 

association of Sir2p with DNA immediately adjacent to HMR-E and at distances of 

approximately 1 and 2 kilobases on the telomere side of the silencer was assessed by 

chromatin IP (Figure 9B). The accumulation of Sir2p was rapid at the HMR-E silencer, 

approaching saturation within 90 minutes after induction of SIR3. Remarkably, Sir2p 

levels were also approaching saturation within 90 minutes of SIR3 induction at distances 

of 1 and 2 kilobases from the silencer, although the maximum chromatin IP signals for 

Sir2p at these sites was lower than at the silencer (Figure 9B). In an attempt to resolve the 

times at which Sir2p arrived at these three positions, samples were collected at close 

intervals during the first 45 minutes after induction of SIR3. The association of Sir2p was 

first observed at HMR-E between 10 and 15 minutes following induction of SIR3, 

consistent with the E silencer being the initial point of contact between Sir proteins and 

HMR (Figure 9C). However, Sir2p enrichment was observed simultaneously at 1 and 2 

kilobase distances approximately 5-10 minutes after the protein was detected at the 

silencer.  

The observation that the association of Sir2p reaches a maximum at about the 

same time at all three locations implies that the assembly of Sir-chromatin is rapid 
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throughout the locus. Therefore, the gradual build up of Sir2p over a 90 minute window 

can be attributed to heterogeneity within the population rather than gradual assembly of 

the complex within a single cell. The reciprocal relationship between the accumulation of 

SIR3 mRNA and the loss of HMRa1 mRNA (Figure 3B) also suggests that silencing was 

established asynchronously in the population, with individual cells establishing silencing 

once a certain threshold of Sir3p was reached. It is interesting to note that no significant 

difference was observed in the association of Sir2p at sequences 1 and 2 kilobases from 

the silencer. Two explanations were considered for this result: either linear spreading is 

more rapid than can be resolved by chromatin IP, or spreading is not strictly linear at 

HMR. 
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Figure 9: Sir2p association is rapid and uniform across HMR 
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Rates of Sir2p spreading were different on the two sides of the HMR-E silencer 

I next addressed whether the assembly of Sir proteins is equally rapid on the other 

side of the HMR-E silencer. The simple sequential deacetylation model would predict 

that spreading should be equivalent in both directions. However, mechanisms may exist 

to promote the formation of silenced chromatin specifically over the mating-type genes, 

and hence there may be a directional bias in rates of assembly. Silenced chromatin 

emanates bi-directionally from the HMR-E silencer as assayed by restriction 

endonuclease accessibility, transcriptional repression, and chromatin IP of Sir proteins 

(Loo and Rine 1994; Donze et al. 1999; Rusche et al. 2002). However, although the 

silencer can induce bi-directional silencing, it does demonstrate an orientation preference, 

silencing reporter genes more efficiently on the side that binds Abf1p compared to the 

side that binds ORC (Zou et al. 2006a). This directionality favors silencing in the 

direction of the HMRa1 gene, located on the telomere side of the HMR-E silencer (Figure 

10A). I compared the rates of Sir2p accumulation at 1 kilobase distances on both sides of 

HMR-E (Figure 10B). Once saturated, both sides reached similar levels of Sir2p 

enrichment. However, in the first 90 minutes following induction of SIR3, the 

accumulation of Sir2p on the telomere side of HMR-E was clearly more rapid when 

(Figure 9 continued) (A) Locations of amplicons for PCR analysis. Distances are 
relative to HMR-E (+/- 100 bp) as measured from the endpoints of the consensus 
sequences for silencer binding proteins (ORC and Abf1p) to the midpoint of the 
amplicon. (B) Association of Sir2p with three regions of HMR following induction of 
SIR3 in strain LRY0750. Values are relative to an internal control locus (PHO5). (C) 
Association of Sir2p with three regions of HMR at short intervals. Data were collected 
from one experiment and are independent of those represented in panel B. 
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compared to the centromere side. By 180 minutes, both locations appeared to reach 

maximum levels. Thus, it took two to three times longer to reach this maximum level at 

the centromere side of HMR-E.  

The rates of deacetylation of H4K16 were also compared on the two sides of 

HMR-E. Interestingly, on the centromere side of HMR-E, deacetylation of H4K16  

occurred concomitantly with association of Sir2p (Figure 10C). At this location, H4K16 

was largely deacetylated by the time Sir2p approached its maximum level at 180 minutes. 

In contrast, on the telomere side of HMR-E, acetylated H4K16 was still detected at 45 

and 90 minutes, when Sir2p was close to its maximum level (Figure 10, compare C to B). 

To control for total histone occupancy, histone H3 levels were also assayed on the two 

sides of HMR-E (Figure 11). Although the total chromatin IP levels of H3 were slightly 

reduced at both loci in the later timepoints (Figure 11), this decline was less than the 

decline in acetylated H4K16. Thus, differences in acetylated histone H4K16 levels were 

unlikely to be due solely to loss of total histone levels.  Collectively, these data indicate 

that the silencer promotes the association of Sir proteins more on one side than on the 

other and may even have the ability to stabilize the assembly of Sir proteins on the 

telomere side prior to full deacetylation. Therefore, the rapid and stable accumulation of 

Sir2p throughout HMR (Figure 9) represents a special case rather than a general property 

of Sir proteins. 

The overexpression of Sir3p leads to the extension of silenced chromatin domains 

(Hecht et al. 1996). Therefore, at endogenous levels of Sir3p, silenced chromatin might 

form preferentially on the more stable, telomere side of HMR-E. To test this idea, Sir2p 
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enrichment was assayed at the same sites at steady-state with endogenous levels of Sir3p. 

Under these conditions, total Sir2p enrichment was 3 to 4 fold higher on the telomere side 

of HMR (Figure 12), suggesting that Sir proteins are stabilized on this side of HMR-E. 
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Figure 10: Silenced chromatin assembly on the 2 sides of HMR-E 

 

(A) Locations of amplicons for PCR. Distances are relative to HMR-E (B) Association 
of Sir2p with regions at equivalent distances on either side of HMR-E following 
induction of SIR3 in strain LRY0750. (C) Relative level of acetylation of H4K16 at 
regions at equivalent distances on either side of HMR-E. Values normalized first to 
internal control, then to the uninduced timpoint. 
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Figure 11: H3 levels on 2 sides of HMR-E following induction of SIR3 

 

 

 

Figure 12: Steady-state levels of Sir2p on 2 sides of HMR-E 

 

 

 

Relative level of histone H3 at equivalent distances on either side of HMR-E. Values 
normalized as in figure 10C. 

Association of Sir2p with regions at equivalent distances on either side of HMR-E in a 
strain expressing endogenous levels of Sir3p (LRY1007). 
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HMR-I accelerated accumulation of Sir2p at HMR 

Two features that could contribute to the difference in rates of assembly on the 

two sides of HMR-E are the asymmetry of the HMR-E silencer itself and the presence of 

the HMR-I silencer on the favored side of HMR-E. The HMR-I silencer does not recruit 

Sir proteins (Rusche et al. 2002) or contribute to the steady-state silencing of HMRa1 

(Rivier et al. 1999). HMR-I does, however, collaborate with HMR-E to silence a reporter 

gene (Rivier et al. 1999) and diminishes the anti-silencing activity of barrier elements 

inserted between the HMR-E silencer and reporter genes (Donze et al. 1999). To 

determine whether HMR-I influences the rate of spreading, I assayed the rates of 

transcriptional repression and Sir2p accumulation with and without the HMR-I silencer. 

In the absence of HMR-I, repression of HMRa1 mRNA was slightly but consistently 

delayed, although mRNA levels were comparable to wild-type levels 24 hours after 

induction (Figure 13). As in the presence of the HMR-I silencer, recruitment of Sir2p to 

HMR occurred more or less simultaneously throughout HMR (Figure 14B), although it 

was slightly delayed compared to assembly in the presence of HMR-I (Figure 14C). 

These data indicate that, although HMR-E alone is sufficient to silence HMR, HMR-I 

accelerates the accumulation of the Sir proteins. 
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Figure 13: Rate of HMRa1silencing in the presence and absence of HMR-I  

 

Quantification of HMRa1 mRNA in strains containing wild-type HMR (LRY0750) or 
lacking the HMR-I silencer (LRY1781) at indicated times following induction of SIR3. 
The y-axis represents HMRa1 mRNA normalized first to ACT1 and then to the levels 
prior to induction of SIR3. 
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Figure 14: Association of Sir2p with HMR in the presence and absence of HMR-I  

 

 

(A) Locations of amplicons for PCR. (B) Association of Sir2p with three regions of 
HMR following induction of SIR3 in a strain in which the HMR-I silencer has been 
deleted (LRY1781). (C) The association of Sir2p with a region 2 kb from the HMR-E 
silencer in the presence or absence of the HMR-I silencer.  
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Spreading of Sir2p at telomere VI-R was significantly slower 

Thus far I have demonstrated that variation exists in the rates at which the Sir 

complex accumulates on the telomere and centromere sides of HMR-E and that these 

rates are influenced by neighboring silencers. Importantly, assembly occurred more 

rapidly on the side of HMR-E that is more strongly silenced. Silencing at HMR is known 

to be more resistant to disruption by genetic mutations than silencing at other loci. At the 

other end of the spectrum, telomeric silencing is easily perturbed by such mutations. To 

determine whether the rate of assembly of Sir proteins correlates with the strength of 

silencing, I examined the association of Sir2p with telomere VI-R. The most obvious 

difference between the mechanisms of silencing at telomeres and HMR is the recruitment 

step. The Sir complex is recruited to telomeres via an array of Rap1p binding sites as 

opposed to a compact cluster of ORC, Rap1p, and Abf1p binding sites. Additionally, 

what role, if any, Sir1p plays in recruiting the Sir complex to telomeres remains 

incompletely understood (Aparicio et al. 1991; Pryde and Louis 1999; Mondoux and 

Zakian 2007). In contrast, there are no known differences in the mechanisms of spreading 

at telomeres and HMR.  

To directly compare rates of spreading at the two loci, the association of Sir2p 

was assessed at distances along telomere VI-R comparable to those examined at HMR 

using the same chromatin IP samples analyzed previously (Figure 15A and B). Only one 

open reading frame, YFR057, is located within 4 kilobases of telomere VI-R, and it is 

silenced (Vega-Palas et al. 2000). Remarkably, the accumulation of Sir2p was 

significantly slower at the telomere, taking more than 7.5 hours to develop compared to 
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less than 1.5 hours at HMR. The slower rate of spreading at the telomere could not be 

attributed to differences in initial recruitment, as both silencers achieved maximum levels 

of Sir2p within 90 minutes of SIR3 induction (Figure 15, compare A and B). In fact, in 

terms of total Sir2p enrichment, recruitment was slightly greater at the telomere than at 

HMR. Therefore, despite similar levels of recruitment, the Sir complex was unable to 

spread across sub-telomeric chromatin with the same efficiency as observed at HMR. In 

addition, Sir2p accumulated at sites closer to the telomere earlier than at sites more 

distant from the telomere. These results are consistent with linear propagation of the Sir 

complex along chromosomes as predicted by the sequential deacetylation model and 

further highlight the unique nature of Sir protein assembly at HMR.  Additionally, the rate 

of H4K16 deacetylation mirrored that of Sir2p accumulation at the telomere (Figure 16) 

and no significant changes in total histone H3 levels were observed (data not shown). 

Finally, I assessed the steady-state levels of Sir2p at 1 kilobase distances from HMR-E 

and telomere VI-R under endogenous levels of Sir3p (Figure 17). Similar to my 

observations at the centromere side of HMR-E (Figure 12), Sir2p levels were lower at the 

telomere compared to HMR (Figure 17). From these data I infer that features of the HMR 

locus promote the assembly of Sir proteins in ways that do not occur at telomere VI-R. 

Furthermore, the presence of a second silencer at HMR is not the sole contributor to the 

more rapid association of Sir proteins with the HMR locus, because assembly of silenced 

chromatin is significantly faster at the hmr-� I locus compared to telomere VI-R. 
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Figure 15: Spreading, but not recruitment, is slower at telomere VI-R than HMR 

 

(A) Sir2p association with telomere VI-R following induction of SIR3 in strain 
LRY0750. Distances were measured from the end of the telomeric repeats (TG1-3)n 
and accurate to about 170 bases (see lower diagram). (B) Sir2p association at HMR, 
assessed by PCR using the same samples as in A. 
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Figure 16: Deacetylation of H4K16 occurs concomitantly with Sir2p assembly at 
telomere VI-R 

 

 

 

 

 

Figure 17: Steady-state levels of Sir2p are higher at regions adjacent to HMR 

Association of Sir2p and acetylation of histone H4K16 at a region 1 kb away from the 
end of telomere VI-R. Enrichment levels for acetylated H4K16 were normalized to an 
internal control and to the levels prior to induction of SIR3. 
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The HMR-E silencer promotes spreading of the Sir complex at telomere VI-R 

Two models can explain the slower spreading of Sir proteins at the telomere 

compared to HMR. The HMR-E silencer may be more effective at promoting the 

spreading process. Alternatively, sub-telomeric chromatin may be less permissive to 

spreading. In support of the first model, HM silencers have been shown to favor the 

assembly of the Sir complex in a particular direction by positioning adjacent nucleosomes 

(Zou et al. 2006a). In support of the second model, sub-telomeric silencing is often more 

sensitive to the anti-silencing activity of euchromatin-associated enzymes such as the 

histone acetyltransferase Sas2p (Kimura et al. 2002; Suka et al. 2002; Katan-Khaykovich 

and Struhl 2005; Shia et al. 2006). It is therefore plausible that these enzymes are more 

active at sub-telomeric chromatin, making the telomere more restrictive to spreading. To 

distinguish between these two models, a 431 base fragment containing the HMR-E 

silencer was integrated at telomere VI-R adjacent to the core-X sequence. As a control, 

the same size fragment containing a portion of the silencing neutral TRP1 open reading 

frame was integrated at the same site (Figure 18). Parallel experiments were conducted to 

follow the rates of Sir2p accumulation in these two strains.  

To verify that the transposed silencer was functional, the ability of the telomeric 

HMR-E to recruit Sir proteins was tested. Maximum levels of Sir2p were accomplished 

within 90 minutes (Figure 19A), and the level of enrichment of Sir2p at telomeric HMR-

(Figure 17 continued) Association of Sir2p with regions at equivalent distances from 
the HMR-E and telomere VI-R silencers at steady-state in a strain (LRY1007) 
expressing endogenous levels of Sir3p. 



