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ABSTRACT OF THE DISSERTAION

Mechanisms of Transcription Elongation on Chromatin and Gene Silencing

By

Benjamin George Kuryan
Doctor of Philosophy in Molecular Biology
University of California, Los Angeles, 2013

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 Il, 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

ii



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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Chapter 1

Introduction to Transcription and Chromatin



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, Il and

Il [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 Il transcribes all of the protein coding genes in eukaryotes. Transcription by pol Il 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 Il

C-terminal domain (CTD), promoter escape, and the transition to productive elongation [12].



In chromatin, nucleosomes act as general repressors to transcription by pol Il. 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 1l 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 Il. Of particular interest in
these projects were two questions: 1) what enzymes facilitate nucleosomal elongation by pol Il
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 Il 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



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



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



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



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 Il 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 Il 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].



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 Il 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 Il 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 Il

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]).



All eukaryotes possess an alternative H3 histone present at centromeres termed CenH3.
CenHa3 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



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 ChlIP to enrich in the coding regions of genes and associate with the elongating
RNA pol Il [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 Il [89-91].

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

10



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 | 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].

11



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 a
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 a or a alleles at the MAT

12



locus (MATa 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 MATa 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

13



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 TG3repeats 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 | (for Essential and Important). E and | 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 Il 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 |l [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 Il 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 Il, 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
Il (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 Il. Chaperones like Spt6, FACT, and Asf1 reassemble the
nucleosomes behind pol Il. Some of this reassembly is likely to come from recycling the
preexisting histones and the rest comes from histone exchange [150]. Behind pol I, Set2
methylates the nucleosomes at H3K36, which recruits the Rpd3S HDAC. Reassembly of
nucleosomes behind pol Il 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 Il (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 Il. 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 Il 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 Il 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 Il transcription through a

nucleosome.

In vitro studies have also demonstrated functions for proteins and histone modifications in
specifically stimulating transcription by pol Il on chromatin. Work form the Reinberg and
Studitsky labs showed that hFACT is able to directly stimulate nucleosome traversal by pol Il 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 Il 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 Il in the nucleus. One such development is the global
nuclear run on (GRO-seq) assays. This method detects where actively engaged RNA pol Il is
present in the genome. This is in contrast to ChIP assays of RNA pol Il that show where it is
present, but cannot distinguish the actively transcribing pol Il. 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 Il 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 Il 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 I

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 Il 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 Il 3’ cleavage activity. This activity is required
for pol Il to reengage in transcription after it backtracks at a barrier. Kireeva and colleagues
demonstrated that this activity promotes pol Il transcription through nucleosomes [153].
Therefore, by deleting Dst1, sites of pol Il backtracking should be identifiable. The results of the
NET-seq experiment show that pol Il 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 Il 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.

19



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 les6, 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 TG4 ; 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 Il is shown
transcribing a nucleosomal array. In front of pol Il, the SAGA and NuA4 HAT complexes
acetylate nucleosomes. This acetylation recruits RSC and SWI/SNF ATPases, which coordinate
with the elongating pol Il 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 Il, methylates these nucleosomes at H3K36. H3K36 methylation recruits the Rpd3S HDAC
complex to deacetylate nucleosomes behind pol Il. The chromatin remodeling complexes Isw1

and Chd1 function behind the polymerase to organize chromatin in its wake.
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ATPases and histone chaperones facilitate RNA polymerase Il (pol II)
elongation on chromatin. In vivo, the coordinated action of these
enzymes is necessary to permit pol Il passage through a nucleo-
some while restoring histone density afterward. We have devel-
oped a biochemical system recapitulating this basic process.
Transcription through a nucleosome in vitro requires the ATPase
remodels structure of chromatin (RSC) and the histone chaperone
nudeosome assembly protein 1 (NAP1). In the presence of NAP1,
RSC generates a hexasome. Despite the propensity of RSC to evict
histones, NAP1 reprograms the reaction such that the hexasome is
retained on the template during multiple rounds of transcription.
This work has implications toward understanding the mechanism
of pol Il elongation on chromatin.

