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ABSTRACT OF THE DISSERTAION 
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Professor Michael F. Carey, Chair 

 

 

In the nucleus, the genomes of eukaryotes are packaged with histone proteins to form 

nucleosomes.  Nucleosomes are the biological substrate for all of the processes that require 

access to the genomic DNA sequence. The first half of my research sought to address 

questions related to how one of these processes, transcription by RNA pol II, occurs on 

chromatin and how this process affects chromatin structure.  The second half of my research 

focused on yeast silent chromatin and how it is affected by histone modifications and other 

chromatin factors. Chapter 1 of this dissertation is a general introduction to transcription and 

chromatin biology. This chapter should give the reader a general introduction to the importance 

of these topics, how the two intersect, and the key concepts required to understand the fields 

today. Chapter 2 of the dissertation describes published work demonstrating the cooperation 

between the histone chaperone NAP1 and the chromatin remodeling complex RSC. The data 

shows, in a reconstituted biochemical system, that these enzymes coordinate to evict one H2A-

H2B dimer from the nucleosome and allow elongation through a nucleosome template. Chapter 



 iii 

3 of the dissertation describes work involving the function of a core module of the Rpd3 histone 

deacetylase complex in stabilizing chromatin structure independent of histone deacetylase 

activity. This core complex has both chromatin assembly activity and the capability to block 

nucleosome eviction by the RSC complex. Chapter 4 is a study of telomere position effect 

variegation and heterochromatin in yeast. A key result from the study is that methylation of 

H3K79 blocks the ability of the Sir complex to silence chromatin in vivo and in vitro without 

disrupting the ability of the complex to bind to nucleosomes. Chapter 5, the final chapter, is a 

study that started with a proteomic screen to identify proteins that interact with yeast 

heterochromatin. This screen identified the Ino80 complex as an interactor with 

heterochromatin. This interaction was confirmed in a reconstituted system and subsequent in 

vivo analysis showed that key subunits of the complex are important for silencing the hidden 

mating locus HML. 
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Introduction to Transcription and Chromatin 
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Transcription in Eukaryotes 

Transcription is the biochemical process by which RNA is synthesized from precursor 

nucleotides using DNA as a template. This activity is the first step of gene expression and is 

central to all living organisms. The fundamental importance of regulating transcription is 

highlighted by sophisticated mechanisms that have evolved in the simplest of living systems 

such as the bacteriophage [1]. As organisms become more complex many more layers of 

regulation are observed. For instance, bacteria contain one copy of RNA polymerase, the 

enzyme that catalyzes transcription. In eukaryotes, however, there are three: RNA pol I, II and 

III [2]. Each of which is responsible for the transcription of different classes of genes [3-5].  

 

Beyond the division of labor among RNA polymerases, transcription in eukaryotes is heavily 

influenced by genomic structure. Eukaryotic genomes are organized into a compact protein-

DNA structure termed chromatin. This structure not only serves to compact and protect 

eukaryotic genomes, but it also regulates the nuclear processes that require access to the 

underlying DNA sequence. This includes DNA replication, DNA repair, and transcription [6-8]. 

Chromatin has many orders of organization [9], but the most basic repeating unit is the 

nucleosome. The nucleosome is comprised of 145-147 bp of DNA wrapped around a globular 

histone octamer (containing two copies of each of the histones H3, H4, H2A, and H2B) [10]. 

Sticking out from the nucleosome core are the unstructured N-terminal tails of the histones 

which are subject to numerous posttranslational modifications [11].  

 

RNA pol II transcribes all of the protein coding genes in eukaryotes. Transcription by pol II is 

regulated by the coordinated actions of activators, coactivators, and transcription factors. These 

proteins control many key events required for the transcription of a gene. Steps controlled by 

these factors includes assembly of the preinitiation complex (PIC), phosphorylation of the pol II 

C-terminal domain (CTD), promoter escape, and the transition to productive elongation [12].  
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 In chromatin, nucleosomes act as general repressors to transcription by pol II. They inhibit both 

the steps of initiation and elongation [13]. Because of this repressive function, additional 

proteins are required for transcription in the context chromatin [8]. Interestingly, during 

elongation, not only must these factors permit pol II to elongate the full length of the transcribed 

gene, but they must also maintain the chromatin structure within gene bodies. Failure to 

properly coordinate this process can cause aberrant transcription initiation to occur inside open 

reading frames [14].  

 

The research in this dissertation utilized a biochemical approach to study the processes that 

occur during transcription on chromatin. Expanding on earlier research [15], an in vitro system 

was developed. This system consists of purified S. cerevisiae protein complexes and defined 

chromatin templates. It was designed to test the functions of specific enzymes and chromatin 

modifications thought to function during transcription elongation by pol II. Of particular interest in 

these projects were two questions: 1) what enzymes facilitate nucleosomal elongation by pol II 

and 2) how is chromatin structure maintained during the process? This research resulted in the 

discovery of a novel synergy between two chromatin proteins in simultaneously facilitating 

elongation by pol II and maintaining histone density [16]. Results also revealed a previously 

unknown activity for another protein complex in stabilizing the nucleosomes of transcribed 

genes [17]. 

 

Chromatin and Genome Organization 

Chromatin within the cell exists in two general states: euchromatin and heterochromatin. Emil 

Heitz coined the terms in 1928 [18]. By staining cells with carmine acetic acid, he observed that 

most chromatin transitioned through states of condensation and decondensation with the cell 

cycle. Other regions, however, remained condensed and stained throughout the cell cycle. He 
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called these deeply staining regions ‘heterochromatin’ as opposed to the euchromatin or ‘true 

chromatin.’ The distinction remains to this day and many of the mechanisms that regulate these 

states have been determined. Euchromatin is an open and accessible chromatin state 

associated with active regions of the genome. Heterochromatin is a dense and compact 

structure associated with silent regions of the genome [19].  

 

The idea that chromatin is a repeating unit of histones and DNA was proposed by Rodger 

Kornberg in 1974 [20], based on biochemical and x-ray diffraction studies. Independently, 

electron micrographs of chromatin revealed chain-like structures of 10 nm particles along DNA 

[21-23].  This is the most basic conformation of chromatin, termed the 10 nm fiber or “beads-on-

a-string.” The 10 nm fiber can fold onto itself and compact to form a higher order structure called 

the 30 nm fiber [24].  30 nm fibers can further fold and interact to form even higher levels of 

order, but little is known about those levels of organization. 

 

Cytological studies have shown that, at the chromosomal level, individual chromosomes occupy 

nonrandom regions of the nucleus, forming discrete “chromosome territories” [25]. The function 

of chromosome territories and the mechanisms that regulate them are areas of active research. 