 

71 

E was comparable to that observed at the native HMR locus (Figure 19B). Therefore, the 

HMR-E silencer was functional in its new location. Next, the rates at which Sir2p 

accumulated at distances of 1 and 2 kilobases from the telomeric HMR-E silencer were 

assayed. If HMR-E promotes spreading, then Sir2p should accumulate rapidly, as at 

HMR. In contrast, if telomeric chromatin is more restrictive to the Sir complex, then 

spreading would occur at the same rate as observed at the native telomere. Primers were 

selected at equivalent distances (1 and 2 kb) from the silencers in the two integrant 

constructs. Upon induction of SIR3, Sir2p accumulated more rapidly at positions 1 and 2 

kilobases from the telomeric HMR-E compared to the stuffer fragment (Figure 19B and 

C), although the rate of accumulation was still slower than that observed at HMR. For 

example, at the modified telomere, Sir2p levels 2 kb away from the silencer approach 

maximum levles around 270 minutes, whereas at HMR, Sir2p levels reach a plateau 

within 90 (compare Figures 9B and 19C). It is likely that the exclusion of other HMR-

specific components, such as the HMR-I silencer, accounts for the slightly slower rate of 

spreading. I cannot, however, rule out that chromatin context also plays a role in 

restricting the spread of silenced chromatin at telomere VI-R. Nevertheless, these data 

clearly demonstrate that the HMR-E silencer does more than just recruit Sir proteins to 

the chromosome, but also participates in promoting their association with adjacent 

chromatin. 
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Figure 18: Schematics of modified telomeres on chromosome VI-R 

 

431 bp fragments of DNA containing either the HMR-E silencer or a silencing neutral 
stuffer sequence were inserted adjacent to telomere VI-R. Bars represent locations of 
primers for PCR analysis. Distances are relative to adjacent silencer, either telomere 
VI-R or the translocated HMR-E. 
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Figure 19: Integration of HMR-E accelerates accumulation of Sir2p 
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Sir protein turnover was similar at HMR and telomere VI-R 

To explore how HMR-E promotes the assembly of silenced chromatin 

independently of recruitment, I first considered whether the silencer influences the rate at 

which Sir proteins dissociate from chromatin. Silenced chromatin reverts to an active 

state upon removal of adjacent silencers, making it evident that silenced chromatin turns 

over with some frequency (Cheng and Gartenberg 2000). Therefore, the observed rate of 

Sir protein assembly on chromatin must be a function of the rates of association and 

dissociation. HMR-E may function to reduce the frequency of Sir protein turnover in a 

manner that is not shared by the telomere silencer. To test this hypothesis, I induced the 

expression of myc-tagged SIR3 in the presence of untagged endogenous SIR3 and 

followed the incorporation of newly expressed Sir3p-myc at HMR and telomere VI-R by 

chromatin IP. If HMR-E diminishes the rate of Sir protein displacement, then Sir3p-myc 

should associate with HMR at a slower rate than at the telomere. However, incorporation 

of Sir3p-myc occurred rapidly after induction and no significant differences were 

observed at HMR compared to telomere VI-R (Figure 20). These data suggest that Sir 

(Figure 19 continued) Sir2p associated-DNA was isolated by chromatin IP following 
induction of SIR3 in strains with modified telomeres. The genotypes were sir3�  
TELVIR::STF (LRY2019) and sir3�  TELVIR::HMR-E (LRY2020), each with a 
silencing neutral stuffer sequence or the HMR-E silencer, respectively. Both strains 
were transformed with a plasmid containing PGAL1-SIR3 (pJR517). (A) Accumulation 
of Sir2p at the silencer as determined by quantification of coprecipitated DNA with 
primers located immediately adjacent to the telomeric repeats for TELVIR::STF 
(LRY2019), or next to the HMR-E silencer for TELVIR::HMR-E (LRY2020). (B-C) 
Accumulation of Sir2p at distances of approximately 1 kb (B) and 2 kb (C) from 
respective silencers. 
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protein turnover is equally rapid at both locations. Thus, it is unlikely that the robust rate 

of Sir2p association near HMR-E is due to a significant difference in the rate of 

dissociation. 

 

 

 

Figure 20: Rates of Sir3p turnover are similar at HMR and telomere VI-R 

 

 

HMR-E may promote nonlinear spreading of Sir proteins 

Another explanation for the ability of HMR-E to enhance the assembly of silenced 

chromatin is that the spreading of Sir proteins is not strictly linear at HMR. According to 

the working model of step-wise spreading by sequential deacetylation, Sir proteins are 

first recruited to a silencer, then deacetylate an adjacent nucleosome. Sir proteins then 

Sir3p-myc associated DNA was isolated by chromatin IP at the indicated times 
following induction of Sir3p-myc from a plasmid (pLR577) in a hmr-� I strain 
expressing endogenous levels of untagged Sir3p on the chromosome (LRY2165). 
Enrichment of Sir3p-myc was analyzed at regions 1 kb from HMR-E at HMR, and 1 
kb from telomere VI-R. 
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occupy the deacetylated nucleosome and repeat the process. Based on this model, 

sequences close to the silencer should become occupied by Sir proteins before sequences 

more distal to the silencer. The data for silenced chromatin assembly at telomere VI-R 

were consistent with this model (Figure 15A). In contrast, on the telomere-proximal side 

of HMR-E, the association of Sir2p occurred simultaneously across more than 2 kilobases 

(Figure 15B).  

To test the hypothesis that HMR-E promotes non-linear spreading of Sir proteins, 

I utilized a catalytically inactive allele of SIR2. The mutant Sir2-N345Ap (Imai et al. 

2000) is predicted to be structurally intact (Min et al. 2001) and is incorporated into the 

Sir protein complex (Armstrong et al. 2002). Once recruited to the silencer, the protein 

cannot deacetylate histones and the Sir complex does not spread (Armstrong et al. 2002; 

Hoppe et al. 2002; Rusche et al. 2002). Based on the model of step-wise spreading, 

incorporation of Sir2-N345Ap into silenced chromatin during assembly would act as a 

chain terminator and prevent further spreading. In support of this prediction, sir2-N345A 

has been shown to exert a dominant negative effect on silencing at the truncated telomere 

VII-L when expressed alongside wild-type SIR2 (Armstrong et al. 2002). Therefore, if 

silenced chromatin assembly is linear at HMR, then sir2-N345A would also be expected 

to have a dominant negative effect. However, if spreading at this locus is not strictly 

linear, then silencing might be insensitive to sir2-N345A co-expressed with wild-type 

SIR2. To determine the silencing status of HMR when sir2-N345A is expressed, mating 

assays where performed in which MAT�  haploids containing the mutant alleles were 

mixed with haploids of the opposite mating type and grown on media selective for 
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diploids. Only when HMRa1 is silent will MAT�  cells mate and form diploids. As 

expected, haploids expressing only wild-type SIR2 were proficient for mating whereas 

those expressing the mutant were defective (Figure 21). Interestingly, when both alleles 

of SIR2 were co-expressed, mating occurred at levels indistinguishable from wild-type 

Sir2p (Figure 21). Importantly, resistance to sir2-N345A was also observed in the absence 

of HMR-I, indicating that the HMR-E silencer alone is capable of insulating the HMR 

locus from disruption by sir2-N345A (Figure 21, bottom panel). Thus, in contrast to what 

had been reported at telomere VII-L (Armstrong et al. 2002), sir2-N345A does not have a 

dominant negative phenotype at HMR. These data argue that assembly of silenced 

chromatin is not strictly linear at HMR. Additionally, although HMR-I plays a supporting 

role, the HMR-E silencer alone is apparently sufficient to promote the non-linear 

assembly of Sir proteins at HMR.  

To determine the effect of the sir2-N345A allele on the assembly of Sir proteins at 

HMR and telomere VI-R, the steady-state distributions of total Sir2p and HA-Sir2-

N345Ap were assessed at both loci by chromatin IP. Consistent with the mating assays 

(Figure 21) co-expression of sir2-N345A and wild-type SIR2 had no effect on the 

distribution of total Sir2p at HMR (Figure 22). Furthermore, in the presence of wild-type 

Sir2p, HA-Sir2-N345Ap associated robustly with both the HMR-E silencer and a site 1 

kilobase from the silencer (Figure 22), indicating that the enzymatically inactive Sir2p 

could be incorporated into the silenced chromatin structure without impeding assembly of 

silenced chromatin. As previously reported (Hoppe et al. 2002; Rusche et al. 2002), the 

spreading of silenced chromatin does require some deacetylation, as the association of 
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HA-Sir2-N345Ap was limited to the silencer in the absence of wild-type Sir2p (Figure 

22). In fact, in these conditions the enrichment of Sir2-N345Ap with the silencer was 

reduced (Figure 22). I speculate that under these circumstances the association of the Sir 

complex with the silencer is somewhat less stable and there are fewer epitopes available 

for chromatin IP. In contrast to HMR, at telomere VI-R, total Sir2p enrichment was 

dramatically reduced in the presence of both sir2-N345A and wild-type SIR2 compared to 

wild-type SIR2 alone (Figure 23). This reduction was presumably due to an inhibitory 

effect of the mutant Sir2p, which associated with the telomeric silencer (Figure 23). Thus, 

the incorporation of enzymatically inactive Sir2p into silenced chromatin is more 

disruptive to the stability of the structure at telomere VI-R than it is at HMR, consistent 

with the model that assembly does not proceed in a strictly linear fashion at HMR. 

 

 

 

Figure 21: Silencing of HMRa1 is insensitive to co-expression of Sir2-N345Ap and 
Sir2p 
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Figure 22: Sir protein levels at HMR were insensitive to co-expression of Sir2-
N345Ap and Sir2p 

 

(Figure 21 continued) Mating ability was assessed by exposing 10-fold serial dilutions 
of MAT�  haploids containing only wild-type SIR2 (LRY1007), sir2�  (LRY1068), the 
catalytically dead sir2-N345A allele located at the LEU2 locus (LRY0800), or both 
SIR2 and sir2-N345A (LRY0804) to MATa tester haploids (LRY1021). The resulting 
diploids were selected on minimal medium. In the lower panel, mating was assessed in 
MAT�  haploids lacking the HMR-I silencer and containing either wild-type SIR2 
(LRY1154) or both SIR2 and sir2-N345A (LRY1815). 

(A) Relative enrichment of total Sir2p was assayed at three regions of HMR by 
chromatin IP in the presence of SIR2 alone (LRY1007), both SIR2 and sir2-N345A 
(LRY0804), or sir2�  (LRY1068). (B) HA tagged mutant Sir2-N345Ap levels were 
assayed at two regions of HMR in strains containing only the untagged wild-type SIR2 
(LRY1007), both the wild type SIR2 and the HA-tagged SIR2-N345A mutant 
(LRY2287), and the HA-tagged SIR2-N345A mutant alone (LRY2288). 
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Figure 23: Silencing at telomere VI-R is sensitive to co-expression of Sir2-N345Ap 
and Sir2p 

 

 

 

 

(A) Relative enrichment of total Sir2p was assayed at three regions at telomere VI-R 
by chromatin IP in the presence of SIR2 alone (LRY1007), both SIR2 and sir2-N345A 
(LRY0804), or sir2�  (LRY1068). (B) HA tagged mutant Sir2-N345Ap levels were 
assayed at two regions of telomere VI-R in strains containing only the untagged wild-
type SIR2 (LRY1007), both the wild type SIR2 and the HA-tagged SIR2-N345A 
mutant (LRY2287), and the HA-tagged SIR2-N345A mutant alone (LRY2288). 
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2.4 Discussion 

Silencers can promote the assembly of Sir proteins independently of recruitment 

The current model for establishment of silenced chromatin in S. cerevisiae 

suggests that the primary role of a silencer is to recruit Sir proteins. Once recruited to the 

chromosome, the Sir complex is thought to spread autonomously. In its simplest form, 

this model predicts that any silencer proficient at recruiting Sir proteins would instigate 

identical spreading reactions into any DNA environment, assuming no barrier element is 

present. In my analysis of silenced chromatin assembly at HMR, I found that following 

recruitment, Sir2p associated nearly simultaneously with sequences throughout the locus, 

even in the absence of the HMR-I silencer. A difference in the accumulation rate was 

only observed at 4 kb from the silencer, which is beyond the tRNAThr barrier (Figure 15). 

The rate of Sir2p association observed at HMR raised the question of whether this rapid 

spreading is in fact a general property of the Sir complex, as most silent domains lack a 

barrier to block such efficient spreading. To address this question, I compared the rates of 

spreading at three different locations: the centromere and telomere facing sides of the 

HMR-E silencer, and the sub-telomeric region on the right arm of chromosome VI. Three 

distinct spreading rates were observed at these locations, despite the absence of known 

barrier elements in the regions examined. One model to explain this observation is that 

one silencer’s ability to outcompete another silencer for limited pools of Sir proteins 

might generate different rates of spreading. However, this model does not explain my 

data, as different spreading rates were observed on either side of the same silencer. 

Furthermore, the two silencers analyzed, HMR-E and telomere VI-R, had similar 
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recruitment rates and levels of Sir2p association. I also considered the possibility that 

certain genomic locations may be less permissive to spreading. However, integration of 

the HMR-E silencer into the sub-telomere, where spreading was initially slow, 

accelerated spreading, arguing that the silencer itself was a critical determinant for the 

rate of Sir protein assembly.  

The ability of the HMR-E silencer, assisted by the HMR-I silencer, to promote the 

assembly of silenced chromatin may be crucial for maintaining Sir proteins at HMR when 

Sir3p is expressed at its normal levels. In this case, there is less Sir2p 1 kilobase outside 

of the HMR domain and at telomere VI-R than within HMR (Figures 12 and 17). 

Consistent with this interpretation, Cheng and Gartenberg (2000) demonstrated that 

silenced chromatin could not be stably maintained in the absence of silencers. This role in 

maintenance was not restricted to re-establishment on newly synthesized templates, as the 

silenced state remained unstable in non-cycling cells (Cheng and Gartenberg 2000). What 

was not clear from the previous study but is demonstrated in this report is that the silencer 

contributes to the maintenance of silenced chromatin in a manner beyond recruitment.  

  

Association of Sir proteins is not restricted by the cell cycle 

An early study on the establishment of silencing in S. cerevisiae using a 

temperature sensitive sir3 allele concluded that establishment required passage through 

S-phase (Miller and Nasmyth 1984). Twenty-four years later, the nature of this cell cycle 

requirement remains elusive. To date, evidence in support of a cell cycle requirement for 

silencing has been based on gene expression data, and no such requirement has been 
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described for spreading of Sir proteins. In fact, Sir proteins are still recruited to HMR in 

arrested cultures, suggesting that the cell cycle requirement occurred after association of 

Sir proteins (Kirchmaier and Rine 2006). 

I assayed the accumulation of Sir2p at the HMRa1 promoter in asynchronous 

cultures following induction of SIR3 and discovered that the protein achieved maximum 

levels within 60 to 90 minutes. The experimental population doubling time was nearly 

120 minutes, and therefore spreading of Sir2p at HMR occurred well within one 

generation. If passage through a specific point in the cell cycle were required for 

association of Sir2p, then accumulation of Sir2p on the DNA would be expected to occur 

throughout the first generation, reflecting the distribution of cells at different stages of the 

cell cycle. These results argue that whatever the cell cycle requirement for silencing may 

be, it has a minimal effect on the association of Sir proteins.  

A previous study using a similar inducible SIR3 gene reported that features of 

silenced chromatin, including association of Sir3p and repression of HMRa1, required 

several generations to mature fully (Katan-Khaykovich and Struhl 2005). In contrast, I 

did not observe significant changes in the amount of Sir2p associated with HMR after the 

first cell doubling. It is not clear whether Sir2p behaves differently than Sir3p or whether 

other differences account for this discrepancy. A second difference between the two 

studies is that the silencing of HMRa1 occurred more rapidly in my hands. This 

difference could result from the different genetic contexts of the two experiments. The 

previous study utilized an inducible tagged SIR3 construct, which differs in sequence at 

15 amino acids from the “standard” yeast strain (M. Gartenberg, personal 
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communication), expressed in yeast cells that have several genetic differences with my 

strain, including a recombinant HMR with RecR recognition sequences next to the 

silencers and deletions of the MAT, HML, and BAR1 loci (Cheng and Gartenberg 2000; 

Katan-Khaykovich and Struhl 2005). 

 

Accumulation of Sir2p at HMR results in a reduction of RNA polymerase II 

Although the properties of silenced chromatin are relatively well understood, the 

mechanism by which it represses transcription has been surprisingly controversial. 

Evidence for two different models of repression has been presented in the literature.  The 

first model suggests that silenced chromatin inhibits recruitment of RNA polymerases to 

silenced promoters. In support of this model, previous studies demonstrated that Pol II 

levels at the promoters of both a URA3 reporter gene located at the HMR locus (Chen and 

Widom 2005) and native HMRa1 were significantly higher in the absence than in the 

presence of Sir proteins (Chen and Widom 2005; Li et al. 2006). However, an alternative 

model suggests that transcriptional repression occurs downstream of Pol II recruitment. 

Consistent with this second model, another study provided evidence that promoters 

within silenced chromatin associate with proteins of the preinitiation complex (PIC), 

including Pol II, but not proteins involved in elongation and mRNA capping (Gao and 

Gross 2008). Additionally, genome-wide analysis of Pol II levels revealed that some 

polymerases are present at the silent mating type cassettes (Steinmetz et al. 2006). In this 

study, I observed a precipitous drop in total Rpb1p-myc, the large subunit of Pol II, 
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accompanying the onset of silencing. Thus, my results are more consistent with a model 

in which silenced chromatin displaces Pol II.        

 

Mechanisms by which silencers promote Sir protein-chromatin interactions 

The discovery that the HMR-E silencer can promote spreading of Sir proteins in a 

manner beyond the recruitment of Sir proteins suggests that it has the ability to promote 

the association of Sir proteins with distant nucleosomes, either directly or indirectly. The 

mechanism by which the silencer achieves this effect is unknown. One possibility is that 

silencers may prime the chromatin for spreading. A prior study found that the 

organization of protein binding sites at the silencer was important for positioning the 

adjacent nucleosomes to promote spreading in one direction over the other (Zou et al. 