ucleosomes pose a strong barrier to RNA polymerase 11
(pol II) elongation (1-3). An understanding of how this
barrier is overcome will reveal principles central to all eukaryotic
organisms. Genome-wide chromatin immunoprecipitation analyses
reveal that histone density &8 inversely proportional to transcrip-
tional activity (4). However, with the exception of the heat shock
loci (5), most genes maintain limited nudeosome density in the
coding region during transcription. Maintenance of nucleosome
density prevents cryptic transcription, which can have potentially
deleterious effects on gene expression and genomic integrity (6).
Transcription through chromatin in vivo requires ATP-depen-
dent remodeling machines, histone modification enzymes, and
histone chaperones (7). ATP-dependent remodeling enzymes such
as SWISSNF and remodels structure of chromatin (RSC) can
mobilize and/or evict nucleosomes to create an unimpeded DNA
template for transcription (8). These enzymes are found at the pro-
moters of genes and within ORFs (9-11). Furthermore, SWI/SNF
has been shown to travel with pol II in vivo, evicting histones on
active genes (12), and RSC has been shown to directly interact with
the RNA pol subunit Rpb5 (13). In mammalian cells, pol IT pauses
at an artificially introduced 601 positioning sequence when SWI/
SNF is knocked down by RNAI (14). Histone chaperones such as
ASF1, SPT6, and FACT (SPT16/POB3) ako travel with pol II
throughout transeription and probably assist in the removal of his-
tones in front of pol IT and redeposition behind (15-17). Indeed,
one study suggests that FACT redeposits the original histones
behind pol IT (18).

Studies of pol II elongation on chromatin in vitro have re-
vealed insights into the mechanism. Experiments by Studitsky and
coworkers showed that pol II frequently stallk and backtracks
from the nucleosome (19). Higher ionic strength, which weakens
DNA-histone contacts, abrogates the barrier allowing pol II to
pass (20). The reaction is stimulated by TFIIS (19). Although
nucleosomal passage by pol IT occurs at physiological salt concen-
tration (ie., 150 mM), the efficiency increases with increasing
ionicstrength (20). Further, one orientation of the 601 positioned
nucleosome is more permissive to transcription than the other
{21). Studies by Reinberg and coworkers have shown that human
FACT (SPT16/SSRP1) protein promotes pol II elongation on

chromatin in a system employing the general transcription factors
(22). In a similar system, the bromodomain containing factors
Brd2 and Brd3 facilitated elongation on acetylated chromatin
substrates (23). In independent work, we found that the ATP-de-
pendent RSC and SWI/SNF remodeling complexes from Sacchar-
ontyces cerevisiae were required for transaription of nucleosomal
substrates in vitro and were stimulated by histone acetylation (24).
In an effort to understand the role of histone chaperones, we pur-
ified and systematically analyzed the functions of ASF1, FACT
SPT6, and nucleosome assembly protein 1 (NAP1) during tran-
scription of mononucleosomes in vitro. Surprisingly, among these,
NAPI1 was the most potent in stimulating transcription.

NAP1 is a homodimeric histone chaperone that binds to the
histone folds of H3-H4 tetramers and H2A-H2B dimers and
also interacts with the N-terminal tails of the H3-H4 tetramer
(25, 26). The precise histone docking site on NAP1 s unknown
but the crystal structure reveals an acidic surface (26). This surface
may facilitate histone binding by neutralizing the basic charge of
histones, as observed with other chaperones NAP1 promotes nu-
cleosome assembly by preventing nonnudeosomal histone-DNA
interactions (27) and is found in the ORFs and promoters of S.
cerevisige and Schizosaccharomyces pombe genes by ChIP (28, 29).
Deletion of NAP1 in 8. cerevisiae affects expression of approxi-
mately 109 of the genome (30) and increases the H2A-H2B dimer
density acros genes (27). Some biochemical studies have sup-
ported the idea that NAP1 may play a role in transcription (31, 32).
In vivo, NAP1 is recruited to sites of active transcription and func-
tions in context with the TREX complex component YRA 1, which
is linked to mRNA biogenesis (28).