Recent studies utilizing high throughput methods based on the chromosome conformation 

capture technique have confirmed chromosome territories and revealed further levels of 

genome organization [26]. 

 

Nucleosome Structure 

A high resolution crystal structure of the nucleosome core particle was published in 1997 [27]. 

This structure revealed the protein-protein interactions present within the histone octamer and 

the histone-DNA interactions between the octamer and nucleosomal DNA (Figure 1). The 

histone tails were mostly not present in the crystal structure. They are thought to be 
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unstructured and extend away from the nucleosomal DNA. The structure does show that the tail 

of histone H4 can interact with a neighboring nucleosome, possibly stabilizing higher order 

structures. In general, the tails are believed to serve mostly regulatory functions because they 

contain the sites of the majority of posttranslational histone modifications. 

 

Histone Modifications 

The posttranslational modification (PTM) of proteins is a mechanism that allows cell to regulate 

protein activity after synthesis. Histone proteins are remarkable in that they are subject to a 

multitude of modifications at many different sites.  These include the acetylation of lysines, the 

methylation of lysines and arginines, the phosphorylation of serines and threonines, and much 

more. Methylation of lysines can occur in three states: mono-, di- and tri-methyl. Arginine 

methylation can occur in up to four different states. A recent study utilizing advanced proteomic 

technology identified 130 different PTM sites on histones, 67 of which were previously 

undiscovered [28].  

 

Histone modifications regulate chromatin function through two distinct mechanisms. First, they 

may alter the binding affinity of non-histone proteins to chromatin. Domains within non-histone 

proteins such as chromo-, bromo-, and PHD domains have been shown recognize specific 

modified histones and influence the function of the proteins that contain them [29-32]. The 

second mechanism is that histone modifications can influence the higher order structure of 

chromatin. This can be mediated by a change the charge of the histones or by altering 

nucleosome-to-nucleosome interaction surfaces. Both of these mechanisms are utilized by the 

cell to regulate gene expression (reviewed in [11]). 

 

The first paper linking histone methylation and acetylation to gene regulation was published in 

1964 [33], but it took 40 years to discover the enzymes responsible for adding and removing 
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these marks. The laboratory of C. David Allis discovered the first histone acetyl transferase 

(HAT) in 1996 [34]. This was followed by the discovery of the first histone deacetylase (HDAC) 

[35], histone methyltransferase (HMT) [36], and, finally, the first histone demethylase in 2004 

[37]. The advent of genome wide chromatin immunoprecipitation technologies has enabled the 

distributions of many histone modifications to be determined. This has allowed their presence or 

absence to be correlated with the transcriptional state of all the genes [8]. 

 

Numerous modifications of have shown to affect other modifications in a phenomenon known as 

histone crosstalk [38-41]. For instance, the presence of one modification may be required prior 

to the deposition of another.  It has been observed that specific patterns of histone modifications 

tend to co-occur in specific contexts. Some modifications are found in active genes while other 

modifications are found in repressed genes. This led to the proposal of the “histone code” 

hypothesis which states that specific combinations of modifications lead to distinct 

transcriptional outcomes [42].  The hypothesis has remained controversial and as new layers of 

regulation in chromatin biology have been discovered, the complexity of histone crosstalk has 

even been described as a “language” [43].  

 

Interestingly, histone modifications exist outside of chromatin. In fact, they start in the cytosol 

either during or shortly after translation by the ribosome [44, 45].  Histone acetylation of H4K5 

(H4K5Ac) and H4K12 (H4K12Ac) in newly synthesized H4 are conserved modifications 

throughout the eukaryotic domain [46]. These two marks appear to be involved in a set of 

sequential steps required for import of H3-H4 dimers into the nucleus [45]. After import into the 

nucleus, H3K56 is acetylated prior to histone deposition [47, 48]. In S. cerevisiae, the nuclear 

HAT RTT109 makes this modification before the H3-H4 dimers are assembled into chromatin 

[49]. Without this modification, or the assembly factors that recognize it, genomic instability is 

observed [50].  The presence of these marks prior the deposition of histones means they will be 
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present in chromatin at areas of DNA replication and histone exchange, unless they are actively 

removed.  

 

H3K4 methylation is a modification associated with actively transcribed genes. S. cerevisiae 

contain one complex, Set1/COMPASS, that produces this mark, while humans contain 6 

COMPASS complexes [51].  Methylation of H3K4 is enriched at the promoters and coding 

regions of actively transcribed genes [8]. In mammalian systems, it has been shown to enhance 

transcription. This occurs via the recruitment of positive effector proteins such as 

chromodomain-containing remodeling complexes, MYST family HATs, and the TFIID initiation 

complex to the promoters of genes [11, 52-55]. Set1/COMPASS complex is thought leave the 

promoter and associate with the elongating Pol II leading to some methylation within the gene 

body [56, 57].  

 

In contrast to more complex eukaryotes, H3K4 methylation in S. cerevisiae is not essential [58] 

and the chromodomain-containing enzyme CHD1 does not recognize methylated H3K4 [54]. 

However, there is still a growth phenotype in its absence, indicating that it is required for optimal 

fitness. The modification appears to be important for regulating histone acetylation levels and 

promoting efficient termination of unstable transcripts [59, 60]. 

 

The general acetylation of lysines on histones positively correlates with transcription. In S. 

cerevisiae, SAGA and NuA4 are the most abundant HAT complexes involved in transcription. 

SAGA primarily acetylates H3 and H2B while NuA4 acetylates H4 and H2A. These enzymes are 

recruited to promoters by activators and co-activators [60]. They are also believed to function 

within the coding regions of genes facilitating pol II elongation. The acetylation marks lower the 

positive charge on histone tails and recruit the bromodomain-containing remodeling complexes 

RSC and SWI/SNF [8, 61, 62]. 
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H3K79 methylation by Dot1 is another modification associated with active transcription. This 

mark is found in the coding regions of transcribed genes and the level of enrichment correlates 

with transcriptional activity. The Dot1 enzyme associates with the elongating pol II through 

interaction with the Paf1 complex [56]. H3K79 methylation blocks the repressive activity of the 

heterochromatic Sir proteins [63] and is also speculated to serve as a transcriptional memory 

[64]. 

 

H3K36 methylation is also associated with the coding regions of transcribed genes. This mark is 

a product of the Set2 enzyme [65]. Set2 is recruited to coding regions directly by elongating 

RNA pol II via an interaction with the phosphorylated CTD [66]. This mark recruits the Rpd3S 

HDAC complex to deacetylate the nucleosomes in the coding regions of genes after pol II 

passage [67]. 