2006a). At HMR-E, for example, positioning of the ORC and Abf1p binding sites results 

in a nucleosome arrangement that favors silencing on the Abf1p side of the silencer (Zou 

et al. 2006a). My data clearly demonstrate a bias for assembly of Sir2p on the Abf1p side 

of HMR-E, consistent with this model. On the other hand, while a localized arrangement 

of nucleosomes may improve the probability that spreading will engage in a particular 

direction, it is unclear how such an arrangement promotes the assembly of silenced 

chromatin at more than a kilobase distance.  

Another model is that HMR-E promotes a higher order structure that favors 

assembly of silenced chromatin. For example, recent evidence indicates an interaction 

between the ends of the HMR cassette (Valenzuela et al. 2008) that could represent a loop 

or otherwise condensed structure. Such a higher order structure could bring silencer-
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bound Sir2p into the proximity of multiple nucleosomes, allowing it to deacetylate these 

nucleosomes without first spreading (Figure 24A). In this case, Sir proteins would likely 

saturate the entire locus uniformly, as the occupancy status of one nucleosome would no 

longer be dependent on the occupancy status of nucleosomes closer to the silencer. 

Furthermore, a higher order chromatin structure at HMR might stabilize the Sir proteins 

by enabling them to make more interactions with each other and the silencer binding 

proteins than possible on an extended linear template. In contrast, the lack of such a 

structure at the telomere might explain the slower, directional assembly of Sir proteins at 

this locus (Figure 24B).  This model is consistent with the association of Sir2p occurring 

simultaneously throughout the HMR locus and the insensitivity of HMR to the co-

expression of catalytically inactive Sir2-N345Ap and wild-type Sir2p. Interestingly, 

HMR-E alone was sufficient to promote rapid Sir protein assembly both at the telomere 

and at HMR in the absence of the HMR-I silencer, suggesting that HMR-E by itself can 

facilitate higher order chromatin structures. However, the HMR-I silencer is likely to 

enhance the formation of such structures.  
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Figure 24: Models for silencer-promoted nonlinear Sir protein spreading 

 

 

A role for silencers in determining silenced chromatin domains 

To date, much of the research on how the spreading of silenced chromatin is 

restricted to the appropriate locations has focused on elucidating mechanisms by which 

euchromatic factors oppose encroachment of silenced chromatin. Nevertheless, 

eliminating these euchromatic factors or increasing the amount of Sir proteins primarily 

(A) The HMR-E silencer may promote the assembly of silenced chromatin in a non-
linear fashion. Higher-order chromatin structures such as loops or clustering of 
nucleosomes could enable silencer-bound Sir proteins to associate simultaneously with 
multiple nucleosomes along the chromosome. (B) At telomere VI-R, the assembly of 
Sir proteins is consistent with the sequential deacetylation model, in which the silencer 
recruits Sir proteins, which then spread in a linear fashion. 
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extends normally silenced loci rather than causing promiscuous occupation genome-wide 

(Strahl-Bolsinger et al. 1997; Kimura et al. 2002; Suka et al. 2002; Shia et al. 2006). The 

sequestration of Sir proteins to a small fraction of the genome is interesting in light of the 

fact that each of the silencer binding proteins, ORC, Rap1p, and Abf1p, are found 

throughout the genome and yet only function as silencers at HM and telomeric sites. One 

explanation for continued restriction of silenced chromatin in the absence of anti-

silencers is that redundant mechanisms are at work. A prior study demonstrated that 

deleting both the methyltransferase SET1 and the histone variant HTZ1 results in the 

SIR2-dependent repression of genes more than 100 kb away from normally silent 

domains (Venkatasubrahmanyam et al. 2007). However, Sir3p enrichment at these newly 

repressed genes was undetectable by chromatin IP, suggesting that association was 

ephemeral, a characteristic inconsistent with uninhibited spreading. Thus, even in a 

permissive environment, the Sir complex appears unable to assemble stable, long-range 

structures at new locations. 

Here I have presented evidence suggesting that a significant impediment to the 

spreading of silenced chromatin is its own inherent instability. The Sir complex can 

physically interact with nucleosomes, but, in the absence of a reinforcing silencer, this 

interaction is limited. I have also demonstrated that the composition of a silencer matters; 

simply bringing Sir protein to the DNA, as may happen at various ORC, Rap1p, or Abf1p 

sites in the genome, is insufficient to instigate consequential spreading reactions. These 

observations magnify the role that silencers play in restricting silenced chromatin to 

discrete loci. An efficient way to prevent the accidental assembly of silenced chromatin 
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in the wrong location is for such chromatin to be unstable and unable to persist unless 

stabilized by a silencer. Thus, rather than restricting silenced chromatin by actively 

excluding it from most of the genome, the main mechanism of regulation may be the 

promotion of its assembly at a few appropriate loci. It is intriguing to speculate on the 

biological ramifications of using silencers to differentially regulate silenced chromatin 

domains. For example, perhaps the employment of spreading deficient silencers at the 

telomeres spares the organism from having to strategically position boundary elements. 

In contrast, utilization of a strong silencer, assisting silencer, and boundary combination 

would be beneficial at HMR, where complete silencing of HMRa1 is critical to haploid 

cell identity. 



 

90 

3. Regulatory sequences contribute to architecture of silenced 
chromatin at HMR 

3.1 Introduction 

At the silent mating-type loci, silenced chromatin maintains haploid cell identity 

by preventing the expression of extra copies of the mating-type genes.  This silenced 

chromatin also protects HMR and HML from cutting by the HO endonuclease that 

triggers mating-type switching (reviewed in Haber 1998; Rusche et al. 2003).  The role of 

silenced chromatin at sub-telomeric domains is less well understood, although it is 

speculated to contribute to the stability of the ends of the chromosomes. These two 

regions of silenced chromatin demonstrate different constructions of silencers, which 

likely influence the regulation of silencing and mediate levels of Sir proteins that are 

appropriate to the specific locations.    

To explore how silencers shape silenced chromatin, I have now examined the 

distributions of silencing proteins at HMR in the presence and absence of three known 

regulatory sequences – two silencers and a boundary element.  As discussed in the 

introduction,the HMR-E silencer is composed of binding sites for ORC, Rap1p, and 

Abf1p, and is required for silencing at HMR.  A second silencer, HMR-I, is not required 

for the silencing of HMRa1, although it does contribute to the silencing of a reporter gene 

located in the place of HMRa1 (Rivier et al. 1999).  Like HMR-E, HMR-I has binding 

sites for ORC and Abf1p.  However, HMR-I does not have a binding site for Rap1p and 

cannot recruit Sir proteins to DNA on its own (Rusche et al. 2002).  A third important 

element at HMR is a tRNAThr gene located approximately 1 kilobase beyond of the HMR-
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I silencer.  This gene acts as a boundary that blocks the spread of silenced chromatin 

(Donze et al. 1999; Donze and Kamakaka 2001; Oki and Kamakaka 2005) and requires 

the recruitment of the RNA polymerase III complex for this function (Donze and 

Kamakaka 2001).  Additionally, the tRNAThr is important in establishing sister chromatid 

cohesion at HMR (Dubey and Gartenberg 2007), which may also function in the 

regulation of silenced chromatin (Lau et al. 2002; Suter et al. 2004).  Thus, the HMR-E 

and HMR-I silencers together with the tRNAThr boundary are thought to shape a domain 

of silenced chromatin at HMR. 

In this study, I analyzed the contributions of each of these regulatory elements to 

the distribution of Sir proteins and the known biological functions of silencing at HMR.  

Consistent with my previous results, I discovered that the HMR-E silencer by itself 

promotes silenced chromatin more efficiently over a region of several kilobases 

compared to a telomeric repeat.  Additionally, I discovered that the HMR-E silencer alone 

was sufficient to maintain high levels of Sir proteins and block transcription of the HMR 

locus. Additionally, the HMR-I silencer boosts the level of Sir proteins at HMR and 

modestly extends the domain of silenced chromatin.  Intriguingly, I also discovered a role 

for the tRNAThr in promoting Sir protein association with the HMR locus under 

conditions of weakened silencing. 
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3.2 Materials and methods 

Yeast strains and plasmids 

Yeast strains used in this study were derived from W303-1b. The following 

alleles were described previously: sir2� ::TRP1and sir4� ::HIS3 (Rusche and Rine 2001), 

LEU2::sir2-N345A (Imai et al. 2000; Armstrong et al. 2002), hmr-� E (silencer deletion 

358-223; YAB71) (Brand et al. 1987), � tRNAThr (Donze et al. 1999), and TELVI-

R::Stuffer and TELVI-R::HMR-E (Chapter 2.2).  

To create the HMR- � tRNAThr allele used in this study, a previously described 

� tRNAThr deletion was amplified from ROY1681 (Donze et al. 1999) genomic DNA by 

PCR with high fidelity Pfu Turbo DNA polymerase (Stratagene) using primer sequences 

5’- gcagcttactcccaagagtgc and 5’- gcaagg attgataatgtggtag. The PCR product was 

digested with XhoI and NdeI and cloned into a plasmid bearing the EcoRI-HindIII 

fragment of HMR, lacking both the HMR-I silencer and a Ty1 LTR, in a pUC18 vector 

backbone (pJR1270) to generate pLR0575. To replace the missing HMR-I silencer and 

Ty1 LTR with wild-type sequences, LRY1007 genomic DNA was amplified by PCR 

using primer sequences 5’- gatgtgtttgtacatttggc and 5’- tcgacgtcggatttgcg. The PCR 

product was digested with MfeI and PstI and cloned into pLR0575 to create pLR0667.  

To create the hmr-� I � tRNAThr construct, mutagenesis was performed on 

pLR0667 using primers 5’- ctttctactgcgataaagttattatttagattacagctagcgaaaatttgtcaacgaagtta 

gagaaag and 5’-ctttctctaacttcgttgac aaattttcgctagctgtaatctaaataataactttatcgcagtagaaag, 

inserting a NheI site (bold letters) in place of the HMR-I silencer, to generate pLR0683. 

The 305 base-pair deletion of HMR-I was filled with the same size fragment from the 
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TRP1 open reading frame DNA by amplifying LRY1007 genomic DNA using primer 

sequences 5’- cacgatgctagcactccgaaatacttggttg gc and 5’- gagtcggctagccttccaacccagtcaga 

aatc, which contain NheI sites (bold letters). The PCR product was digested with NheI 

and cloned into plasmid pLR0683 to generate pLR0690.  

Finally, to create the hmr-� I construct, pLR0690 was digested with MfeI and PstI 

and the resulting fragment containing the HMR-I silencer deletion as well as the Ty1 LTR 

was cloned into pLR0689, which contains the EcoRI-NdeI fragment of HMR including 

the tRNAThr gene in a pUC18 vector backbone, to generate pLR0691.  

To integrate the mutant HMR alleles into their native locus in the yeast genome, 

plasmids pLR0667, pLR0690, and pLR0691 were digested with EcoRI and NdeI and 

used to transform a yeast strain in which HMR was replaced by URA3 (LRY2177). 

Approximately 10 optical density equivalents of transformed cells were resuspended in 

50 mL of YPD and allowed to recover overnight at 30ºC. To select for integrants in 

which the URA3 marker was lost, 2 optical density equivalents of cells were plated 

directly onto medium containing 5’-FOA. Correct integration of HMR mutant alleles was 

confirmed by PCR and southern blotting. 

The plasmid pJR831 contains the HO endonuclease gene under the control of the 

GAL1 promoter in a YCp50 vector backbone and was generated in the laboratory of 

Jasper Rine (UC Berkeley).   
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Chromatin immunoprecipitation 

Chromatin immunoprecipitations were performed as described in Chapter 2 

(section 2.2), using 3 µl of rabbit polyclonal antiserum to recombinant LacZ-Sir2p or 

LacZ-Sir3p (rabbits 2931 and 2934, respectively; gifts from J. Rine, UC Berkeley). The 

rabbit antiserum for LacZ-Sir2p used in this study (rabbit 2931) was different from that 

used in Chapter 2 (rabbit 2932). Relative IP values represent the ratio of the query locus 

to PHO5 or a silencer, as indicated. Reported values represent averages of 2 to 6 

independent immunoprecipitations analyzed in at least 3 separate PCR reactions. 

 

Reverse transcriptase PCR 

RNA was isolated from logarithmically growing cells via the hot phenol method 

(Schmitt et al. 1990). To remove contaminating DNA, RNA was treated with rDNase I 

using a DNA-free kit (Ambion). RNA was converted to cDNA using M-MLV Reverse 

Transcriptase (Invitrogen) as previously described (Hickman and Rusche 2007), with the 

exception that 390 ng of DNase-treated RNA was used in each reaction. The resulting 

cDNA was quantified by real-time PCR using genomic DNA isolated from LRY1007 for 

the standard curve. Transcript levels of query genes were normalized to the transcript 

levels of the control gene NTG1. Reported values represent the averages of 4 independent 

RNA samples, each analyzed in duplicate PCR reactions. 

 

Mating assay 

Mating assays were performed as described in Chapter 2 (section 2.2). 
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HO endonuclease cleavage assay 

For experiments testing DNA cutting by the HO endonuclease, cells were grown 

in selective, supplemented medium lacking uracil (CSM, MP Biomedicals) in 2% 

raffinose. Cells were brought to an OD600 of approximately 0.8 (+/- 0.1), then arrested in 

S-phase by the addition of hydroxyurea (HU, US Biological) directly to the medium at a 

final concentration of 200 mM for 4 hours. For the induction of PGAL1-HO endonuclease, 

galactose was added to the medium at a final concentration of 2%. Cells were collected at 

various times after the addition of galactose. 

To detect cleavage by HO-endonuclease, genomic DNA was isolated from cells 

by phenol extraction. Approximately 39 to 45 µg of genomic DNA was digested 

overnight at 37ºC with HindIII at a concentration of 2 units per µg DNA. DNA fragments 

were separated on 0.7% agarose gels, depurinated in 0.25 M HCl for 8 minutes, 

denatured in 0.5 M NaOH and 1 M NaCl for 30 minutes, and neutralized in 0.5 M Tris 

(pH 7.4) and 3 M NaCl for 30 minutes. DNA was transferred to Zeta Probe nylon 

membranes (Bio-Rad) by capillary action. For sequence specific hybridization, DNA 

probes were generated by PCR using total yeast genomic DNA as a template. Probes 

were labeled with [� -32P] dCTP using the RediPrime II DNA labeling kit (Amersham).  
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3.3 Results 

HMR-E increases the association of Sir proteins within a region of several kilobases 

The HMR-E silencer promotes the establishment of silenced chromatin over 

several kilobases more rapidly than does the telomeric repeat at chromosome VI-R. This 

ability of HMR-E does not depend on secondary silencer HMR-I. I postulated that the 

increased rate of assembly reflected the ability of the HMR-E silencer to promote the 

association of Sir proteins with nucleosomes over a region of a few kilobases. This model 

predicts that at steady-state, the enrichment of Sir proteins should be elevated at sites near 

HMR-E compared to sites near telomere VI-R. To test this prediction, I compared Sir 

protein levels at equivalent distances from the HMR-E and telomeric silencers by 

chromatin immunoprecipitation. To eliminate the effects of HMR-I and the boundary 

element tRNAThr, these elements were deleted (Figure 25A). Similar levels of Sir3p 

associated with the two different silencer sequences (Figure 25C), yet consistently higher 

levels of Sir3p were associated with sites 1, 2, or 3 kilobases from HMR-E compared to 

sites at similar distances from the telomeric repeats. In the case of Sir2p, a significantly 

higher enrichment of protein was detected at the telomeric repeat compared to the HMR-

E silencer (Figure 25B). Nevertheless, Sir2p levels at locations 1 kilobase or more away 

from the silencers were comparable at HMR and at the sub-telomere. These results 

indicate that although the telomeric repeat is as effective as HMR-E (if not more so) at 

recruiting Sir proteins to chromatin, the telomeric repeat is less efficient at promoting the 

spreading of Sir proteins. To facilitate the comparison of the two silencers’ abilities to 

promote the spreading of silenced chromatin, Sir protein levels were normalized to the 
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respective silencer sequences (Figure 26). For both Sir2p and Sir3p, the rate of decrease 

was more gradual when silenced chromatin was initiated by HMR-E compared to 

telomere VI-R.  