Previous studies had shown that NAP1 promotes the ability
of RSC to evict the histone octamer from DNA (33). In our
attempts to reproduce this phenomenon, we discovered that
nanomolar concentrations of NAP1 and RSC promoted the loss
of one H2A-H2B dimer, gencrating a hexasome. Under these
conditions, NAP1 stimulated RSC-dependent pol IT transcription
of a nucleosomal template. Remarkably, under conditions where
RSC would normally transfer the octamer to another DNA mo-
lecule, NAP1 promoted retention of the hexasome on the original
DNA template. Hence, NAP1 and RSC coordinate to promote
passage of pol IT through a nucleosome, while maintaining partial
nucleosome integrity.
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Results

RSC-Dependent Pol 1l Elongation is Stimulated by Nucleosome
Eviction. Our method for establishing pol IT elongation complexes
on chromatin involves the use of a singlestranded C tail at-
tached to a DNA molecule bearing the 601 positioning sequence
(Fig. S14). The C tail serves as a binding site for pal II. Upon
addition of nucleoside triphosphates, pol II transcribes into the
double-stranded DNA containing the nucleosome assembled
from recombinant octamers. The inclusion of RNase H prevents
the formation of long DNA-RNA hybrids and allows pol II
to establish a transcription bubble (34). The tailed-template
approach was used to obtain the first crystal structures pol II
elongation complexes (35, 36). The proteins used in this study
included four chaperones (ASF1, NAP1, FACT, and SPT6), two
ATP-dependent remodeling machines (SWI/SNF and RSC), and
pol II. All were purified to near homogeneity (Fig. S18). Pol II
binds well to the template in both the free and nucleosomal forms
as shown by EMSA (Fig. 51C).

Our previous work demonstrated that RSC facilitates elonga-
tion by pol I on nucleosomal templates in an ATP-dependent
manner, both enhancing the overall levels of RNA synthesis and
decreasing the pausing at the nucleocsome (24). Although RSC
alone stimulates transcription on the nucleosome, the strongest
effects are dependent on the presence of unlabeled supercoiled
plasmid DNA containing the 601 sequence (termed acceptor
DNA) in the reaction. At 2 nM RSC, a fivefold increase in full-
length transcript was observed with the enzyme alone, but this
increased to a 152-fold stimulation upon the addition of acceptor
DNA (Fig. 14). The fold-stimulation varied only twofold in
numerous experiments and correlated with small differences in
the amount of free DNA remaining in different nucleosome
preparations.

Previous studies have shown that RSC transfers the octamer
from one DNA template to another (37). We performed chroma-
tin remodeling reactions with RSC, in the presence and absence
of acceptor DNA, on nucleosomes assembled with a 32P-labeled
601 DNA sequence. After the remodeling reaction, RSC was
competed from remodeled nucleosomes with poly(dl:dC) and
the nucleosomal products were separated on native gels. The data
in Fig. 1B show that in the presence of a supercoiled acceptor
DNA molecule, RSC initially remodels the nucleosome. Higher
levels of RSC lead to eviction of the octamer, generating free
#Pp.labeled DNA. At 6 nM RSC, approximately 70% of the oc-
tamer is evicted. In contrast, in reactions lacking acceptor DNA,
most of the octamer is retained on the template in the remodeled
state. The data suggest that the effect of RSC on transcription in
vitro is associated with its ability to evict the octamer from the
template. However, an important caveat is that RSC generated
a product migrating faster than the remodeled nuclecsome in
reactions bearing acceptor DNA. We will comment on the nature
of this product below because it was also associated with the
action of RSC and NAP1.