 

In S. cerevisiae silent regions of the genome are typically void of the activating marks, but other 

eukaryotes possess specific modifications associated with silent chromatin. These include the 

methylation of H3K9 and H3K27, which recruit the heterochromatic HP1 and PRC1 complexes 

[11, 68] 

  

Histone Variants 

In addition to the canonical histones described above, there are variant histones that further add 

to the complexity of chromatin biology. These alternative histones are incorporated into 

chromatin and have the potential to create nucleosomes with altered structures and functions. 

Variants are involved in numerous biological processes including DNA repair, chromosome 

segregation, and transcription. Some variants are lineage specific while others are nearly 

universal among eukaryotes (reviewed in [69]).  
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All eukaryotes possess an alternative H3 histone present at centromeres termed CenH3. 

CenH3 is divergent from canonical H3, lacking the N-terminal tail and only sharing about 50-

60% sequence homology in the histone fold domain [69]. The nucleosomes it forms have a very 

different structure than canonical nucleosomes [70].  The function of CenH3 is to epigenetically 

define the centromere and it is required for kinetochore assembly [71]. The composition of 

CenH3 nucleosomes has been a subject of controversy, with proposals of mutually exclusive 

models. One model suggests that CenH3 forms right-handed hemisomes with one copy each of 

CenH3, H4, H2A, and H2B [70]. 

 

A second conserved H3 variant is H3.3. Phylogenetic analysis shows that H3.3 is the ancestor 

to H3 [72]. In mammals H3.3 only differs from canonical H3 by four amino acids. It functions as 

part of the replication-independent chromatin assembly pathway [72, 73], which means that 

outside of DNA replication it is the H3 variant that is incorporated into chromatin. S. cerevisiae 

only encodes H3.3 and therefore it is utilized in both replication-independent and replication-

dependent pathways. The exact function of H3.3 is unclear, but studies in metazoan systems 

indicate it is important in germ line development [74]. 

 

The histone variant H2AZ is found in eukaryotes from yeast to mammals. Genome wide it is 

found near transcription start sites where it can positively influence transcription [75]. The crystal 

structure of nucleosomes containing this variant reveal there are no substantial changes in 

structure when compared to canonical nucleosomes [76]. Some evidence indicates that 

nucleosomes containing H2AZ may be less stable than canonical nucleosomes in vivo [77, 78]. 

However, an in vitro study did not detect significant differences in stability [79]. These conflicting 

results may be explained by other factors in the nuclear environment. Indeed, H2AZ contains 
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unique modification sites [80], which may result in decreased stability and an open chromatin 

structure. 

 

Histone Chaperones in Transcription 

Histone chaperones are a large class of proteins that are defined by their ability to bind to 

histones. These proteins are required for the assembly of nucleosomes under physiological 

conditions, shuttle histones into the nucleus, facilitate modifications, and promote transcription 

[81-83]. 

 

Facilitates Chromatin Transcription (FACT) is a heterodimeric complex that was discovered 

based on its ability to stimulate transcription on chromatin in vitro [84]. Human FACT (hFACT) 

consists of the Spt16 and SSRP1 subunits, while yeast FACT (yFACT) contains Spt16, Pob3, 

and possibly Nhp6 [85]. In S. cerevisiae both Spt16 and Pob3 are essential for viability. It has 

been shown by ChIP to enrich in the coding regions of genes and associate with the elongating 

RNA pol II [86, 87]. Mutations in the complex hinder elongation and cause defects in the 

chromatin structure of gene bodies [88]. It is believed to promote transcription by destabilizing 

H2A-H2B dimers during elongation and then to reassemble nucleosomes behind pol II [89-91]. 

 

Spt6 is another essential histone chaperone complex. Like FACT, Spt6 associates with the 

elongating Pol II during transcription and has chromatin assembly activity in vitro [87, 92, 93]. A 

tandem SH2 domain is believed to mediate the interaction with the elongating pol II by 

recognizing phosphorylated serines on the CTD [94]. Again, like FACT, mutations in Spt6 result 

in defects in the chromatin structure of open reading frames [88]. 

 

Asf1 is a histone chaperone that specifically interacts with H3-H4 dimers. It is involved in the 

H3-H4 nuclear import pathway and facilitates the acetylation of H3K56 on newly synthesized 
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histones [45, 95]. The crystal structure of Asf1 in complex with H3-H4 was solved and shows 

that its interaction with the dimer blocks formation of the H3-H4 tetramer [96]. This supports the 

model that Asf1 can function as a nucleosome disassembly protein, which has been suggested 

in numerous in vivo studies [97-99]. However, Asf1 has also been shown to be important in 

chromatin assembly [97, 100], indicating that its role in chromatin dynamics may be complex. 

 

NAP1 is a homodimeric chaperone that is involved in many biological activities. These include 

the shuttling histones into the nucleus and the promotion of nucleosome reassembly during 

transcription elongation [101, 102]. In vitro, it is a very potent nucleosome assembly factor [103] 

and has been shown to interact with both H3-H4 tetramers and H2A-H2B dimers [104]. The in 

vitro properties of this enzyme in histone binding and chromatin assembly have been well 

studied. Thermodynamic models suggest that NAP1 preferentially binds to H3-H4 tetramers and 

assembles them on to DNA, forming tetrasomes. It then binds to H2A-H2B dimers and deposits 

them onto tetrasomes to form nucleosomes [105]. Additionally, it removes H2A-H2B dimers that 

are associated non-specifically with DNA, which further promotes nucleosome assembly [106]. 

Some biochemical studies have linked it with transcription [107, 108] and in Chapter 2 of this 

dissertation I will show that it can cooperate with a chromatin remodeling complex to facilitate 

elongation on chromatin in vitro. 

 

ATP-dependent Chromatin Remodeling Enzymes 

ATP-dependent chromatin remodeling enzymes (ATPases) are enzymes that utilize the 

hydrolysis of ATP to disrupt histone-DNA contacts. ATPases have several activities including 

nucleosomes spacing, eviction, and the exchange of histone variants. They can be categorized 

into four main families: the SWI/SNF family, the Ino80 family, the CHD family, and the ISWI 

family [109]. 
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The S. cerevisiae SWI/SNF complex was the first ATPase to be discovered. Subunits of the 

complex were identified in genetic screens designed to identify regulators of the HO and SUC2 

genes (for review see [110]). Later, it was shown that the isolated complex could alter 

nucleosomes in vitro and promote transcription factor binding [111].  The second SWI/SNF 

family member in yeast is the RSC complex. This essential ATPase was discovered based on 

homology to the SWI/SNF complex [112]. Both SWI/SNF and RSC contain bromodomains that 

selectively recognize acetylated histones [113]. 

 

The Ino80 family of ATPases includes the Ino80 complex (Ino80C) and the SWR1 complex 

(SWR1-C). This family is characterized by a split ATPase domain and the presence of the Rvb 

proteins [114]. In yeast, both ATPases have been shown to exchange histone variants of H2A. 