One possible explanation for the difference in the distribution of Sir proteins 

adjacent to the two silencer sequences is genomic context. To determine if HMR-E also 

enhances the association of Sir proteins with neighboring nucleosomes in the context of 

telomere VI-R, I performed chromatin IP in a strain that contains the HMR-E silencer 

integrated adjacent to telomere VI-R and a control strain with an equivalent-sized piece 

of silencing-neutral stuffer DNA (Figure 27A). As at the HMR locus, the HMR-E silencer 

at telomere VI-R maintained higher levels of Sir proteins than are found at the native 

telomere (Figure 27B and C). Importantly, the relative levels of Sir2p and Sir3p did not 

differ significantly when HMR-E was at the telomere or HMR, indicating that genomic 

context made little difference to the stabilization of silenced chromatin by HMR-E 

(compare Figure 26A and B to Figure 27B and C). I conclude that the HMR-E silencer 

promotes the formation of silenced chromatin more efficiently over a region of several 

kilobases compared to the telomeric repeat at telomere VI-R. 
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Figure 25: Sir proteins are maintained at higher levels at HMR than telomere VI-R 
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(Figure 25 continued) (A) Diagrams of the HMR and telomere VI-R loci analyzed in 
chromatin IP experiments. The black bars indicate locations of amplicons used in PCR 
analysis. The HMR locus contains a 305 base pair deletion of the HMR-I silencer, 
which is filled in with an equivalent number of base pairs of stuffer DNA (STF) from 
the TRP1 open reading frame, and a previously described 85 base pair deletion of the 
tRNAThr gene (Donze et al. 1999). In addition, a 448 basepair Ty1 long-terminal 
repeat sequence located between the HMR-I silencer and the tRNAThr gene, which is 
missing in most modified HMR loci (Rusche et al. 2002), was restored. (B) 
Association of Sir2p with telomere VI-R and a mutant HMR locus lacking the HMR-I 
silencer and tRNAThr gene. DNA coprecipitated with Sir2p from strain LRY2309 was 
analyzed by quantitative real-time PCR using the amplicons shown in A. Values 
represent the average of 5 independent immunoprecipitations and are normalized to a 
control locus (PHO5). 
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Figure 26: HMR-E promotes higher levels of Sir protein association 

 

 

 

The relative enrichments of Sir2p (A) and Sir3p (B) with telomere VI-R and the 
modified HMR locus shown in Figure 25 were normalized to the adjacent silencers. 
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Figure 27: A transposed HMR-E increases the association of Sir proteins at telomere 
VI-R 
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The HMR-I silencer boosts Sir protein association within HMR 

As shown above, HMR-E on its own is able to recruit Sir proteins and promote 

their distribution over several kilobases. However, two additional elements (HMR-I and 

tRNAThr) are present at HMR and act in conjunction with HMR-E. To examine how these 

elements contribute to the distribution of Sir proteins at HMR, I compared the 

distributions of Sir2p and Sir3p at wild-type HMR with modified loci in which the HMR-I 

silencer and tRNAThr boundary were deleted individually and in combination (Figure 

28A).  

The HMR-I silencer contains binding sites for ORC and Abf1p, both of which 

interact with Sir proteins and are predicted to stabilize the association of the Sir complex 

with chromatin. However, HMR-I cannot recruit the Sir complex on its own and is not 

required for silencing of HMRa1 (Rivier et al. 1999; Rusche et al. 2002). To determine 

how HMR-I contributes to the distribution of Sir proteins at HMR, the relative 

(Figure 27 continued) (A) Diagrams of modified telomere VI-R loci analyzed by 
chromatin IP. Either the entire HMR-E silencer or a fragment of the TRP1 ORF was 
integrated into telomere VI-R. Black bars represent the locations of amplicons used to 
analyze DNA isolated by chromatin IP. The approximate distances from the silencers 
are given. (B) Relative association of Sir2p with modified telomere VI-R loci. 
Chromatin IP experiments were performed in strains LRY2150 and LRY2148, which 
contain 431 bases of the HMR-E silencer (TELVI-R::HMR-E) and an equal sized piece 
of DNA containing stuffer DNA (TELVI-R::STF), respectively. Sir2p-associated DNA 
was quantified by real-time PCR at the indicated locations. Data were analyzed as in 
Figure 26 and represent the averages of 2 independent immunoprecipitation 
experiments and at least 4 PCR reactions. (C) Relative association of Sir3p with 
modified telomere VI-R loci. Sir3p-associated DNA was isolated in the same 
experiments and analyzed as in B. 
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enrichments of Sir2p and Sir3p were examined by chromatin IP in the presence and 

absence of HMR-I. The loss of HMR-I resulted in a considerable (two-fold) reduction of 

Sir2p and Sir3p in the immediate vicinity of the HMR-I silencer (2 kb) and more modest 

decreases at the other sites (Figure 28B and C). Therefore, the HMR-I silencer has a 

stabilizing effect on Sir proteins throughout HMR.  

The tRNAThr gene acts as a boundary (Donze et al. 1999; Donze and Kamakaka 

2001; Oki and Kamakaka 2005) and could shape the distribution of Sir proteins in two 

ways. First, the tRNAThr gene could prevent the Sir proteins from spreading into the 

telomere-proximal side of the locus. However, there is little spreading in its absence (Oki 

and Kamakaka 2005). In addition, the tRNAThr gene could maintain high levels of Sir 

proteins within the HMR cassette by preventing euchromatin from encroaching into the 

locus. For example, targeted histone acetyltransferases have been shown to modify 

histones across several kilobases (Vignali et al. 2000; Yu et al. 2006) and have been 

proposed to engage in a spreading reaction analogous to that of Sir proteins (Bulger 2005; 

Yu et al. 2006). To determine how the tRNAThr gene shapes the distribution of Sir 

proteins at HMR, DNA associated with Sir2p and Sir3p was isolated by chromatin IP in 

the absence of the tRNAThr gene. Sir2p and Sir3p levels were comparable to wild-type 

within the HMR cassette (Figure 28B and C). As expected, slightly higher levels of Sir 

proteins were observed at a site on the telomere-proximal side of the tRNAThr gene (4 

kilobases from HMR-E), consistent with the reported boundary activity of the tRNAThr 

gene (Figure 28B and C; also see ahead to Figure 31). These results indicate that the 

tRNAThr gene is not critical for maintaining the association of Sir proteins at HMR. 
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It remained possible that the potential ability of the tRNAThr gene to block the 

encroachment of euchromatin was more important in the absence of the HMR-I silencer, 

which stabilizes Sir proteins. Therefore, chromatin IP was performed in strains lacking 

both elements. Under these conditions, there was no significant reduction in Sir protein 

levels compared to the single deletion of HMR-I (Figure 28B and C). Therefore, even 

without the stabilizing effect of HMR-I, the tRNAThr gene is not needed to maintain high 

levels of Sir protein within HMR. I conclude from these results that the HMR-I silencer, 

but not the tRNAThr gene, is important for maintaining high levels of Sir proteins at HMR.  

The HMR-E silencer has been proposed to act in a directional manner (Zou et al. 

2006a; Zou et al. 2006b). Consistent with this proposal, in the absence of both the HMR-I 

silencer and the tRNAThr gene, Sir protein levels were distributed asymmetrically, being 

higher on the telomere-proximal side of HMR-E (Figure 28B and C, compare (-)1 kb and 

1 kb locations). Therefore, the HMR-E silencer does act directionally to promote the 

assembly of Sir proteins within the HMR cassette. 
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Figure 28: The HMR-I  silencer boosts Sir protein levels within HMR 
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The elevated levels of Sir protein due to the HMR-I silencer are not required for complete 
silencing of HMRa1 mRNA 
 

The decrease in the association of Sir proteins observed in the absence of the 

HMR-I silencer suggests that transcriptional silencing may be compromised in these 

strains. However, quantitative mating assays, which indirectly reflect transcription, 

revealed no obvious silencing defect in the absence of HMR-I ((Rivier et al. 1999), see 

ahead to Figure 37). To detect potential rare transcripts from HMR, I performed reverse 

transcriptase PCR on RNA isolated from strains with and without the HMR-I silencer. 

Controls revealed that HMRa1 was transcribed as expected in the absence of silencing in 

a sir2�  strain but that the HMRa1 mRNA was undetectable by conventional or real-time 

PCR in the presence of SIR2 (Figure 29 and data not shown). In the absence of the HMR-

I silencer, no HMRa1 cDNA was detected either by conventional PCR (Figure 29) or 

real-time PCR (data not shown). Two control genes, NTG1 and ACT1, could be amplified 

(Figure 29 and data not shown), indicating that cDNA synthesis was successful. Thus, 

HMRa1 remained silenced in the absence of HMR-I despite the reduced association of Sir 

(Figure 28 continued) (A) Diagram of the wild-type HMR locus. Black bars represent 
locations of PCR amplicons. (B) Association of Sir2p with HMR in the presence and 
absence of regulatory elements. Sir2p-associated DNA was isolated by chromatin IP 
in strains with the following genotypes: wild-type HMR (LRY1007), HMR-� tRNAThr 
(LRY2302), hmr-� I (LRY2315), and hmr-� I � tRNAThr (LRY2309). Values represent 
the averages of at least 3 independent immunoprecipitation experiments. Primers sets 
and relative distances were the same for each mutant, with the exception that the 4 kb 
location is 85 bases closer to the silencer in strains lacking the tRNAThr gene. (C) 
Association of Sir3p with HMR in the presence and absence of regulatory elements. 
Sir3p-associated DNA was isolated and analyzed as in B. 
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proteins with the promoter. Similarly, no HMRa1 cDNA was observed in strains lacking 

the tRNAThr gene alone or in combination with the HMR-I silencer (Figure 29 and data 

not shown). In contrast, HMRa1 mRNA was detected in the absence of the HMR-E 

silencer (Figure 29 and Brand et al. 1987). Therefore, HMR-E, but not HMR-I or the 

tRNAThr gene, is necessary to silence HMRa1 and maintain haploid cell identity, which is 

thought to be the critical function of silenced chromatin at the mating type cassettes. 

Additionally, these data, along with the chromatin IP results, indicate that more Sir 

proteins get recruited to wild-type HMR than are required for silencing of the mating-type 

genes. 

 

 

 

Figure 29: Transcriptional silencing of HMRa1 is maintained in conditions of 
reduced Sir protein association 

 

Levels of HMRa1 mRNA in the presence and absence of regulatory elements. RNA 
was isolated from the same strains described above as well as a sir2�  strain with wild-
type HMR (LRY1068), and two different strains with large (YAB65, 516 bp) and 
small (YAB71, 135 bp) deletions of the HMR-E silencer. The mRNA transcripts were 
converted to cDNA and the resulting cDNA was amplified by conventional PCR using 
primer sequences specific to the coding regions of HMRa1 and ACT1. The PCR 
products were run on 1% agarose gels and visualized by ethidium bromide staining. 
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HMR-I modestly extends the range of Sir protein spreading from HMR 

The observation that the HMR-I silencer stabilizes the association of Sir proteins 

in the vicinity of the silencer (Figure 28B and C) raises the possibility that the HMR-I 

silencer enables the Sir proteins to spread significantly farther along the chromosome. In 

this case, a boundary element may be important specifically at HMR, as opposed to 

telomeres that lack secondary silencers, to block the spreading of silenced chromatin. To 

determine whether the HMR-I silencer promotes the assembly of Sir proteins on its 

telomere-proximal side, I assessed the levels of Sir proteins on the telomere-proximal 

side of HMR in the presence and absence of the silencer. When the HMR-I silencer was 

present, a modest enrichment of Sir proteins was observed at the 3 kilobase site (Figure 

30B and C), suggesting that the HMR-I silencer has some ability to extend the range of 

silenced chromatin. A slight enrichment of Sir proteins was also observed at the 4 

kilobase site beyond the boundary, in the presence but not the absence of HMR-I (Figure 

30B and C). 

To observe the potential spreading of Sir proteins over a greater distance, the 

chromatin IP was repeated in the absence of the tRNAThr boundary. Consistent with 

previous observations (Oki and Kamakaka 2005), in the absence of the tRNAThr 

boundary, Sir2p and Sir3p levels were slightly elevated at the 4 kilobase site, confirming 

the loss of boundary function (Figure 31A and B). However, Sir proteins were not as 

elevated in the absence of the HMR-I silencer (Figure 31A and B, compare to HMR in 

Figure 30A and B), indicating that the HMR-I silencer promotes a modest extension of 

the Sir proteins on its telomere-proximal side.  
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Interestingly, in the presence of HMR-I, Sir protein levels were also slightly 

elevated over background at the 5 and 6 kilobase locations, which reside in the open 

reading frame of the GIT1 gene. This observation suggests that the expression of the 

GIT1 gene may be altered in the presence but not the absence of the HMR-I silencer. To 

test this possibility, I examined the level of GIT1 mRNA in these strains by RNA 

blotting. However, only slight (less than 2-fold) decreases in GIT1 expression were 

observed in each of the mutants tested (Figure 32). Similar results were obtained by 

quantitative RT-PCR (data not shown). Therefore, I conclude that the occasional spread 

of Sir proteins into the GIT1 open reading frame, as may occur in the absence of the 

tRNAThr gene, have little impact on the expression of GIT1.  
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Figure 30: HMR-I elevates Sir protein levels on telomere-proximal side of HMR 

 

 

(A) Diagram of the features on the telomere-proximal side of the HMR locus. Black 
bars represent locations of PCR amplicons and reflect the distances from HMR-E. 
(B-C) Relative associations of Sir2p (B) and Sir3p (C) with DNA on the telomere-
proximal side of HMR in the presence and absence of HMR-I. Quantitative PCR was 
performed on DNA isolated in the same chromatin IP experiments as in Figure 28. 
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Figure 31: HMR-I  extends the range of Sir protein spreading on the telomere-
proximal side of HMR 

 

Relative associations of Sir2p (A) and Sir3p (B) with DNA on the telomere-proximal 
side of the HMR locus in the absence of the tRNAThr gene and in the presence or 
absence of the HMR-I silencer. 
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Figure 32: Expression of GIT1 was unaffected by regulatory sequences at HMR 

 

  

 

HMR is resistant to HO endonuclease in the absence of HMR-I 

HMR-I clearly enhances the association of Sir proteins with HMR but is not 

required for the transcriptional repression of the HMRa1 gene. Given the evolutionary 

conservation of HMR-I across the Saccharomyces sensu stricto species (Teytelman et al. 

2008), one would expect that it has a biological function. In addition to silencing of 

mating-type genes, which is critical to maintaining haploid cell identity, a second 

function of silenced chromatin at the HM loci is to protect DNA from being cut by the 

HO endonuclease during mating-type switching (reviewed in Haber 1998). S. cerevisiae 

cells are able to change their mating type by site-directed recombination. The expression 

Levels of GIT1 mRNA in the presence and absence of regulatory elements. RNA was 
isolated in strains with the indicated modifications at HMR, separated on an agarose 
gel, and transferred to a nylon membrane. The blot was probed for GIT1 and ACT1 
mRNA. The values below each lane reflect the relative levels of GIT1 expression, 
normalized first to ACT1, then to the value in wild-type conditions (HMR). 
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of the HO endonuclease during G1 of the cell cycle results in the formation of a double 

strand break at MAT, which is subsequently repaired via recombination with the HM 

locus of opposite mating-type (reviewed in Haber 1998). Recombination is facilitated by 

conserved sequences found at all three locations (MAT, HML, and HMR) that include the 

recognition site for the HO endonuclease (Figure 33A). It is thought that silenced 

chromatin protects the HM loci from being cut by the HO endonuclease, ensuring that 

recombination only occurs at MAT (Klar et al. 1981; Strathern et al. 1982). 