NAP1 Allows RSC-Dependent Elongation Without Nudeosome Evic-
tion. We hypothesized, based on biochemical and genetic data,
that histone chaperones would substitute for acceptor DNA and
permit efficient RSC-dependent elongation. Chaperones known
to be involved in transcription were purified (Fig. $1B5) and tested
in the elongation reaction. All of the proteins displayed some
nucleosome assembly activity, the hallmark of chaperones, and
FACT and NAP1 displayed the most potent effects (Fig. S2).
We next screened these histone chaperones in our in vitro tran-
scription assay (Fig. 1C and Fig. $34). Of the chaperones tested,
NAP1 was most efficient in the ability to promote pol II elonga-
tion in the absence of acceptor DNA. NAP1 displayed a 69-fold
stimulation of full-length RNA compared to the 71-fold average
stimulation by acceptor DNA. ASF1 and SPT6 ako stimulated
slightly, but FACT did not. This result was surprising because
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Fig. 1. RSC-dependent elongation requires a histone acceptor. (A) In vitro
transcription with RSC in the presence or absence of acceptor DNA. Reactions
containing 1 ng (0.3 nM) of C-tailed nudeosome template, 0.9 nM pol II, and
0, 0.2, or 2 nM RSC were incubated with ATP in the presence or absence of
10 ng pGEM3Z60MR for 60 min. Nucleaside triphosphates mntalnlngzzP-Cl'P
were added for 15 min and the products were resolved on a 7 M urea 10%
acrylamide gel. A Phosphorimage is shown. FL indicates the full-length tran-
sript and arrows point to the nuclecsomal arrests. Quantitation of the fulk
length product is indicated below each lane. (B) Nudeosome remodeling/
eviction reactions with RSC in the presence or absence of acceptor DNA. Re-
actions containing 03 nM of 2p-abeled mononuclecsome template and 0,
0.6, 2, or & nM RSC were incubated with 2 mM ATP in the presence or absence
of 10 ng pGEM3Z601R for 60 min, poly(dl:dd) was added, and the products
were resolved by 4.5% native PAGE. An autoradiograph is shown. Quantita
tion of free DNA is shown below the gel. (C) In vitro transciption assay
screening various histone chaperones. Transcription reactions with 0.9 nM
pol Il contained, from left to right, no addition, 2 nM RSC, and 2 nM RSC with
either 42 nM NAP1, 53 nM SPTG, 49 nM FACT, 10 ng pGEM3Z601R, or 44 nM
ASF1. The mean amount of FL RNA from two independent experiments is
shown below each lane. A bar graph display of the data is shown in Fig. 538,

studies by Reinberg and coworkers had shown that human FACT
stimulates pol IT elongation through nucleosomes (22). Formosa
et al. have suggested that NHP6 facilitates the function of yeast
FACT by substituting for the HMG domain of mammalian
SSRP1 (38). However, addition of NHPbA to yeast FACT sup-
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pressed rather than stimulated transcription and strongly inhib-
ited the ability of RSC to evict histones both in the presence and
absence of FACT (Fig. S4). This result is consistent with experi-
ments that suggest NHP6 functions to stabilize nucleosomes in
vivo (39). It is also consistent with the observation that mutations
of yeast FACT lead to the cryptic transcription phenotype (16).
Cryptic transcription is hypothesized to be due to an inability to
properly assemble nucleosomes in transcribed regions (3).

To rule out the possibly that NAP1 was stimulating transcrip-
tion independent of RSC, we performed a reciprocal titration of
RSC and NAP1 in our transcription assay (Fig. 24). We found
that stimulation by NAP1 requires RSC and that both proteins
display dose-dependent effects. A time course of the reaction
suggests that the template under goes continuous transcription for
up to 45 min (Fig. 2B and Fig. S3B). These data implicate the
combinatorial action of RSC and NAP] in optimal transeription.
Stimulation of transcription was also observed with NAP1 and
SWI/SNF, a member of the same class of chromatin remodelers
as RSC (Fig. 55).

To further study the mechanism by which NAP1 stimulates
elongation, we employed a nucleosome remodeling assay. We
found that NAP1 does not facilitate RSC-dependent nucleosome
eviction in the absence of acceptor DNA (Fig. 2C). However,
NAP1 with RSC promotes formation of a faster-migrating band
in the gel (labeled “7”), representing a unique remodeled species
or a partially disassembled nucleosome. These results were in
contrast to a previous study that showed NAP1 was sufficient for
nucleosome eviction by RSC (33). The discrepancy may be due to
our use of lower concentrations of NAP1 (43 nM as opposed to
2.4 M) and recombinant Xenopus laevis histones rather than rat
liver histones.