SWR1-C incorporates H2AZ into chromatin and Ino80C removes it [115, 116]. Both complexes 

are involved in DNA repair and transcription [114]. 

 

Heterochromatin in S. cerevisiae 

Heterochromatin in S. cerevisiae is characterized by the presence of the Silent Information 

Regulator (Sir) complex, which consists of the proteins Sir2, Sir3, and Sir4, and the lack of 

histone acetyl- and methylation. The Sir proteins bind to silencer elements encoded in the 

genome and spread along chromosomes to form a silent chromatin structure (for review see 

[117]). Silencing elements are present in the telomeres and flanking the silent mating loci. The 

Sir proteins were originally identified with a genetic screen that identified genes required for 

repression of a gene cassette inserted into the silent mating type loci [118].  

 

The silent mating loci, HML and HMR, contain unexpressed copies of the MAT locus alleles α 

and a respectively. These alleles encode regulators of the two haploid mating types and the 

diploid formed after mating. In haploid cells, the presence of either α or a alleles at the MAT 
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locus (MATα or MATa) determines the mating type of the strain. Haploid cells are only able to 

with other haploid cells of the opposite mating type. When the cells mate to form a diploid, both 

a copy of MATα and MATa will be present which expresses the diploid program and prevents 

further mating.  Through a tightly controlled and site-specific homologous recombination event, 

the MAT locus alleles can be replaced with copies from the silent mating loci. This process 

allows yeast to switch their mating type up to once per generation [119]. The proper silencing of 

HML and HMR is essential to ensure that haploid strains express only one mating type allele 

and are able to mate.  In fact, the silent mating type loci are two of the least transcribed regions 

in the genome [120]. 

 

The Sir complex has served as a very important model system to study the properties 

heterochromatin and gene silencing. The complex consists of the proteins Sir2, Sir3, and Sir4. 

Sir2 is the most well known proteins of the three because it was the first member of the sirtuin 

family of proteins to be discovered.  Sir2 is an NAD-dependent HDAC that forms a dimer with 

Sir4. It is known to deacetylate H3K9, H3K14, and H4K16. When the deacetylation reaction 

occurs one molecule of an NAD metabolite called O-acetyl-ADP ribose (AAR) is produced. AAR 

has been shown to promote Sir3 binding to Sir2 and Sir4 and cause a conformation change in 

the Sir complex [121]. Both Sir3 and Sir4 are non-enzymatic proteins, but they perform 

important structural roles in yeast heterochromatin [117]. 

 

Sir3 contains a conserved bromo-adjacent homology (BAH) domain that has been the subject of 

many studies.  Mutations within the domain have been shown to disrupt silencing [122].  

Protein-protein interaction studies revealed that the BAH regulates the binding of Sir3 to 

nucleosomes through interactions with the H4 tail and the H3 globular domain [123]. A crystal 

structure of the BAH domain in complex with the nucleosome provided a molecular 

understanding of how these interactions occur [124]. When Sir3 is in contact with the 
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nucleosome it has interactions with the H4 tail near residues H4K16 and with the H3 globular 

domain near H3K79. As noted, H4K16 is subject to acetylation and H3K79 to methylation. 

Mutations in either of these residues have been shown to disrupt silent chromatin function [64, 

125]. Additionally, in vitro results have shown that the Sir complex is inhibited from silencing 

transcription on H4K16 acetylated and H3K79 methylated templates [63, 126]. 

 

As mentioned, the Sir complex assembles on silencer elements and spreads outward to create 

silent regions.  At the telomere, the Rap1 transcription factor binds to TG1-3 repeats and directly 

interacts with Sir4. Recruitment of Sir4 brings in Sir2, which then facilitates the binding of Sir3 

[117]. At the HM loci, a similar mechanism occurs. These regions are flanked by silencing 

elements termed E and I (for Essential and Important). E and I serve as binding sites for the 

transcription factors Rap1, Abf1 and Orc1. These proteins interact with Sir1 which cooperates 

with the transcription factors to bring in Sir4, Sir2 and Sir3 [117]. 

 

One of the interesting aspects of heterochromatin is the ability for it to spread from initiation 

sites along chromosomes to create silent domains independent of the underlying DNA 

sequence.  The Sir proteins achieve this via the enzymatic activity of Sir2 and the interactions of 

the complex with histones H3 and H4 and each other.  The current model suggests that Sir2 

deacetylates its target substrates in adjacent nucleosomes. The deacetylation of H4K16 creates 

high affinity binding site for Sir3, which in turn recruits more Sir4 and Sir2. This process 

continues in iterative cycles as the proteins spread outward from the silencing element and 

create a silent region (see Figure 2) [117]. The spreading thought to be stopped when the 

heterochromatin reaches a barrier (or insulator) element. Barrier elements surrounding the HM 

loci have been identified as nearby genes and upstream activator sequences. In the 

subtelomeric regions elements called STARs, which recruit Reb1 and Tbf1 transcription factors, 

have been are associated with barrier function [127, 128]. These barriers likely exert their effect 
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by the recruitment of chromatin modifying enzymes that block spreading.  The acetylation of 

H4K16 by Sas2 and methylation of H3K79 by Dot1 have been shown to be important for 

preventing the spreading. Additionally, some screens have identified a function for TFIID, 

mediator, SWI/SNF, and other chromatin proteins in blocking the spreading of heterochromatin 

[128]. This indicates the potential for multiple and overlapping functions utilized to restrict Sir 

complex spreading. 

 

The precise mechanism by which the Sir proteins block transcription remains unknown. 

Different in vivo studies have been published suggesting that the Sirs block either PIC assembly 

or initiation [129, 130]. The conflict between these studies was partially resolved by recent in 

vitro work that suggested that the Sirs function to block both steps [131].  Thus, it is possible 

that the Sirs function at both steps and gene-to-gene variability may influence which one the 

Sirs function at. 

 

Multiple studies have shown that merely the presence of the Sir proteins is not sufficient for 

gene silencing in vivo. The deletions of Spt10 and Spt21, mutations in H3K56, and the presence 

of H3K79 methylation have all been shown to disrupt silencing without significantly altering the 

Sir protein binding to genes [63, 132, 133]. It is possible that this phenotype may be due to 

changes in higher order structure of the silent regions. This is supported by the increased dam 

methylase accessibility observed in some of these studies [132, 133]. Further support for a role 

of higher order structure or nuclear organization comes from cellular imaging studies show that 

Rap1, the Sir proteins, and silent regions form clusters at the nuclear periphery [134-136]. 

Furthermore, 3C techniques have shown that HML and HMR associate with each other in a 

manner that is dependent on the Sir proteins [137]. 