The HO recognition site at HMR is less than 190 bases from the HMR-I silencer 

(Nickoloff et al. 1986). To address whether the increase in Sir protein association 

mediated by the HMR-I silencer helps protect HMR from HO-endonuclease digestion, I 

examined the ability of HO to cleave this site in a strain lacking HMR-I. I used a 

previously described assay in which cut intermediates generated by HO are stabilized by 

arresting the cells with hydroxyurea (HU) (Connolly et al. 1988). Under these conditions, 

repair of double-strand DNA breaks by homologous recombination is inhibited by the 

DNA replication checkpoint, which is triggered by HU arrest (Alabert et al. 2009). After 

arrest in HU, HO endonuclease was induced by the addition of galactose to the medium. 

Samples were collected at different times following induction, and the resulting genomic 

DNA was isolated, digested with HindIII (H), and analyzed by southern blotting using 

probes specific to MAT (M) or HMR (R) (Figure 33A). Cleavage of the MATa locus was 

detected within 30 minutes of induction of HO (Figure 33B). In contrast, no cutting was 

detected at wild-type HMRa, even after four hours of HO induction (Figure 33C). As 

expected, in the absence of Sir proteins, HMRa was cut with similar kinetics to those 
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observed at the unprotected MATa locus (Figure 33D). To ascertain if HMR-I conveyed 

any protection to HMR, I tested HO-cutting at HMR in the absence of HMR-I. Under 

these conditions, cleavage was not observed (Figure 33E). Therefore, the HMR-I 

mediated increase in Sir protein levels at HMR was not necessary to protect the adjacent 

HO recognition sequence from being cut. 
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Figure 33: HMR is resistant to HO-endonuclease digestion in the absence of HMR-I  

 

(A) Diagram of the expected DNA fragment sizes generated by HO-endonuclease 
(HO) and HindIII (H) digestion at MATa and HMRa. Bars below the schematics 
represent the locations of the unique DNA probes used for hybridizations to MAT (M) 
and HMR (R). Bars above the schematics reflect the expected fragment sizes for each 
location upon digestion with HindIII (large bars) and both HindIII and HO (small 
bars). Light gray bands indicate a-gene specific sequence. Dark gray bars represent 
sequences found at MAT, HMR, and HML, which include the recognition sequence for 
the HO endonuclease. (B) Timecourse of HO cutting at the MATa locus. Samples were 
collected from a wild-type MATa strain (LRY2467) in asynchronously growing 
conditions (Asyn.), after S-phase arrest in HU, and at various times following 
induction of HO. Genomic DNA was isolated, digested with HindIII, and analyzed by 
southern blotting. (C-E) Time-courses of HO cutting at the HMRa locus in strains of 
(C) wild-type HMR (LRY2379), (D) sir4�  (LRY2482), (E) hmr-� I (LRY2384). 
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Resistance to compromised deacetylation is specific to one side of HMR-E 

The HMR-I silencer and tRNAThr gene are not required to maintain transcriptional 

repression, but their presence at the HMR locus suggests they have a biological function. 

One situation in which the increased association of Sir proteins at HMR-I might be 

important is when the Sir2p deacetylase has reduced activity. The deacetylase activity of 

Sir2p requires NAD+ (Imai et al. 2000; Landry et al. 2000; Smith et al. 2000) and is 

inhibited by nicotinamide (Bitterman et al. 2002). In theory, Sir2p activity may be 

reduced by fluctuations in the intracellular levels of these metabolites. To mimic reduced 

deaceytlase activity, I co-expressed enzymatically inactive and wild-type alleles of SIR2, 

which should result in approximately 50% activity. The HMR locus is unaffected by this 

condition, but silenced chromatin at telomere VI-R is disrupted (Figures 21, 22, and 23).  

To determine whether HMR-I or the tRNAThr gene contributed to the resistance of 

HMR to reduced deacetylase activity, Sir protein levels at HMR were assessed by 

chromatin IP in the presence of only wild-type SIR2 or both SIR2 and sir2-N345A. 

Remarkably, expression of sir2-N345A resulted in a profound decrease in Sir protein 

enrichment in the absence of the tRNAThr gene (Figure 35A). In contrast, a relatively 

modest, albeit reproducible, decrease in Sir protein association was observed in the 

absence of HMR-I (Figure 34B). In the absence of both the HMR-I silencer and the 

boundary, a more severe decrease in Sir3p distribution was observed than in either single 

mutant, with total Sir3p levels approaching background within 2 to 3 kilobases of the 

HMR-E silencer (Figure 35B). As expected, no loss of Sir3p was observed when the sir2-

N345A mutant was expressed in a wild-type HMR strain (Figure 34A). Similar 
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observations were made for Sir2p (data not shown). Therefore, the tRNAThr gene and the 

HMR-I silencer together prevent the loss of Sir proteins when deacetylation is reduced. 

On the centromere-proximal side of HMR-E, there are no known regulatory 

sequences to promote or block the spread of silenced chromatin. To determine whether 

spreading was inhibited on the centromere-proximal side of HMR-E by co-expression of 

Sir2p and Sir2-N45Ap, Sir3p levels were compared on the two sides of HMR-E at wild-

type HMR. As described above, Sir2-N345Ap had no affect on Sir3p or Sir2p levels 

within the wild-type HMR cassette on the telomere-proximal side of HMR-E (Figure 34A 

and data not shown). In contrast, Sir2-N345Ap inhibited the spread of Sir proteins to the 

centromere-proximal side of HMR-E (Figure 36). This depreciation of Sir protein 

association occurred despite the fact that similar levels of Sir3p and Sir2p were recruited 

to HMR-E (Figure 34A and data not shown), indicating that the spread of silenced 

chromatin was specifically inhibited. The sensitivity of silenced chromatin to Sir2-

N345Ap on the centromere-proximal side of HMR-E is similar to what was observed at 

telomere VI-R (Figure 23), as well the on the telomere-proximal side of HMR-E in the 

absence of the additional regulatory elements (Figure 35B). From these results I conclude 

that resistance to Sir2-N345Ap is facilitated by HMR-I and the tRNAThr gene. 
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Figure 34: The HMR-I  silencer partially helps maintain silenced chromatin at HMR 
when Sir2p deacetylase activity is reduced 

 

 

(A) Sir3p association with HMR in the presence of either wild-type Sir2p alone 
(LRY1007) or Sir2p and catalytically inactive Sir2-N345Ap (LRY0804). (B) Sir3p 
association with HMR-� tRNAThr in the presence of Sir2p alone (LRY2302) or Sir2p 
and Sir2-N345Ap (LRY2303). Values in A and B represent the averages of at least 3 
independent experiments. 
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Figure 35: The tRNAThr  gene maintains silenced chromatin in conditions of reduced 
deacetylation 

 

 

(A) Sir3p association with HMR-� I in the presence of Sir2p alone (LRY2315) or 
Sir2p and Sir2-N345Ap (LRY2316). (B) Sir3p association with HMR-� I � tRNAThr in 
the presence of Sir2p alone (LRY2309) or Sir2p and Sir2-N345Ap (LRY2352). 
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Figure 36: Silenced chromatin is sensitive to reduced Sir2p deacetylation on the 
centromere-proximal side of HMR-E 

 

 

 

The HMR-I silencer and tRNAThr gene cooperate to maintain silencing when 
deacetylation is reduced 
 

To determine whether the reduction in Sir proteins associated with hmr-� I 

� tRNAThr under conditions of reduced deacetylase activity impacts silencing of HMRa1, 

transcription was assessed in several ways. First, a mating assay was conducted. Only 

when HMRa1 is silenced will MAT�  strains mate and form diploids. MAT�  haploids 

containing different combinations of HMR and SIR2 alleles were mixed with haploids of 

the opposite mating type and plated onto medium selective for diploids. Neither the 

deletion of the HMR-I silencer nor the tRNAThr gene alone resulted in a detectable defect 

in mating (Figure 37). However, in the absence of both HMR-I and tRNAThr, an 

The relative associations of Sir2p and Sir3p with a position 1 kb on the centromere-
proximal side of HMR-E at wild-type HMR in the presence (LRY1007) and absence of 
sir2-N345A (LRY0804). 
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approximately 10-fold defect in mating was observed in the presence of Sir2-N345Ap 

(Figure 37, bottom row), indicating that in 90% of the cells, enough HMRa1 mRNA is 

present to disrupt mating. To detect HMRa1 directly, cDNA was prepared from each of 

the mutant strains and quantified by real-time PCR. Consistent with the mating assay, 

HMRa1 transcripts were not detected in strains with wild-type or mutant tRNAThr alleles 

of HMR (Figure 38A). In the absence of HMR-I, a slight derepression of HMRa1 

occurred, although the levels of HMRa1 were approximately 1% of those in a sir2�  strain 

(Figure 38B). In the absence of both HMR-I and tRNAThr, HMRa1 was also slightly 

derepressed. In this case, HMRa1 levels were at approximately 7% of those in a sir2�  

strain (Figure 38B). Therefore, the HMR-I silencer and tRNAThr gene at HMR do play a 

role in promoting the spread of silenced chromatin when deacetylation is compromised. 

Silencing at telomeres is known to be inhibited by the co-expression of Sir2-

N345Ap and Sir2p (Armstrong et al. 2002). To compare the abilities of a telomeric repeat 

and HMR-E to maintain transcriptional silencing in the presence of Sir2-N345Ap, I 

measured the level of YFR057w mRNA. Coincidentally, the promoter of YFR057w is 

located at a nearly identical distance from the telomeric silencer (~1 kilobase) as is the 

promoter of HMRa1 is from HMR-E. YFR057w was derepressed at a nearly 3-fold greater 

level than HMRa1 in the absence of both HMR-I and the tRNAThr gene (Figure 38B). One 

possible explanation for this result is that the promoter of HMRa1 is weaker and more 

easily silenced than the promoter of YFR057w. To test this possibility, I directly 

compared the transcript levels of the two genes in the absence of silencing in a sir2�  

strain. Under these conditions, HMRa1 levels were more than 7-fold greater than 
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YFR057w, indicating that the YFR057w promoter is actually weaker than the promoter of 

HMRa1 (Figure 38C). It is important to note that HMRa1 mRNA has a relatively short 

half-life of less than 4 minutes (Miller 1984). Therefore, it is unlikely that the higher 

levels of HMRa1 mRNA are attributable to post-transcriptional stability.  I conclude from 

these data that, although the HMR-I silencer and tRNAThr gene are critical for complete 

insulation of silenced chromatin at HMR, the HMR-E silencer conveys additional 

resistance to Sir2-N345Ap at HMR over the telomere VI-R sequence. 

 

 

 

Figure 37: HMR-I  and the tRNAThr  gene both contribute to silencing of HMRa1 
when deacetylation is reduced 

 

 

Mating ability was assessed in the same strains described in Figures 33 and 34, as well 
as a MAT�  sir2�  strain (LRY1068). 
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Figure 38: HMR-E promotes higher levels of gene silencing in presence of Sir2-
N345Ap compared to telomere VI-R 



 

124 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(Figure 38 continued) (A) Levels of HMRa1 and YFR057w in the presence of Sir2-
N345Ap. RNA was isolated from the strains described in Figures 33 and 34 bearing 
the indicated HMR alleles and both SIR2 and sir2-N345A. The mRNA transcripts were 
converted to cDNA and quantified by real-time PCR using primers specific for the 
HMRa1 and YFR057w genes. RNA from the strain with wild-type HMR was used to 
quantify YFR057w transcripts. Transcript levels were normalized first to an internal 
control gene (NTG1) and then to the level of RNA in a sir2�  strain (LRY1068). The 
values from 4 independent RNA preparations are plotted as individual data points 
(circles). (B) Relative levels of HMRa1 and YFR057w mRNAs were quantified in 
strains with wild-type SIR2 (LRY1007) and sir2�  (LRY1068). Transcript levels are 
shown relative to the control gene (NTG1). Data from 4 independent RNA isolations 
are plotted as in A. 
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3.4 Discussion 

HMR-E increases the association of Sir protein over several kilobases 

Historically, it has been thought that silencers act by recruiting silencing proteins 

to a particular site in the genome and that the spreading of silencing proteins along the 

chromosome occurs independently of the silencer. However, I found that the HMR-E 

silencer acts by a process other than recruitment to enable the rapid establishment of 

silenced chromatin over several kilobases (Chapter 2). These initial studies focused on 

the establishment of silencing following the induction of high levels of Sir3p, and it was 

important to investigate how HMR-E and other silencers shape the steady-state 

distribution of Sir proteins expressed at endogenous levels. This chapter describes 

experiments revealing that HMR-E maintains Sir proteins at higher levels over several 

kilobases than does the telomeric repeat at chromosome VI-R. This increased level of Sir 

proteins is observed both when HMR-E is in its native location at HMR (Figures 25 and 

26) and when it is translocated to telomere VI-R (Figure 27). Moreover, the enhanced 

association of Sir proteins is observed in the absence of the auxiliary silencer HMR-I 

(Figures 26 and 27), indicating that HMR-E achieves this increase on its own. Finally, I 

found that the association of Sir proteins is enhanced on one side of HMR-E compared to 

the other (Figure 28) and that the HMR-I silencer does not similarly increase the 

association of Sir proteins (Figures 28 and 30, 3 and 4 kb amplicons). Therefore, in 

addition to accelerating the rate of Sir protein assembly, the HMR-E silencer also 

increases the steady-state association of Sir proteins over several kilobases in a 

directional manner. 
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HMR-I impacts Sir protein levels at HMR but does not affect transcriptional silencing 

The sequence of HMR-I is much more conserved among related species of yeast 

than are the regions that flank the silencer (Teytelman et al. 2008), suggesting that HMR-I 

has a biological function that positively impacts the fitness of a yeast cell. In keeping 

with this hypothesis, I found that the HMR-I silencer does elevate the levels of Sir 

proteins within the HMR cassette and helps maintain the Sir proteins at HMR when 

deacetylase activity is reduced (Figure 34B). However, I and others have found that, 

despite the reduced association of Sir proteins in the absence of HMR-I, transcriptional 

silencing remained effective (Figure 29, (Brand et al. 1987)). In fact, even in conditions 

of reduced deacetylase activity, the loss of HMR-I led to only the slightest derepression 

of transcription (Figures 37 and 38). Similarly, I found that HMR remained protected 

from cleavage by the HO endonuclease in the absence of HMR-I (Figure 33E). Thus, it 

remains unclear how the increased association of Sir proteins with HMR due to HMR-I 

contributes to the biological function of this silencer. One possibility is that HMR-I 

protects the locus against loss of silencing under suboptimal conditions, such as a 

reduction in deacetylase activity. In contrast to laboratory conditions, yeast in nature are 

subject to varying levels of nutrients. Consequently, the activity of Sir2p, which requires 

NAD+, may fluctuate, thereby driving the evolution of mechanisms for maintaining 

silenced chromatin at HMR when NAD+ is limiting.  

One striking observation of this study is that the HMR cassette appears to recruit 

more Sir proteins than are necessary to maintain silencing. In fact, transcriptional 
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repression remains strong when the association of Sir proteins with the a1 promoter is 

reduced to one quarter of the maximum observed at the HMR-E silencer (Figure 35). This 

observation suggests that Sir proteins may not prevent transcription by physically 

blocking access of RNA polymerase to the promoter, as was originally proposed. Instead, 

Sir proteins may generate modifications of histones that persist even when Sir proteins 

dissociate from the promoter. Alternatively, Sir proteins associated with the silencer may 

act from a distance to repress transcription. 

 

The tRNAThr gene plays both positive and negative roles in the regulation of silencing 

The tRNAThr gene at HMR is notable as one of the few defined boundary elements 

that functions at its endogenous location in S. cerevisiae. tRNA genes have also been 

shown to separate heterochromatin from euchromatin at centromeres in S. pombe (Scott 

et al. 2006; Scott et al. 2007) and to block upstream activator sequences from acting on 

promoters in S. cerevisiae (Simms et al. 2008), indicating that these genes may have 

conserved functions in partitioning domains of chromatin. However, my analysis reveals 

that, although the tRNAThr gene does block the spread of Sir proteins, it probably is not 

the major mechanism controlling the extension of silencing chromatin. In the absence of 

the tRNAThr gene, Sir2p and Sir3p were only marginally enriched on the telomere-

proximal side of HMR and the expression of GIT1 was reduced by less than 2-fold 

(Figures 31 and 32). Therefore, it appears that silenced chromatin naturally decays over a 

distance of one or two kilobases even without encountering a specific boundary element. 
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The tRNAThr gene thus serves as a backup mechanism to check the spreading of silenced 

chromatin in the few instances in which it extends beyond its usual limit. 