 

Transcription Elongation on Chromatin 
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Transcription of a gene starts with the assembly of the PIC at the gene promoter. After initiation 

begins, RNA pol II is phosphorylated on the CTD and initiation factors are exchanged for 

elongation factors [138-140]. At the 5’ end of the gene the CTD repeats are phosphorylated on 

serines 5 and 7. As the polymerase moves away from the transcription start site and towards 

the 3’ end of the gene, phosphorylation at serines 5 and 7 decreases and phosphorylation at 

serine 2 increases [87, 141]. A primary function of serine 5 phosphorylation is the recruitment of 

the 5’ capping enzymes. In fact, inviable strains of fission yeast lacking all copies of serine 5 can 

be rescued by fusion of the capping enzymes to RNA pol II [142]. Ser2 phosphorylation appears 

to have functions beyond RNA processing. While it is involved in 3’ processing [143], it also is 

recognized by histone chaperone Spt6 and histone methyltransferase Set2 [94, 144]. Spt6, 

however, is recruited to the pol II elongation complex very early during transcription, along with 

the Paf complex, FACT, and Spt4/5 [87]. Based on the proteins associated with the elongating 

pol II, it can be inferred that two very important activities that must be coupled with RNA 

synthesis are RNA processing and chromatin regulation. 

 

Several studies from the late 1980’s demonstrated that nucleosomes are repressive to 

transcription both in vivo and in vitro [145-148].  How this barrier is overcome, and what 

happens to histones in coding regions during transcription, has been the subject of much 

research and a lot of emphasis has been focused on the proteins associated with elongating pol 

II (for reviews [8, 13, 149]). ChIP studies show that some histones remain in the coding regions 

of transcribed genes and undergo constant exchange [150]. As mentioned in the section on 

histone chaperones, mutations in FACT, Spt6, and Asf1 lead to defects in the chromatin 

structure of open reading frames. Their loss leads to reduction in the histone density within 

coding regions. This, in turn, results in transcription from cryptic promoters within genes. In fact, 

mutations in many proteins associated with elongation cause cryptic transcription phenotypes 

[14].  In one interesting paper, the FACT complex was shown to deposit histones in a 
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nucleosome depleted region during transcription [151]. These findings suggest that both 

disassembly and assembly of nucleosomes are coupled to the transcription elongation 

machinery, perhaps independently.  

 

The current model in the field suggests that histones H3 and H4 are acetylated in coding 

regions of transcribed genes by the histone exchange pathway and the presence of SAGA and 

NuA4. These acetylation marks are thought to recruit RSC and SWI/SNF to evict the 

nucleosomes in front of pol II. Chaperones like Spt6, FACT, and Asf1 reassemble the 

nucleosomes behind pol II. Some of this reassembly is likely to come from recycling the 

preexisting histones and the rest comes from histone exchange [150]. Behind pol II, Set2 

methylates the nucleosomes at H3K36, which recruits the Rpd3S HDAC. Reassembly of 

nucleosomes behind pol II and deacetylation by Rpd3S maintains histone density in the coding 

regions and prevents cryptic transcription. Evidence suggests that the chromatin remodelers 

Isw1b and Chd1 function in the coding regions behind RNA pol II (Isw1b recognizes H3K36 

methylation) to organize the chromatin and suppress histone exchange [152]. Refer to Figure 3 

for a schematic of the model. 

 

In vitro studies of elongation through chromatin have yielded insights into both the nature of the 

nucleosomal barrier and the mechanisms of nucleosome traversal by pol II. Results from 

several labs show that the strongest barriers to traversal are the histone-DNA contacts near the 

dyad of the nucleosome [15, 153-155]. Not surprisingly, the region near the dyad was shown to 

contain the strongest histone-DNA contacts [156]. Weakening histone-DNA contacts, with high 

ionic strength conditions or histone Sin mutations, stimulates elongation [157]. Studies under 

these conditions have shown that transcription of the nucleosome by pol II can displace the 

entire histone octamer or one H2A-H2B dimer [158]. Similar results were obtained using atomic 

force microscopy to observe the hexasome on individual templates after pol II passage [159]. 
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The results of these experiments, and ones described below with the histone chaperone FACT, 

collectively point to formation of a hexasome as a key step in pol II transcription through a 

nucleosome.  

 

In vitro studies have also demonstrated functions for proteins and histone modifications in 

specifically stimulating transcription by pol II on chromatin. Work form the Reinberg and 

Studitsky labs showed that hFACT is able to directly stimulate nucleosome traversal by pol II in 

a purified system. The current model is that hFACT interacts with the DNA binding surface of 

the H2A-H2B dimer. This interaction promotes uncoiling of the nucleosome during transcription 

and reassembly of a hexasome behind the polymerase [160]. In another study the human 

bromodomain-containing histone chaperones Brd2 and Brd3 specifically stimulated elongation 

on acetylated chromatin [161]. Finally, in the same system used in this dissertation, RSC and 

SWI/SNF were shown to utilize ATP to stimulate elongation by pol II in a reaction that was 

enhanced by histone acetylation by SAGA and NuA4 [15]. 

 

Next generation sequencing technologies have enabled the development of multiple methods 

for analyzing transcription by RNA pol II in the nucleus. One such development is the global 

nuclear run on (GRO-seq) assays. This method detects where actively engaged RNA pol II is 

present in the genome. This is in contrast to ChIP assays of RNA pol II that show where it is 

present, but cannot distinguish the actively transcribing pol II. Correlating GRO-seq data with 

genome wide ChIP data for histones showed that in mammalian cells active genes tend to have 

a large fraction of engaged RNA pol II paused proximal to the promoter and just upstream of a 

nucleosome [162], which suggested that the nucleosomal barrier may be a cause for this RNA 

pol II pausing. However, a higher resolution version of this technique (termed precision nuclear 

run on, or PRO-seq) used in D. melanogaster cells seemed to show that promoter proximal 
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pausing does not precisely correlate with the nucleosome, and thus the paused RNA pol II 

found in metazoans may be blocked by something other than the nucleosomal barrier [163].  

 

In yeast a third approach was developed. Termed native elongating transcript sequencing (NET-

seq), this technique involves purifying RNA pol II from cells, sequencing the nascent RNA, and 

then mapping it to the genome [164]. Churchman and Weissman used this method to create a 

map of transcription at single nucleotide resolution. In order to analyze transcriptional pausing, 

the authors did the analysis in cells lacking Dst1. Dst1 is the yeast homolog of TFIIS, which is 

an elongation factor that stimulates the RNA pol II 3’ cleavage activity. This activity is required 

for pol II to reengage in transcription after it backtracks at a barrier. Kireeva and colleagues 

demonstrated that this activity promotes pol II transcription through nucleosomes [153]. 