I also found that the tRNAThr gene helped maintain Sir proteins within the HMR 

cassette when Sir2p activity was compromised (Figure 35A), although it had no effect on 

the distributions of Sir2p or Sir3p in the presence of wild-type SIR2 (Figure 28B and C). 

At least two mechanisms could account for this role of the tRNAThr gene in promoting the 

association of Sir proteins with HMR. One possibility is that the tRNAThr gene blocks the 

spread of euchromatin, and in particular acetyltransferases, into the silenced locus. It has 

been suggested that acetyltransferases participate in a spreading reaction similar to that of 

Sir proteins (Bulger 2005). For example, acetyltransferases targeted to a particular 

sequence can acetylate histones over several kilobases (Vignali et al. 2000; Yu et al. 

2006), and this long-range acetylation is disrupted by nucleosome excluding sequences 

(Yu et al. 2006). Thus, the tRNAThr gene may block the spread of euchromatin into HMR. 

This effect may be particularly pronounced in the absence of HMR-I, which helps to 

stabilize Sir proteins, as I observed (Figure 28). 

A second possibility is that the ability of the tRNAThr gene to recruit cohesins may 

stabilize silenced chromatin when deacetylation is reduced. The tRNAThr gene adjacent to 

HMR is reported to promote the association of cohesion proteins with the silenced HMR 

locus (Dubey and Gartenberg 2007). The loss of cohesins has no impact on silencing of 

HMRa1 (Chang et al. 2005), although as I have shown, the recruitment of Sir proteins to 

HMR can be significantly impaired and not affect HMRa1 expression. 
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Dynamic relationship between positive and negative regulators of silenced chromatin 

The discovery of a positive role for a tRNA boundary element in the regulation of 

silenced chromatin suggests a dynamic relationship between silenced and active 

chromatin. Intriguingly, these phenotypes were only observed in the context of reduced 

Sir2p activity. Under normal conditions HMR-E alone is strong enough to silence 

HMRa1, maintain haploid cell identity, and protect against HO endonuclease cleavage. 

Why then, is it necessary to have an auxiliary silencer to boost Sir protein spreading and 

a boundary to block the subsequent spreading? I suggest that my experiments with 

reduced Sir2p deacetylase activity may provide some clues. In contrast to most 

experimental growth conditions, in nature yeast are likely subjected to greater variation in 

environmental conditions. The direct link between Sir2p activity and metabolism suggest 

that there may have been selective pressure to evolve insulating mechanisms for 

maintaining silenced chromatin at HMR in stress conditions. Indeed, in oxidative stress 

conditions, silencing at HMR is improved upon overexpression of Sir2p (Oberdoerffer et 

al. 2008). It may be inferred that the natural boost in Sir protein levels conveyed by 

HMR-I (and in some cases the tRNAThr gene) would likely have a similar effect. 

Furthermore, the apparent overabundance of Sir proteins at HMR may mitigate the loss of 

Sir protein enrichment at silenced loci that occurs during ageing (Dang et al. 2009), thus 

delaying the onset of sterility in older cells. Currently, it is unclear how the dynamics of 

positive and negative regulators of silenced chromatin are affected by stress and ageing 
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4. Identification of HMR-E associated proteins that mediate 
efficient silencing 

4.1 Introduction 

In S. cerevisiae, the current model for silenced chromatin assembly implies that 

silencers serve as simple recruitment centers for Sir proteins. According to this model, 

silencers that are equally proficient at recruiting Sir proteins are predicted to promote 

equal spreading reactions. The telomeric repeat sequences at the end of chromosome VI-

R recruit Sir proteins at similar levels and with similar kinetics as HMR-E. However, 

HMR-E promotes the assembly of Sir proteins onto nucleosomes much more rapidly than 

telomere VI-R. The HMR-E silencer also promoted this rapid assembly reaction in the 

context of the telomere. Therefore, the establishment of silenced chromatin appears to be 

more complex than the model of simple recruitment and spreading suggests. The 

properties of HMR-E that distinguish it from the telomeric silencer in terms of silencing 

efficiency remain incompletely understood.  

The HMR-E silencer is the only silencer in yeast that includes binding sites for all 

three known Sir complex recruiting proteins, ORC, Rap1p, and Abf1p. These binding 

sites were originally identified by mutational analysis of HMR on plasmids. In these 

studies, mutations that disrupted HMRa1 silencing were mapped to sequences within 

HMR-E (Abraham et al. 1984). Subsequent studies further characterized the silencer and 

identified three minimal sequences that facilitated repression of HMRa1(Brand et al. 

1987), which were later identified as binding sites for the ORC, Rap1p, and Abf1p 

(Rusche et al. 2003). These studies investigated silencing of HMRa1 expression at 
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steady-state in normal growth conditions. However, I discovered that more Sir proteins 

get recruited to HMR than are necessary to silence HMRa1 gene expression (Chapter 3). 

Therefore, these early experiments may have missed properties of HMR-E that boost the 

efficiency of silencing beyond what is necessary to silence the steady-state expression of 

HMRa1. Thus, it is unclear if these specific consensus sequences are important for the 

relatively high efficiency of HMR-E.      

In this study, I dissected the HMR-E silencer to determine which components are 

essential for the robust silencing observed at HMR. I discovered that a minimal HMR-E 

silencer, which contains only the consensus sequences for the known silencer binding 

proteins, was sufficient to mediate high levels of HMR silencing in both wild-type 

conditions and conditions of compromised Sir2p activity. Furthermore, a synthetic 

silencer that contains different binding sites for ORC, Rap1p, and Abf1p, effectively 

silences HMRa1 in normal conditions but fails to silence the locus in conditions of 

reduced Sir2p activity. Experiments with hybrid silencers containing different 

combinations of consensus sequences from wild-type HMR-E and the synthetic silencer 

revealed that the ACS of HMR-E contributes to the high efficiency of the HMR-E 

silencer. Finally, I discovered that the rate of HMRa1 silencing is dramatically reduced in 

the absence of Sir1p, which is recruited to HMR-E through interactions with the ORC 

bound to the ACS of HMR-E. Sir1p is not thought to localize to the telomeric repeat 

sequences or contribute substantially to TPE at telomere VI-R (Mondoux and Zakian 

2007).  Thus, Sir1p may represent a potential factor that distinguishes the high efficiency 

HMR-E silencer from the lower efficiency telomere VI-R silencer.  
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4.2 Materials and methods 

Yeast strains and plasmids 

Strains used in this study were derived from W3031-b. The following alleles were 

described previously: hmr-E � I (Rivier et al. 1999), LEU2::sir2-N345A (Imai et al. 2000; 

Armstrong et al. 2002), hmr-e(ss) � I (McNally and Rine 1991; Fox et al. 1995), hmr-

e(EACS/ss) � I  and hmr-e(ssACS/E) � I (Palacios DeBeer et al. 2003), sir1� ::LEU2, 

sir2� ::TRP1, sir3� ::TRP1, and sir3� ::LEU 2 (Rusche and Rine 2001; Rusche et al. 

2002). To create the hmr-e(138bp) � I allele, a plasmid containing the minimal hmr-e 

(138bp) (pJR638; McNally and Rine 1991) was digested with MluI and MfeI. The 

resulting hmr-e(138bp) fragment was ligated into the same sites of the plasmid pLR0689, 

which contains the EcoRI-NdeI sequence of hmr-� I  in a pUC18 vector backbone, to 

generate pLR0720. 

To integrate the mutant hmr-e(138bp) � I allele into its native locus in the yeast 

genome, plasmid pLR0720 was digested with EcoRI and NdeI and used to transform a 

yeast strain in which HMR was replaced by URA3 (LRY2177). Approximately 10 optical 

density equivalents of transformed cells were resuspended in 50 mL of YPD and allowed 

to recover overnight at 30ºC. To select for integrants in which the URA3 marker was lost, 

2 optical density equivalents of cells were plated directly onto medium containing 5’-

FOA. Correct integration of hmr-e(138bp) � I  was confirmed by PCR and southern 

blotting. 
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Mating assays 

 Mating assays were performed as described in Chapter 2 (section 2.2). 

 

Silencing timecourses 

All cultures were grown in selective, supplemented media lacking uracil to select 

for the plasmid (CSM; MP Biomedicals), and maintained in logarithmic growth 

throughout the timecourses. For the induction of PGAL1-SIR3, cultures pregrown in 2% 

raffinose were brought to an optical density at 600 nm of approximately 1.0 (+/- 0.1) and 

then induced by the addition of galactose to a final concentration of 2%. At each 

timepoint, approximately 15 mL of cells were collected, from which total RNA was 

isolated via the hot phenol method (Schmitt et al. 1990). 

 

RNA blotting 

RNA blots were performed as described in Chapter 2 (section 2.2).   
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4.3 Results 

A minimal HMR-E silencer maintains efficient mating in conditions of compromised 
Sir2p activity 
 

To investigate the properties of HMR-E that mediate high efficiency silencing at 

HMR, two possible models were addressed. The current model suggests that the specific 

binding sequences for ORC, Rap1p, and Abf1p at HMR-E are solely responsible for the 

full function of the silencer. A second model was considered whereby the sequences 

flanking HMR-E also contribute to silencer function. It was reasoned that these sequences 

may boost the efficiency of HMR-E, which may be important in conditions of weakened 

silencing. In support of the second model, the positions of the nucleosomes adjacent to 

HMR-E help determine the directionality of the silencer (Zou et al. 2006a). Thus, the 

sequences flanking HMR-E may help position nucleosomes in a manner that is favorable 

for loading Sir proteins onto nucleosomes. Alternatively, these sequences may harbor 

binding sites for unknown factors that promote the formation of higher order chromatin 

structures.  

To determine if the sequences flanking HMR-E contribute to the silencer’s 

function, a minimal HMR-E silencer was constructed that contains the natural consensus 

sequences for silencer binding proteins at HMR-E, but lacks approximately 650 bases of 

surrounding DNA. This silencer was tested for mating efficiency in wild-type conditions 

and in the presence of both Sir2p and the catalytically inactive sir2-N345Ap, which is 

predicted to result in a reduction of Sir2p deacetylase activity. To eliminate the 

possibility that HMR-I might mask differences between the wild-type and minimal 
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silencers, HMR-I was deleted. In these conditions Sir protein levels are slightly reduced 

at HMR, but mating levels are unaffected (Figures 34B and 37, see hmr-� I).  If the 

current model is correct, then the strain containing the minimal silencer should mate with 

the same efficiency as wild-type HMR-E in conditions of weakened Sir2p deacetylation. 

On the other hand, if additional sequences surrounding HMR-E facilitate the high 

efficiency of the silencer, then mating in the strain containing the minimal silencer should 

be reduced compared to wild-type in these conditions. Consistent with current model of 

HMR-E, yeast strains containing the minimal HMR-E silencer were able to mate at wild-

type levels in conditions of compromised Sir2p activity (Figure 39, compare to middle 

panel of Figure 40). Therefore, the known silencer binding proteins sequences at HMR-E 

are sufficient to maintain silencing at HMR in suboptimal conditions. 
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Figure 39: A minimal HMR-E silencer was insensitive to conditions of reduced Sir2p 
activity  

 

 

 

A synthetic silencer in place of HMR-E was sensitive to conditions of compromised Sir2p 
activity 
 

To explore the importance of the specific silencer protein consensus sequences of 

HMR-E to the efficiency of silencing at HMR, mating was assayed in strains containing a 

previously described synthetic silencer (McNally and Rine 1991) in place of HMR-E. 

This synthetic silencer was modeled after the native HMR-E silencer, with several key 

differences (Figure 40A). First, the synthetic silencer contains consensus sequences for 

ORC (ARS Consensus Sequence), Rap1p, and Abf1p that are different from those at 

wild-type HMR-E. Second, although the spacing of the silencer protein binding 

sequences is the same as at HMR-E, the linking sequences are different. Finally, the 

silencer flanking DNA sequences are deleted as described above. Despite these 

Silencing was assayed by mating in strains with a modified HMR allele that lacks the 
HMR-I silencer and contains a minimal HMR-E silencer. The minimal HMR-E 
silencer retains the wild-type HMR-E silencer sequences but lacks approximately 650 
bases of flanking DNA. Mating ability was assessed as in Figure 21 in strains 
containing the modified HMR allele in the presence of wild-type SIR2 (LRY2321) or 
both SIR2 and sir2-N345A (LRY2322). 
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differences, the synthetic silencer binds in vitro to the same proteins as HMR-E (ORC, 

Rap1p and Abf1p) (McNally and Rine 1991; Palacios DeBeer et al. 2003). 

To test the efficiency of silencing in strains containing the synthetic silencer, 

mating assays were performed in conditions of compromised Sir2p activity. As expected, 

in strains containing wild-type HMR-E, mating efficiency was unaffected in conditions of 

compromised Sir2p activity (Figure 40B, middle panel). In strains containing the 

synthetic silencer, mating levels were slightly reduced compared to wild-type HMR-E  in 

conditions of full Sir2p deacetylase activity (Figure 40B, compare mating in SIR2 strains 

of middle and bottom panels).  Thus, the synthetic silencer is less efficient than wild-type 

HMR-E even in conditions that are optimal for silencing. Nonetheless, significant mating 

was observed in the synthetic silencer strain, as previously reported (McNally and Rine 

1991). In conditions of compromised Sir2p activity, mating in the synthetic silencer strain 

was reduced by as much as five orders of magnitude (Figure 40B, bottom panel), 

indicative of a near complete loss of HMRa1 silencing. Therefore, the specific silencer 

protein consensus sequences at HMR-E are critical to the efficiency of the silencer. 
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Figure 40: A synthetic silencer was sensitive to conditions of reduced Sir2p activity 

 

 

 

 
 
 
 
 

(A) Schematic of wild-type HMR-E (top) and a synthetic silencer (bottom). The 
synthetic silencer was described previously (McNally and Rine 1991) and contains 
binding sites for ORC, Rap1p, and Abf1p (gray boxes) that are different from those at 
HMR-E (black boxes). The synthetic silencer also has different sequences between the 
silencer protein binding sites (gray line) and lacks roughly 650 bases of flanking 
DNA. (B) Mating ability was assessed in MAT�  strains as described in Figure 21. 
Mating was assayed in strains with wild-type HMR and SIR2 (LRY1007) or sir2�  
(LRY1068) (top panel), in strains lacking HMR-I with wild-type HMR-E and SIR2 
alone (DRY0450) or SIR2 and sir2-N345A (LRY1815) (middle panel), and in strains 
lacking the HMR-I silencer with the synthetic silencer and SIR2 alone (JRY4473) or 
SIR2 and sir2-N345A (LRY0894)   
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The ACS of HMR-E boosts the efficiency of silencing in conditions of compromised Sir2p 
activity 
 

To determine whether specific sequences within the minimal HMR-E silencer are 

of particular importance for efficient silencing at HMR, mating was assayed in strains that 

contain two previously described hybrid HMR-E silencers with different combinations of 

wild-type HMR-E and synthetic silencer sequences (Palacios DeBeer et al. 2003). One of 

these hybrid silencers contains the wild-type ACS from HMR-E in conjunction with the 

Rap1p and Abf1p consensus sequences from the synthetic silencer (hmr-e(EACS/ss)). The 

second hybrid silencer contains the ACS from the synthetic silencer alongside the Rap1p 

and Abf1p consensus sequences from HMR-E (hmr-e(ssACS/E)). The mating ability of 

strains containing these hybrid silencers was tested in conditions of full and compromised 

Sir2p activity. Three possible outcomes were considered for mating in conditions of 

compromised Sir2p activity. First, if the Rap1p and Abf1p consensus sequences of HMR-

E are important to the efficiency of HMR-E, then mating in the strains containing the 

hmr-e(EACS/ss) silencer should be compromised. Second, if the ACS of HMR-E is 

important, then strains containing the hmr-e(ssACS/E) hybrid silencer should mate at 

reduced levels. Finally, if the efficiency of HMR-E requires both the wild-type ACS as 

well as the wild-type Rap1p and Abf1p consensus sequences, then both hybrid silencer 

strains should mate at reduced levels.  In the strains containing the hmr-e(EACS/ss) hybrid 

silencer, mating was equally effective in the presence of Sir2p alone or both Sir2p and 