Therefore, by deleting Dst1, sites of pol II backtracking should be identifiable. The results of the 

NET-seq experiment show that pol II naturally pauses throughout gene bodies. When that data 

is correlated with nucleosome positioning data it shows a pattern of pausing right before the 

dyad axis in the second, third, and fourth nucleosome of transcribed genes [164]. This indicates 

that even in the context of a living cell, with all of the elongation factors, nucleosomes still 

generate a barrier to elongation that must be overcome. 

 

Summary of Dissertation 

The work in this dissertation falls into two categories. Chapters 2 and 3 address the questions of 

how RNA pol II is able to overcome the nucleosome barrier and how this process affects 

chromatin structure.  A reconstituted system was used to test the activities of a variety of 

ATPases and histone chaperones in facilitating transcription elongation and maintaining 

chromatin structure. Chapters 4 and 5 investigate the properties of yeast heterochromatin in 

vitro and in vivo, with chapter 5 being a discovery-based project designed to identify new 

components of heterochromatin and analyze their function.  
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Chapter 2 of this dissertation is a reprint of work published in PNAS. This study screened the 

activities of the histone chaperones Nap1, Spt6, FACT, and Asf1 in stimulating transcription 

elongation with the ATPase RSC. Of these chaperones, NAP1 had the most profound effect on 

transcription. While RSC has the capacity to evict the histone octamer from the template, we 

found that in the presence of NAP1 only one H2A-H2B dimer is lost, leaving a hexasome on the 

template. 

 

Chapter 3 is a reprint of work published in Current Biology. This study investigated the activities 

of the Rpd3S HDAC complex. The results showed that Rpd3S was repressive to elongation. It 

could both prevent octamer eviction by RSC and act as a histone chaperone to deposit histones 

onto DNA. In vivo experiments showed that Rpd3S functions to stabilize nucleosomes even 

without its catalytic HDAC activity. 

 

Chapter 4 is a reprint of work published in Genes and Development. The main goal of this 

project was to investigate the phenomenon of telomeric position effect variegation in yeast. 

Major findings showed that the methylation of H3K79 was the critical difference between active 

and silenced genes in near the telomere. Surprisingly, Sir proteins were present at both the 

active and silenced loci. In vitro work confirmed that H3K79 methylation was sufficient to block 

the repressive activities of the Sir proteins even under conditions where their binding to the 

template was unaffected.  

 

Chapter 5 is based on a project that started with the proteomic analysis of reconstituted yeast 

heterochromatin. In this project reconstituted chromatin and heterochromatin were incubated 

with yeast nuclear extract and the interacting proteins were identified by mass spectrometry. 

The comparison revealed that the Ino80 complex was one of the major complexes enriched in 
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heterochromatin. This interaction was confirmed by western blot and a genetic screen revealed 

that two subunits of the Ino80 complex, Arp5 and Ies6, were critical for maintaining silencing of 

the HML locus. 
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Figure 1. Crystal structure of the nucleosome core particle. The histone octamer, consisting of 

two copies each of H3 (yellow), H4 (red), H2A (blue), and H2B (orange) is shown wrapped by 

146 bp of DNA (gray). The black arrow indicated the nucleosomal dyad. 
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Figure 2. Model Sir complex spreading at the telomere.  (1) Rap1 bound to the TG1-3 repeats in 

the telomere directly interacts with Sir4 to bring in the Sir2-Sir4 dimer. Sir3 is unable to bind 

because of H4K16 acetylation. (2) Sir2 deacetylates H4K16, which allows Sir3 to bind. Sir3 then 

recruits more Sir2-Sir4. (3) The cycle repeats and spreading of heterochromatin occurs. 
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Figure 3. Model of nucleosome regulation during transcription elongation. Pol II is shown 

transcribing a nucleosomal array. In front of pol II, the SAGA and NuA4 HAT complexes 

acetylate nucleosomes. This acetylation recruits RSC and SWI/SNF ATPases, which coordinate 

with the elongating pol II and histone chaperones to facilitate nucleosomal transcription via 

nucleosome eviction and dimer exchange. Behind the polymerase, nucleosomes are assembled 

both in cis, with histones that were present before transcription, and in trans with newly 

synthesized histones. Set2, which is associated with the phosphorylated CTD of the transcribing 

pol II, methylates these nucleosomes at H3K36. H3K36 methylation recruits the Rpd3S HDAC 

complex to deacetylate nucleosomes behind pol II. The chromatin remodeling complexes Isw1 

and Chd1 function behind the polymerase to organize chromatin in its wake. 
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Chapter 2 

Histone density is maintained during transcription mediated by the 

chromatin remodeler RSC and histone chaperone NAP1 in vitro 
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Introduction 

The genomes of eukaryotes are organized into two general categories of chromatin: 

euchromatin and heterochromatin. Euchromatin contains active regions of the genome and is 

characterized by an open and accessible structure. Heterochromatin, on the other hand, 

contains inactive regions and has a compact structure. The proteins that make up 

heterochromatin vary among organisms but similar strategies for the initiation and spreading of 

heterochromatin are shared. In this respect, S. cerevisiae serves as an important model 

organism for the study of heterochromatin. 

 

In S. cerevisiae, gene silencing in heterochromatin is dependent on the Silent Information 

Regulator (Sir) proteins. The Sir proteins were originally identified in genetic screens for 

activation of the silent mating loci HML and HMR, but they also function at the telomere [1, 2]. 

Sir2, Sir3, and Sir4 form the key structural components of heterochromatin. Binding of the Sirs 

is directed by silencer elements encoded in the genome. HML and HMR are flanked by silencer 

elements termed E and I, for ‘essential’ and ‘important’ functions in silencing the loci (Fig 1A and 

B) and the telomere contains TG1-3 repeats (Fig 1C). The Sir proteins assemble on silencer 

elements based on interactions with the sequence specific binding factors (Rap1, Orc1, and 

Abf1) and each other [3]. Spreading occurs via the deacetylation of H4K16 on adjacent 

nucleosomes by the NAD-dependent histone deacetylate (HDAC) activity of Sir2 [4-6]. 

Deacetylation of H4K16 by Sir2 creates binding site for Sir3 [7, 8], which then recruits more Sir4 

and Sir2 [9]. Cycles of Sir2 deacetylation followed binding of Sir3, Sir4 and more Sir2 continue 

until the spreading is stopped by Sas2-mediated H4K16 acetylation [10, 11]. A recent crystal 

structure of the Sir3 BAH domain in complex with a nucleosome was solved. This structure 

shows a negatively charged binding pocket specific for unmodified H4K16 [12], thus providing a 

structural basis for how acetylation of H4K16 prevents Sir3 function. 
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While much is known about the Sir proteins, it is unknown if other important proteins in 

heterochromatin can be identified. In vivo genetic screens have been proven invaluable, but 

they may have limitations. For instance, proteins with essential functions that produce severe or 

lethal phenotypes when mutated would be difficult to identify. To overcome this, we employed a 

proteomic approach to identify proteins that interact with heterochromatin. This screen revealed 

several proteins specifically enriched on heterochromatin, including the ATP-dependent 

chromatin remodeling complex Ino80 (Ino80C). We confirmed that the presence of the Sir 

proteins enhances Ino80C binding in vitro and in vivo. A targeted genetic screen of Ino80C 

subunits revealed that the Arp5 and Ies6 subunits are required for silencing of HML. While loss 

of these proteins disrupts silencing, it does not have an appreciable effect on the binding of the 

Sir proteins to the region. This suggests that the presence of the Sir proteins and Ino80C are 

both necessary for the silencing of HML. 

 

Results 

Proteomic analysis of S. cerevisiae heterochromatin 

To identify new components of S. cerevisiae silent chromatin we hypothesized that reconstituted 

heterochromatin would pull down proteins important in silencing from nuclear extract. In our 

experimental setup we used unmodified reconstituted chromatin plus and minus purified Sir2, 

Sir3, and Sir4 as baits to pull down proteins from yeast nuclear extract and identify them by 

mass spectrometry. 

 

First, Sir proteins were expressed and purified to near homogeneity from S. cerevisiae (Fig 2A). 

We then reconstituted chromatin using biotinylated DNA templates and recombinant histones. 

Templates were immobilized on streptavidin beads and incubated with the Sir proteins to form 

heterochromatin. In our previous work, we showed this heterochromatin functions to silence 

transcription in vitro and recapitulates sensitivity to H3K79 methylation [13]. 
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The immobilized chromatin templates were incubated with yeast nuclear extract, washed, 

eluted, and analyzed by MuDPIT (Fig2B). We identified several protein and protein complexes 

that were enriched in presence of Sir proteins (Fig2C, compare unmodified to unmodified + 

SIR). Ino80C was among the most enriched complexes in our data set. Other top hits included 

Rap1, Nhp6, Mot1, and NC2. Rap1 was expected because of its known interaction with the Sir 

proteins. To our knowledge, Ino80C has not previously been shown to be directed to silent 

chromatin or interact with the Sirs. 

 

Ino80C interacts with heterochromatin in a purified system 

Direct interactions with heterochromatin cannot be inferred from our pull down assay because 

we utilized nuclear extract. The possibility exists that there are other proteins that bridge the 

interaction of enriched proteins with heterochromatin. To address this, we purified Ino80C from 

S. cerevisiae using a TAP-tagged strain (Fig 3A). A titration of the purified complex was 

incubated with immobilized chromatin in the presence or absence of the Sir proteins. We found 

that binding of Ino80C to the chromatin template was greatly enhanced by the presence of the 

Sirs (Fig 3B). This supports the conclusion that the Ino80C directly interacts with 

heterochromatin. 

 

The Arp5 and Ies6 subunits of Ino80C are required to maintain silencing at HML 

After confirming the interaction between Ino80C and heterochromatin in vitro, we sought to 

discern whether there was a functional role for the complex in silent chromatin.  To do this we 

screened Ino80C subunit deletions for expression of two native genes repressed by silent 

chromatin. We chose the subtelomeric gene YFR057W and the HML gene alpha1 to allow us to 

screen for defects at both telomeric and hidden mating loci heterochromatin (refer to Fig 1C and 

1A for schematics). The results of our screen revealed that deletions in Ino80C subunits Ies6 
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and Arp5 caused a silencing defect at HML, but not near the telomere (Fig 4A). The silencing 

defect at HML was also detected in fresh mutant spores dissected from an IES6/ies6 

heterozygous diploid (Fig 4B). 

 

Ino80 is recruited to heterochromatin in vivo 

We showed that Ino80C interacts with heterochromatin in the context of yeast nuclear extract 

and in a purified system. However, is it important to answer the question of whether or not 

heterochromatin can direct Ino80C binding in vivo. To address this we measured the enrichment 

of In80 at HML and the telomere in SIR3 and Δsir3 cells by ChIP. Deletion of Sir3 stops the 

spreading of heterochromatin at both the hidden mating loci and telomere [3]. The results in 

Figure 5 show that both across the HML region, and at the telomere, Ino80 binding is reduced in 

Δsir3 cells.  In contrast, Act1, a gene not regulated by the Sir proteins, has is no significant 

change in Ino80 binding. 

 

Sir3 is present at HML in cells lacking Ino80C subunits Arp5 and Ies6 

One explanation for our results is that Ino80C helps maintain Sir proteins across HML. We 

hypothesized that remodeling activity of the enzyme may be required to exclude barriers to 

heterochromatin or to optimally space nucleosomes for Sir protein spreading. To test this, we 

measured the enrichment of Sir3 in the two strains harboring a silencing defect and compared 

them to wild type cells. Figure 6 shows that the binding of Sir3 does not substantially change 

across HML upon deletion of Arp5 or Ies6. Therefore, this data contradicts models where the 

absence of Sir proteins would explain the silencing defect observed in these strains. 

 

Discussion 

Mechanisms of heterochromatin spreading and gene silencing by the Sir proteins in S. 

cerevisiae have been extensively researched. However, there has not been a proteomic 
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analysis of yeast silent chromatin. We employed this approach in order to identify unknown 

proteins that might have been missed in previous genetic screens. We identified several 

proteins that were enriched from the nuclear extract on heterochromatin. We confirmed that one 

of these proteins, Ino80C, has a direct interaction with heterochromatin.  

 

This interaction raised the possibility that there may be an undiscovered function for the 

complex in maintaining silent chromatin. We screened Ino80C subunit mutants for silencing 

defects and discovered that Arp5 and Ies6 were required to maintain the silent state at HML. 

We further showed that the binding of Ino80 to HML and the telomere is dependent on Sir3, 

which indicates that the Sir proteins are recruiting Ino80 in vivo. 

 

Interestingly, deletion of Arp5 and Ies6 did not disrupt Sir3 binding to HML. This suggests that 

the silencing defect is independent of the Sir proteins. Previous studies have shown that 

deletions of Spt10 and Spt21, mutations in H3K56, and the presence of H3K79 methylation can 

disrupt silencing without major effects on Sir protein binding [13-15]. Collectively these studies 

show that the Sir proteins are necessary, but not sufficient for gene silencing in vivo. It has been 

proposed that the increased dam methylase accessibility observed in some of these studies 

indicates that the desilencing effect may be caused by changes in higher order structure [14, 

15]. 

 

Questions remain about the mechanism by which the Ino80C functions in silencing at HML. 