Sir2-N345Ap (Figure 41A), suggesting that the Rap1p and Abf1p consensus sequences 

from wild-type HMR-E and the synthetic silencer are interchangeable for mediating high 

levels of silencing in conditions of weakened Sir2p activity. In contrast, mating was 
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partially reduced in strains containing the hmr-e(ssACS/E) silencer upon co-expression of 

Sir2p and sir2-N345Ap (Figure 41B), indicating that the ACS sequence of HMR-E plays 

an important role. The loss of mating efficiency in this strain was less severe compared to 

the synthetic silencer (compare Figure 41B to 40B). Therefore, the possibility remains 

that the Rap1p and Abf1p consensus sequences from HMR-E may also compensate for 

the loss of efficiency in the presence of the synthetic ACS. However, upon sequencing 

analysis, it was discovered that this silencer actually contains two synthetic silencer ACS 

sequences in tandem (Figure 41B, see schematic). Thus, it is unclear whether the Rap1p 

and Abf1p binding sites from HMR-E were responsible for the partial mating phenotype 

observed in the hybrid silencer strain, or if the presence of two synthetic silencer ACS 

sequences mitigates the defect in mating efficiency. Nevertheless, these results indicate 

that the ACS of HMR-E is an important determinant of the high efficiency of the silencer. 
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Figure 41: The ACS of HMR-E improves the efficiency of silencing in conditions of 
compromised Sir2p activity 

 

 

 

SIR1 accelerated the rate of HMRa1 silencing 

The role of the ACS at HMR-E is to recruit ORC, which in turn brings Sir1p to 

the silencer. Orc1p binds to Sir1p, which facilitates the recruitment of  Sir4p (Triolo and 

Sternglanz 1996) . Sir1p is known to improve the efficiency of silencing. In experiments 

Silencing was assayed by mating in strains with modified HMR alleles that lack HMR-
I and contain previously described hybrid HMR-E silencers (Palacios DeBeer et al. 
2003). (A) Mating in strains with a hybrid silencer that contains the ACS of HMR-E in 
conjunction with the Rap1p and Abf1p binding sites from the synthetic silencer. 
Mating was assessed as described in Figure 21 in strains with wild-type SIR2 
(CFY1211) or both SIR2 and sir2-N345A (LRY2366). (B) Mating in strains with a 
hybrid silencer that contains 2 ACS sequences from the synthetic silencer in 
combination with the Rap1p and Abf1p binding sites from HMR-E. Mating was 
assessed in the presence of SIR2 (CFY1209) or both SIR2 and sir2-N345A (LRY2365) 
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that tethered Sir1p to the telomere, silencing of a reporter gene was improved by 16-fold 

(Chien et al. 1993). In a prior study, the ACS of the synthetic silencer was characterized 

as having reduced affinity for ORC compared to the ACS at HMR-E (Palacios DeBeer et 

al. 2003). Consequently, the synthetic silencer is less effective at recruiting Sir1p 

(Palacios DeBeer et al. 2003). In strains with wild-type HMR, Sir1p is not required to 

retain significant levels of mating (Rine et al. 1979 and Figure 42). However, Sir1p may 

be important to promote the relatively rapid onset of silencing observed at HMR. To 

determine if the loss of Sir1p results in a reduced rate of silencing at HMR, the 

establishment of HMRa1 silencing was assayed following the induction of SIR3 in the 

presence and absence of Sir1p. Remarkably, in the absence of Sir1p, high levels of 

HMRa1 mRNA were still detected after 6 hours of SIR3 induction (Figure 43). In 

contrast, in the presence of Sir1p, HMRa1 transcripts were barely detectable after 2 hours 

of induction (Figure 43). Consistent with the steady-state results (Figure 42), the majority 

of HMRa1 transcripts were eventually silenced in the absence of Sir1p (Figure 43). 

Clearly Sir1p accelerates the rate of silencing at HMR. A remaining question is whether 

Sir1p accelerates silencing by enhancing the recruitment of Sir proteins to the HMR-E, or 

if Sir1p also plays a role in promoting the assembly of Sir proteins onto nucleosomes. 
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Figure 42: Mating in the absence of Sir1p 

 

 

 

 

 

Figure 43: Sir1p accelerated the rate of silencing 

 

 

 

 

RNA was islolated at the indicated times following induction of SIR3 in the presence 
(LRY2225) and absence (LRY2227) of SIR1. HMRa1 levels were determined as 
described in Figure 3. Values represent the averages of two independent experiments. 

Mating ability was assessed as described in Figure 21 in MAT�  strains with genotypes 
that are wild-type (LRY1009), sir3�  (JRY4605), or sir1�  (JRY4621). 
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4.4 Discussion 

The minimal HMR-E promotes efficient silencing of HMR 

Previously, I determined that HMR-E promotes the assembly of silenced 

chromatin independently of recruitment. Furthermore, HMR-E maintains higher levels of 

Sir proteins over a wider range of nucleosomes compared to the telomere VI-R silencer. 

As a result, silencing is highly efficient at HMR. Indeed, silencing at HMR is resistant to 

mutations that weaken the activity of Sir2p, which is essential for the assembly of Sir 

proteins onto nucleosomes. Additionally, more Sir proteins are recruited to HMR than are 

necessary for the known functions of silenced chromatin at the locus. The HMR-I silencer 

contributes to the efficiency of silencing at HMR. However, the HMR-E silencer alone 

plays an important role as well.  

The properties of HMR-E that are required to silence HMRa1 gene expression 

have long been known. This silencer binds to the ORC, Rap1p, and Abf1p, which in turn 

recruit the Sir protein complex and silence HMRa1.  However, it is unknown if these 

sequences are also the minimal requirements for the high efficiency of HMR-E mediated 

silencing. Therefore, it was important to investigate the properties of HMR-E that 

contribute to silencing beyond what is necessary to silence HMRa1 expression in wild-

type conditions. I explored the abilities of modified HMR-E silencers to silence HMRa1 

expression in conditions of weakened Sir2p activity. I determined that the known silencer 

protein consensus sequences of HMR-E were sufficient to silence HMRa1 in conditions 

that were suboptimal for silencing (Figure 39). Furthermore, the specific consensus 

sequences at HMR-E were required for silencing in these conditions. In particular, 
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replacing the ACS of HMR-E with different ACS sequences from a synthetic silencer 

resulted in a partial loss of silencing in conditions of compromised Sir2p activity (Figure 

41B). 

In conclusion, these studies suggest that the high efficiency of the HMR-E 

silencer is the result of specific silencer protein binding sequences. These sequences 

distinguish HMR-E from other silencers in the yeast genome and likely contribute to the 

unique potency of the HMR-E in comparison to other silencers. However, it is important 

to note that these experiments do not distinguish between potential roles for these 

sequences in recruitment of Sir proteins or subsequent assembly onto nucleosomes. In 

theory, these sequences may simply increase the probability that Sir proteins will localize 

to the silencer, which would improve the efficiency of silencing. Alternatively, these 

sequences may facilitate proper loading of Sir proteins onto nucleosomes. Differentiating 

between these two possibilities will require further experimentation.   

 

SIR1 accelerated the onset of silencing at HMR 

One clear distinction between the inefficient telomere VI-R silencer and the 

efficient HMR-E silencer is the utilization of the Sir1 protein. Sir1p is recruited to HMR-

E through the ORC bound to the ACS. Sir1p binds to both a BAH domain located in the 

N-terminal region of Orc1p and to Sir4p, thus cross-linking Sir4p to ORC (Triolo and 

Sternglanz 1996). Clearly Sir1p facilitates recruitment of the Sir protein complex. 

However, only partial defects in the steady-state silencing levels at HMR are observed in 

its absence. To address the potential contribution of Sir1p to the rate of HMRa1 silencing, 
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I performed RNA timecourses in strains lacking Sir1p. Remarkably, it took more than 24 

hours to establish steady-state levels of silencing in the absence of Sir1p. Thus, although 

Sir1p is not necessary to silence HMR in steady-state conditions, it is absolutely essential 

for the rapid establishment of silencing.  

It is highly likely that the dramatically reduced rate of silencing in the absence of 

Sir1p is at least partially due to defects in Sir protein recruitment to the silencer. 

However, a remaining question is whether Sir1p also facilitates Sir protein assembly onto 

nucleosomes. In conclusion, it is important to note that neither the ORC, nor Sir1p appear 

to play an important role in TPE at telomere VI-R (Mondoux and Zakian 2007). In fact, 

tethering Sir1p to the telomere results in a profound increase in the efficiency of gene 

silencing at the telomere (Chien et al. 1993). Therefore, these proteins and their 

interacting partners are attractive candidates for future studies on the differences between  

the high efficiency HMR-E silencer and the low efficiency telomeric silencer. 

 

Potential role for Sir1p in promoting the spread of Sir proteins at HMR 

The current model for the assembly of silenced chromatin suggests that Sir1p is a 

recruitment-specific protein. This model is based on the observations that Sir1p is not 

required for maintenance of silenced chromatin at HMR and that Sir1p localizes to the 

silencers but fails to spread (Pillus and Rine 1989; Rusche et al. 2002).  However, a role 

for Sir1p in the assembly of silenced chromatin beyond recruitment has not been 

thoroughly investigated. 
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Recent biochemical studies suggest how Sir1p may promote the assembly of Sir 

proteins onto nucleosomes. The C-terminal region of Sir1p contains an ORC-interacting 

region (OIR) that binds to the BAH domain of Orc1p (Triolo and Sternglanz 1996; Hou 

et al. 2009). Intriguingly, a sequence with significant homology to the C-terminal OIR is 

located in the N-terminal region of Sir1p (Connelly et al. 2006; Hou et al. 2009). Unlike 

the C-terminal OIR, which tightly binds to Orc1p, the N-terminal OIR-like region binds 

Orc1p with significantly reduced affinity (Hou et al. 2009). Expression of Sir1p mutants 

lacking the N-terminal domain restore wild-type levels of mating in sir1�  strains (Stone 

et al. 1991; Connelly et al. 2006), suggesting that Sir1p is still recruited to the silencer in 

the absence of the N-terminal OIR. However, the N-terminus of Sir1p is required for 

mating in strains where silencing is weakened by mutations in Sir3p (Stone et al. 1991; 

Connelly et al. 2006). Therefore, this domain does contribute to the efficiency of 

silencing at HMR. One possibility is that the OIR-similar region of the N-terminus of 

Sir1p doesn’t bind to the BAH domain of Orc1p, but rather binds to the BAH domain of 

Sir3 proteins bound to nucleosomes (Figure 44). Indeed, the N-terminal OIR does interact 

with Sir3p, albeit weakly, in yeast 2-hybrid experiments and this interaction could 

potentially be strengthened if Sir3p BAH is also bound to nucleosomes. It is plausible 

that even transient interactions between Sir1p and nucleosome-associated Sir3 proteins 

may cross-link Sir3p to the silencer and facilitate the formation of higher order chromatin 

structures at HMR. 
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Figure 44: Potential role for Sir1p in the assembly of Sir3p onto nucleosomes 

Sir1p interacts with Sir4p (4) and the BAH domain of Orc1p (O) at HMR-E. 
Sequences in the N-terminal half of Sir1p may also interact with the BAH domains of 
Sir3 (3) proteins bound to nucleosomes within the silenced chromatin domain. 
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5. Conclusions and perspectives 

5.1 Silencers dictate the rate of Sir protein assembly on chromatin 

The current model for establishment of silenced chromatin in S. cerevisiae 

suggests that the only role of a silencer is to recruit Sir proteins to the chromosome. Once 

recruited to the chromosome, the Sir complex spreads along chromatin through a self-

reinforcing mechanism that is independent of the silencer or genomic context. In its 

simplest form, this model predicts that any silencer proficient at recruiting Sir proteins 

would instigate identical spreading reactions into any DNA environment, assuming no 

barrier element is present. Nevertheless, the composition of silencers varies widely, and 

the domains of silenced chromatin that they mediate demonstrate differential efficiencies 

of silencing. 

A focus of this dissertation has been to study how different silencers assemble 

silenced chromatin. I used chromatin immunoprecipitation to follow the establishment of 

silenced chromatin at two locations: the end of chromosome VI-R and at HMR. Sir 

proteins are recruited to these two regions by different groups of proteins. At the 

telomere, the Sir complex is recruited through an array of Rap1 proteins that bind to the 

telomeric repeat sequences (TG1-3)n. At HMR, the Sir protein complex is brought to the 

locus through a compact HMR-E silencer that contains single binding sites for the ORC, 

Rap1p, and Abf1p. Importantly, the rates of Sir protein recruitment to the different 

silencer sequences were similar at the two sites. In contrast, the rates of Sir protein 

assembly onto nucleosomes were profoundly different. At HMR, Sir proteins assembled 

across more than 3 kilobases in a matter of minutes. On the other hand, at telomere VI-R, 
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Sir protein assembly across similar distances took several hours to develop. Furthermore, 

the enhanced rate of Sir protein assembly at HMR was only modestly affected by the 

second silencer at the locus, HMR-I. I considered two possible models to explain these 

results: 1) either the HMR-E silencer promotes the association of Sir proteins with distal 

nucleosomes in a manner not shared by the telomeric repeats, or 2) silenced chromatin at 

the telomere is regulated by more robust anti-silencing mechanisms than at HMR. To 

distinguish between these models, I integrated the HMR-E silencer into the context of 

telomere VI-R chromatin. The HMR-E located at telomere VI-R improved the rate of Sir 

protein assembly onto chromatin considerably, confirming that anti-silencing 

mechanisms were not solely responsible for the dramatic difference in the rate of silenced 

chromatin establishment at the two locations.  Since the silencers at the two locations 

were equally proficient for the recruitment of Sir proteins, I reasoned that the different 

rates of assembly onto chromatin were independent of recruitment. From these results, I 

concluded that the HMR-E silencer promotes the assembly of Sir proteins onto 

chromatin, whereas the telomeric repeat sequences at chromosome VI-R do not.        

 It has long been know that HMR-E is more potent at silencing gene expression 

compared to other silencers in yeast. The results of this study imply that the high 

efficiency of HMR-E is related to the silencer’s ability to not only recruit Sir proteins, but 

also enhance their association with neighboring nucleosomes. Consistent with this 

interpretation, co-expression of both wild-type Sir2p and the catalytically inactive Sir2-

N345Ap mutant (which is predicted to cause a partial defect in Sir2p histone deacetylase 

activity) resulted in severe silencing defects at the telomere VI-R, but had no impact on 
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silencing at HMR. Sir2p activity is not required for recruitment of the Sir complex to 

silencers, but is essential for the subsequent assembly of Sir proteins onto chromatin 

(Hoppe et al. 2002; Rusche et al. 2002). Furthermore, the ability of MAT�  cells to mate in 

conditions of weakened Sir2p activity was unchanged upon deletion of the HMR-I 

silencer. Therefore, the HMR-E silencer alone helps facilitate the persistence of silenced 

chromatin in these suboptimal conditions. 

 In conclusion, I suggest an amendment to the working model of silenced 

chromatin assembly (Figure 2). Whereas the telomere VI-R silencer follows the 

predictions of this model well, the HMR-E silencer promotes both the recruitment of Sir 

proteins to the chromosome and catalyzes their subsequent association with nucleosomes. 

The mechanism by which the HMR-E silencer promotes the assembly of Sir proteins 

across several kilobases remains unknown. I hypothesized that HMR-E promotes the 

assembly of Sir proteins onto chromatin through the formation of higher order chromatin 

structures, either a regional compaction of chromatin or a loop (see Figure 24). Such a 

higher order structures would be predicted to increase the range of Sir2p activity. For 

instance, silencer-bound Sir2p would be in close proximity to multiple nucleosome 

substrates; hence one molecule of Sir2p could deacetylate several nucleosomes prior to 

spreading. However, further experimentation will be necessary to directly test this model. 