Ino80C has been shown to space nucleosomes in regular arrays [16] and to remove the histone 

variant H2AZ [17]. These activities raise the possibility the complex is required to create the 

proper chromatin environment for Sir protein-dependent silencing to occur. Further studies with 

dam methylase would shed light on whether we are observing a phenomenon similar to 

previous studies. The lack of a silencing defect at YFR057W indicates that this not a universal 
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effect at all heterochromatin. The function of the Ino80C may be specific to HML or it may be 

present at other genes near the telomere that were not investigated. This would be an important 

line of research in future studies. 

 

Materials and Methods 

Protein purification, chromatin assembly, and preparation of yeast nuclear extract 

X. laevis histones were expressed in E. coli and purified as previously described [18]. The 

preparation of yeast nuclear extract and purification Sir3 and Sir2-Sir4 were performed as 

previously described [13]. TAP-purification of Ino80C was performed following standard TAP 

purification protocols [19] using a TAP-tagged Ies1 strain. Chromatin assembly of the 

biotinylated G5E4T template [20] was performed as in [13].  

 

Immobilized template assays 

The immobilized template assays were performed as previously described [13] with the some 

modifications. In the proteomic screen, immobilized chromatin (500 ng) was incubated with or 

without Sir proteins for 10 min at 22 °C rotating in a 235 ul volume. After incubation, 1 mg of 

yeast nuclear extract (15 ul) was added to the reactions for 45 min. Beads were washed twice 

with reaction buffer and proteins were eluted using 50 mM Tris pH 8 and 6 M urea buffer. For 

both conditions, 10 reactions of this scale were pooled. Proteins were then TCA precipitated, 

digested with trypsin, and analyzed by MuDPIT. In the purified system, purified TAP-Ies1 was 

titrated into 25 ul reactions with 20 ng of chromatin in the presence of absence of the Sir 

proteins. The reactions were incubated at 22 °C for 30 min while rotating. The beads were 

washed twice with reaction buffer, eluted with Laemmli buffer, and analyzed by western blot. 

 

Yeast strains and Primers 
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The yeast strains used in this study can be found in Table 1. The primer sequences used are 

shown in Table 2. 

 

qRT-PCR 

RNA was extracted from log phase growing cells using hot acid phenol [21]. The RNA was 

isolated by ethanol precipitation and contaminating DNA was removed by digestion with 

amplification grade DNase I (Invitrogen). Digestion was performed as recommended by the 

manufacturer except reactions contained 1 ug RNA, 1 U enzyme, and were incubated for 15 

min at 37 °C. cDNAs were generated using the Invitrogen SuperScript® III First-Strand 

Synthesis SuperMix and following the manufacturer’s instructions.  qPCR was performed on a 

Stratagene MX3000P system using a homemade SYBR Green master mix [22] with Rox 

(Invitrogen) and FastStart Taq Polymerase (Roche). Relative gene expression levels were 

determined using the Pfaffl method [23] with ACT1 serving as an internal control. 

  

ChIP 

ChIP assays were performed as described previously [13] with some modifications. After lysis of 

the cells, the soluble and insoluble fractions were separated by centrifugation at 4 °C. The 

insoluble fraction containing the chromatin was washed once in 500 mM lysis buffer and 

resuspended in 140 mM lysis buffer. The chromatin was sheared by sonication at 4 °C with 

Misonix Ultra Liquid Sonicator using the cup horn probe (80% intensity, 30 s on 30 s off) for a 

total on 30 min on time. DNA fragments obtained were approximately 250 bp in size. The 

sheared chromatin was spun down and the supernatant used for immunoprecipitations. 

Magnetic beads were used instead of sepharose. Decrosslinking was performed by overnight 

incubation at 65 °C. DNA was purified using the QIAquick PCR Purification Kit (QIAGEN). qPCR 

was performed on a Stratagene MX3000P system using the same homemade mix as with qRT-

PCR. Enrichment levels were normalized to SPS2 for Figure 5 or ACT1 for Figure 6. An 
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untagged control for Figure 5 and a Sir3 deletion strain for Figure 6 were used to determine the 

background signals of the antibodies, which were then subtracted before making the bar 

graphs. 
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Figure 1. Organization of the hidden mating loci and a subtelomeric gene.  (A) HML, (B) HMR, 

and (C) YFR057W. 
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Figure 2. Proteomic pull down assay for heterochromatin. (A) Sir3 and Sir2-4 were over 

expressed and purified using a tandem affinity purification strategy. A silver stain of the final 

products is shown. (B) Schematic representing the workflow for the proteomic pull-down assay. 

(C) Results of proteomic assay. The first two columns show the results from the pull down assay 

and the third column is a control with the purified Sir proteins and no chromatin or nuclear 

extract. This chart shows the average NSAFe5 of various protein complexes detected. 
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Figure 3. Ino80C interacts with heterochromatin in a purified system. (A) A silver stain of TAP-

purified Ino80C is shown. The asterisk (*) indicates the tagged subunit, Ies1. (B) Immobilized 

template with Sir proteins and Ino80C. Ino80C was titrated into reactions containing immobilized 

chromatin plus and minus Sir proteins. Western blots for Sir3, Sir2, and Ies1 (Ino80C) are 

shown. 
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Figure 4. Gene expression analysis in Ino80C subunit deletion strains. (A) RNA was isolated 

from the indicated deletion strains and normalized to Act1. The fold expression over a WT 

control is shown. The data is an average plus and minus SEM from three biological replicates 

unless indicated with an asterisk (*), in which case it is from two biological replicates.  (B) Same 

as (A) but with fresh spores generated from a heterozygous IES6/ies6 strain. SPS2, a gene not 

regulated by Sir proteins, is shown. 
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Figure 5. Heterochromatin enhances Ino80 binding in vivo. ChIP experiment showing the 

relative enrichment of Ino80 in WT and Δsir3 strains. In the strain lacking Sir3, Ino80 binding is 

reduced across HML and at the telomere, but not at Act1. Bar graphs show an average 

enrichment from six independent replicates. Error bars display the SEM. The p-values were 

calculated using a two-tailed Student’s t-test after verifying that the data fit a normal distribution. 
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Figure 6. Sir3 binding at HML and the telomere is not reduced in Δarp5 and Δies6 strains. ChIP 

experiment showing the relative enrichment of Sir3 in WT, Δarp5 and Δies6 strains. Bar graphs 

show an average enrichment from six independent replicates. Error bars display the SEM. The 

p-values were calculated using a two-tailed Student’s t-test after verifying that the data fit a 

normal distribution. 
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Table 1. Yeast Strains. 
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Table 2. Primers 
 
 

Contribution 
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I used in ChIP and RT-PCR experiments. 
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