Chromosome Conformation Capture (3C) has recently emerged as a useful tool to probe 

for higher order chromatin structures. Consistent with the hypothesis that  higher order 

chromatin structures occur at HMR, two recent studies using 3C have reported elevated 

levels of DNA cross-linking within HMR (Valenzuela et al. 2008; Miele et al. 2009). 
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Curiously, one study showed increased DNA cross-linking between the two ends of 

HMR, consistent with the predictions of a chromatin loop (Valenzuela et al. 2008). The 

other study concluded that increased cross-linking was limited to a smaller region of 

chromatin immediately adjacent to HMR-E on the telomere-proximal side of the silencer, 

which is more consistent with the model of chromatin compaction (Miele et al. 2009). 

Differentiating between these two models will likely require additional 3C experiments 

with strategic placement of restriction endonuclease sites along the length of HMR, which 

would allow for the mapping of locations of higher order chromatin with greater 

precision. Furthermore, if the hypothesis that HMR-E alone mediates the formation of 

higher order chromatin structures is accurate (Figure 24), then the HMR-E silencer 

located at telomere VI-R would also facilitate such structures. Thus, 3C experiments at 

the mutant telomeres generated in the study will be useful to explore the role of HMR-E 

in the formation of higher order chromatin. Finally, although HMR-I did not substantially 

contribute to the rate of silenced chromatin assembly at HMR, it remains possible that 

this silencer enhances the compaction of chromatin. Therefore it will be important to 

perform 3C experiments at HMR in the absence of HMR-I as well.      

 

5.2 Regulators of silencing promote high levels of Sir protein at HMR 

The discovery that the HMR-E silencer acts by a process other than recruitment to 

enable the rapid establishment of silenced chromatin over several kilobases implies that 

the assembly of silenced chromatin is more complex than the original model of simple 

recruitment and spreading indicated. However, these studies focused on the establishment 
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of silencing following the induction of high levels of Sir3p, which is unlikely to reflect 

what happens in nature. Furthermore, changes in the rate of establishment do not always 

result in changes to steady-state silencing (Osborne et al. 2009). Therefore, it was 

important to investigate how HMR-E and other silencers shape the steady-state 

distribution of Sir proteins expressed at endogenous levels. In these experiments, I 

determined that HMR-E maintains Sir proteins over several kilobases at higher levels 

relative to the silencer than does the telomeric repeat at chromosome VI-R. This 

increased level of Sir proteins was observed both when HMR-E was in its native location 

at HMR and when it was translocated to telomere VI-R. Moreover, the enhanced 

association of Sir proteins was observed in the absence of the auxiliary silencer HMR-I, 

indicating that HMR-E achieves this increase on its own. Therefore, in addition to 

accelerating the rate of Sir protein assembly, the HMR-E silencer also increases the 

steady-state association of Sir proteins over several kilobases in a directional manner. 

Previously, I hypothesized that the HMR-E silencer might facilitate the formation 

of a chromatin loop that spans the HMR locus. If a discrete domain participates in such a 

structure, Sir proteins would be predicted to be evenly distributed throughout this region. 

However, I observed a gradual decline in Sir protein association as a function of distance 

from the HMR-E silencer, a result inconsistent with the HMR-E silencer facilitating the 

formation of a stable loop. Instead, transient interactions between silencer-associated 

proteins and nearby nucleosomes may result in the formation of a set of related structures 

that enhance the assembly of silenced chromatin in a distance-dependent fashion. My 

findings that the HMR-E silencer promotes a more stable silenced chromatin domain and 
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mediates some resistance to Sir2-N345Ap, are consistent with this model. The 3C 

experiments described above will likely provide additional insight into nature of the 

chromatin structure at HMR. 

 

5.3 Regulators of silencing at HMR promote higher levels of Sir protein 
than required for known biological functions  

In addition to having a robust silencer in HMR-E, the HMR locus has a second 

auxiliary silencer (HMR-I) and a tRNAThr gene that functions as a boundary element to 

restrict the spread of silencing. This construction of regulatory elements is highly specific 

to HMR. No other location of silenced chromatin in S. cerevisiae contains a tRNAThr 

boundary, or a second silencer that fails to recruit Sir proteins, such as HMR-I. Neither of 

these elements appear to contribute significantly to the rate of Sir protein assembly at 

HMR. However, it is probable that they have important biological functions at HMR in 

certain conditions. To test this hypothesis, I systematically deleted both elements and 

assayed the levels of Sir protein association at HMR. Consistent with the predicted 

silencer function of HMR-I, Sir protein levels were elevated at HMR in the presence of 

the auxiliary silencer. I next tested whether these elevated levels of Sir protein were 

important for the known biological roles of silencing at HMR. Remarkably, in the 

absence of the HMR-I silencer, HMRa1 was completely silenced and the HMR locus was 

resistant to cleavage by the HO-endonuclease. Thus, it remains unclear how the increased 

association of Sir proteins with HMR due to HMR-I contributes to the biological function 

of this silencer. This result is curious considering the sequence of HMR-I is much more 
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conserved among related species of yeast than are the regions that flank the silencer 

(Teytelman et al. 2008), suggesting that HMR-I has a biological function that positively 

impacts the fitness of a yeast cell. One possibility is that HMR-I protects the locus against 

loss of silencing under suboptimal conditions, such as a reduction in deacetylase activity. 

In contrast to laboratory conditions, yeast in nature are subject to varying levels of 

nutrients. Consequently, the activity of Sir2p, which requires NAD+, may fluctuate, 

thereby driving the evolution of mechanisms for maintaining silenced chromatin at HMR 

when NAD+ is limiting. Consistent with this hypothesis, HMR-I helped maintain slightly 

higher levels of Sir protein association with HMR in conditions of weakened Sir2p 

deacetylation activity. It will be useful to test silencing at HMR in different growth 

conditions to determine whether HMR- I helps maintain silencing in conditions of 

environmental stress.  

In contrast to HMR-I, the tRNAThr had no impact on the steady-state levels of Sir 

protein at HMR. As expected the tRNAThr limited the spread of Sir proteins. However, 

even in the absence of the tRNAThr, the levels of extended Sir protein association were 

relatively weak, suggesting the boundary element is not the primary mechanism that 

restricts Sir proteins at HMR. Furthermore, the expression of GIT1, which is the next 

available gene beyond the tRNAThr boundary, was only marginally reduced in the 

absence of the tRNAThr boundary. Therefore, I concluded that capacity of Sir proteins to 

spread beyond HMR was severely limited and that the tRNAThr boundary is necessary to 

block occasional instances of excessive spreading. One striking result of this study was 

the discovery that the tRNAThr gene helped maintain Sir proteins within the HMR cassette 
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when Sir2p activity was compromised, even though it had no effect on the distributions 

of Sir2p or Sir3p in the presence of wild-type SIR2. One possibility is that the tRNAThr 

gene blocks the spread of euchromatin, and in particular acetyltransferases, into the 

silenced locus. It has been suggested that acetyltransferases participate in a spreading 

reaction similar to that of Sir proteins (Bulger 2005). For example, acetyltransferases 

targeted to a particular sequence can acetylate histones over several kilobases (Vignali et 

al. 2000; Yu et al. 2006), and this long-range acetylation is disrupted by nucleosome 

excluding sequences (Yu et al. 2006). Thus, the tRNAThr gene may block the spread of 

euchromatin into HMR. This effect may be particularly pronounced in the absence of 

HMR-I, which helps to stabilize Sir proteins, as I observed. A second possibility is that 

the ability of the tRNAThr gene to recruit cohesins may stabilize silenced chromatin when 

deacetylation is reduced. The tRNAThr gene adjacent to HMR is reported to promote the 

association of cohesion proteins with the silenced HMR locus (Dubey and Gartenberg 

2007). The loss of cohesins has no impact on silencing of HMRa1 (Chang et al. 2005), 

although as shown here, the recruitment of Sir proteins to HMR can be significantly 

impaired and not affect HMRa1 expression. An important future study will be to test the 

effects of cohesion mutants on silencing at HMR in conditions of weakened 

deacetylation. On the other hand, if the tRNAThr functions to block the spread of HATs, 

then replacing the tRNAThr deletion site with nucleosome excluding sequences would be 

predicted to restore tRNAThr function in conditions of compromised Sir2p activity.  
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5.4 Dissecting the properties of HMR-E that mediate efficient silencing 

The properties of HMR-E that are important for recruiting the Sir protein complex 

and silencing the HMR locus in steady-state conditions are well known. In particular, 

HMR-E recruits the ORC, Rap1p, and Abf1p. However, it is unknown if these sequences 

are also the minimal requirements for the high efficiency of HMR-E mediated silencing. 

Therefore, it was important to investigate the properties of HMR-E that contribute to 

silencing beyond what is necessary to silence HMRa1 expression in wild-type conditions. 

I explored the abilities of modified HMR-E silencers to silence HMRa1 expression in 

conditions of weakened Sir2p activity. I discovered that a minimal HMR-E silencer, 

which contains the wild-type consensus sequences for the silencer binding proteins but 

lacks several hundred bases of surrounding DNA, was sufficient to confer mating in 

strains with compromised Sir2p activity. In contrast, a synthetic HMR-E silencer that 

binds ORC, Rap1p, and Abf1p with different consensus sequences from the minimal 

silencer was sensitive to conditions of weakened Sir2p deacetylase activity. I concluded 

that the silencer binding protein consensus sequences that are specific to HMR-E are 

important for the high efficiency of HMR-E promoted silencing. In experiments using 

hybrid silencers with different combinations of consensus sequences from the synthetic 

silencer and HMR-E, silencing at HMR was insensitive to co-expression of Sir2p and 

Sir2-N345Ap in strains with a hybrid silencer containing the ACS of HMR-E. On the 

other hand, silencing at HMR was partially reduced in strains containing a hybrid silencer 

with two copies of the ACS sequences from the synthetic silencer. Therefore, I concluded 

that the ACS of HMR-E was of particular importance. Finally, I discovered that the rate 
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of establishment was severely reduced in the absence of Sir1p, which is recruited to 

HMR-E through interactions with the ORC bound to the ACS.  

The results of this study provide insight into the potential candidates that may 

enable HMR-E to promote the assembly of Sir proteins onto nucleosomes. Neither a role 

for an ACS sequence, nor Sir1p in silencing has been described at telomere VI-R. The 

apparent absence of these functions at the telomere may account for the comparatively 

slow rate of Sir protein assembly. Sir1p is a particularly attractive candidate because it 

has the potential to act as a molecular cross-linker. Sir1p gets recruited to the silencer 

through direct interactions between the BAH domain of Orc1p and the ORC Interacting 

Region (OIR) on the C-terminal half of Sir1p. Recent studies have shown that Sir1p 

contains sequences on its N-terminal half that are homologous to the OIR of the C-

terminus (Connelly et al. 2006; Hou et al. 2009). It is currently unknown if this 

homologous region has a biologically relevant interacting partner. One possibility is that 

the OIR-similar region on the N-terminus of Sir1p interacts with the BAH domain of 

Sir3p. It is plausible that even transient interactions between Sir1p and Sir3p within the 

silenced domain may cross-link Sir3 proteins to the silencer and facilitate the formation 

of higher order chromatin structures at HMR.  

Future studies will be needed to elucidate the mechanisms by which HMR-E 

promotes the assembly of Sir proteins onto nucleosomes. To determine whether Sir1p 

contributes to spreading as well as recruitment, separation of function mutants will need 

to be identified. One approach is to perform an error-prone PCR mutagenesis screen for 

Sir1p sequences that disrupt silencing, but not the recruitment of Sir proteins. It is also 
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possible that other, unidentified factors may be involved. To identify these factors, an 

unbiased, genome-wide screen for mutations that alleviate silencing at HMR in conditions 

of compromised Sir2p activity may be productive. Finally, it has been shown that the 

position of the nucleosomes adjacent to HMR-E facilitate the directionality of the silencer 

(Zou et al. 2006a). It is possible that proper nucleosome positioning may also facilitate 

the rapid loading of Sir proteins onto chromatin. One way to test this hypothesis will be 

to incorporate nucleosome positioning sequences adjacent to weak silencers to determine 

if these sequences convey HMR-E like assembly reactions.   

 

5.5 New model for the establishment and regulation of silenced chromatin 

The current working model for silenced chromatin assembly suggests that Sir 

proteins are recruited to a silencer, then spread linearly across the chromosome through a 

self-reinforcing mechanism of sequential deacetylation (Figure 2). Once this spreading 

reaction has been initiated, boundaries and euchromatin restrict it to appropriate locations 

of the genome. One aspect of this model that has been untested is whether this assembly 

reaction occurs in the same way at all locations and at all silencers. The results of this 

thesis suggest that in fact they do not. I report here that different silencers, and likely 

different types of chromatin structures, play a significant role in determining the 

mechanism of silenced chromatin assembly at different locations. To date, much of the 

literature on the regulation of silenced chromatin has focused on the role of euchromatin 

and boundaries in determining the potential for Sir proteins to spread. Undoubtedly, these 

anti-silencing mechanisms are important to mitigate the ability of Sir proteins to exceed 
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their natural borders. However, the differences in Sir protein assembly rates shown here 

suggest that in the absence of mechanisms that reinforce the association of the Sir 

complex with nucleosomes over an extended region, Sir proteins are inherently limited in 

their capacity to spread beyond one or two kilobases. Consistent with this interpretation, 

even in the absence of boundaries and anti-silencing factors, Sir proteins are largely 

restricted to a small fraction of the genome. The limited capacity for Sir proteins to 

spread is likely vital to prevent the formation of silenced chromatin at inappropriate 

locations in the genome, such as at euchromatic sites for ORC, Rap1p, or Abf1p binding. 

The limited capacity for Sir proteins to spread, in combination with variability in the 

efficiency of silencers to promote spreading, provides S. cerevisiae with an adaptable 

mechanism for fine tuning the levels of silencing that are appropriate for each location. In 

conclusion, the results of this research assign new importance to the silencers in 

determining the relative size, efficiency, and location of silenced chromatin domains in 

the cell.  
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Appendix 

 

Table 1: Oligonucleotide sequences used 

Region Sequence 1 Sequence 2 
PHO5 cttgaacgatgattacgag caagaagtcacgagcatg 
NTG1 caaggttcctcgatttagtg gactccagatcagacaagaac 
ACT1 cagcgcttgcaccatccc gagcttcatcaccaacgtaggag 

YFR057w caatagcctttcaaagcatac gctttgttacgcttgcacttg 
HMRa1 atggaaagtaatttgactaaagtag ccaaactcttacttgaagtggag 
GIT1 gttgctgacgcttcactac gaagactgctactacagaagtc 

HMR (-)1 kb gcaatgactagagaactatcg gatctgaaggttcagtaactc 
HMR-E gcaatagatcatgtactaaac ctgcgcttattctcaaacg 

HMR 1 kb caatacatctccttatatcaaag caatctcagtacctagaatg 
HMR 2 kb gttgatcataagtctcttc ctatgtgtttatacaattgc 
HMR 3 kb ctacaatgcaaccccac tcgacgtcggatttgcg 
HMR 4 kb gcgcagctatttcaattttgg caattctaacataggatggcag 
HMR 5 kb cattcgacgcctactacagaac gtaatgctggaccaggtgatatg 
HMR 6 kb cattgcgtccggttttgctc gttggaaactctagtcgacac 

TEL6R 0 kb ctgagttcggatcactacacac gatcattgaggatctataatcaac 
TEL6R 1 kb gtaggaatgcgaaaggatctgtc gtgctaaaggaatccccagagac 
TEL6R 2 kb gacggaaagagggcagaaag cagcgcacgtttgtttgatg 
TEL6R 3 kb gagttttgtagtagcgatccgac gtagtgtaaccataagaaatccag 
TEL6R 4 kb cgtacttagagtaaccatagc cagcaaaataaccactggtgtttaag 

TEL::HMR-E 0 kb gcaatagatcatgtactaaac gtggatgcacagttcagag 
TEL::HMR-E 1 kb gaccttcataggatgtaagtag catatcactaacttctctcagatc 
TEL::HMR-E 2 kb gacggaaagagggcagaaag cagcgcacgtttgtttgatg 
TEL::HMR-E 3 kb gagttttgtagtagcgatccgac gtagtgtaaccataagaaatccag 

TEL::STF 1 kb caatagcctttcaaagcatac gctttgttacgcttgcacttg 
TEL::STF 2 kb caaattgcaggcaaataaacac gcatgatgatccccaataac 
TEL::STF 3 kb gacatgaatctcctatcgttc gataaatggacctgtccttc 
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