Because NAP1 is a nucleosome assembly protein, we hypothe-
sized that histones evicted by RSC might be reassembled back
onto the template, explaining the lack of nucleosome eviction. To
examine this possibility, we tested whether NAP1 could facilitate
RSC-dependent octamer transfer to acceptor DNA. If histones
were fully evicted and then reassembled onto DN A, they should
be redeposited onto the supercoiled acceptor DNA, which is in
significant excess over the template. Surprisingly, NAP1 blocked
RSC-dependent octamer transfer and instead produced the fas-
ter-migrating species described above (Fig. 2DD).

NAP1 and RSC Generate a Hexasome. To determine the composition
of the remodeled intermediate, we developed a sensitive assay
to quantitate the relative amounts of H2A-H2B dimers and H3-
H4 tetramers present at the subnanogram amounts in our assay.
We fused protein kinase A (PKA) phosphorylation sites onto the
N terminus of H3 and the C terminus of H2A (Fig. S64). We
assembled these separately into octamers and then into nucleo-
somes. In the presence of PKA and y32P-ATP, the PKA-tagged
histones within the context of the nucleosome could be labeled to
high specific activity enabling facile detection on gels. The label-
ing was specific as measured by two criteria (Fig. S6 B and C).
First, only the PKA-tagged histone within the nucleosome was
32P.labeled, as shown in the SDS gel of Fig. SaB, even though
all four histones were present in the octamer. Second, only nu-
cleosomes bearing a PKA-tagged histone were labeled as shown
in the native gel of Fig. S6C. The presence of the PKA tag, either
phosphorylated or unphosphorylated, did not affect the remodel-
ing reaction or the distribution of remodeled products { Fig. S6D).

To determine the relative amounts of H2ZA-H2B dimer and
H3-H4 tetramer in the nuclecsomes remodeled by RSC and
NAP1, we performed remodeling assays on nucleosomes in which
the DNA, H3, or H2A were P-labeled (*DNA, *H3, *H2A).
We quantitated the NAP1-dependent remodeling product using
ImageQuant TL. The results show that the remodeled species
generated by NAP1 is still present in reactions in which DNA,
H3, or H2A are separately labeled with 3P (Fig. 34). We noted,
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Fig. 2. NAPi-dependent elongation requires RSC, but not nudeosome evic
tion. {A) In vitro transcription reactions were performed with 0, 0.2 , 0.7, or
2 nM RSC and 14 nM (+) or 43 nM (+++) NAP1. Quantitation of full-length
RMNA is shown below the gel (8) Time course of in vitro transcription with
2 nM pol Il, 2 nM RSC, and 43 nM NAP1. Quantitation of full-length (FL)
RMA from three independent experiments is indicated below the gel. A
bar graph of the quantitation is displayed in Fig. 538, {Q) Mudeosome remo-
deling assay with 0.6 nM RSC and 1.3 or 13 nM NAP1. No acceptor DNA was
added. The question mark (?) indicates a NAP1-dependent product. (D) A nu-
cleosome eviction assay with NAP1 was performed with 10 ng acceptor DNA
and 0.6-17 nM RSC. NAP1, 4.8-130 nM, was titrated into reactions containing
17 nM RSC. Quantitation of free DNA is shown below the gel

however, that in the reactions containing **P-labeled H2A, the
remodeled species generated by NAP1 appeared lighter relative
to the untreated nucleosome or nuclensome remodeled by RSC
alone. To quantitate the remodeled species generated by NAP1,
we divided the intensity of that band by the intensity of the
untreated nucleosome for 32P-labeled DNA, which normalizes
the amount of nucleosome converted to the NAP1 remodeled
species. We then obtained the same ratios for the reactions in
which H3 or H2A were **P-labeled. We then divided those ratios
by the ratio obtained with P-labeled DNA because, in principle,
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if all of the histones are retained in the NAP1-generated remo-
deled species, then the resulting ratio should be one. Indeed in
reactions containing 3P-labeled H3, the ratio was very close to
one (Fig 3B; *H3/*DNA). However, in reactions containing 3*P-
labeled H2A, the ratio was approximately 0.5 (Fig. 3B; *H2A/
*DNA). In contrast, when we guantitated the nuclecsome remo-
deled with RSC alone, the ratio was approximately one irrespec-
tive of whether H3 or H2A was 32P-labeled. We argue that the
species generated by RSC and NAP1 lacks half of the amount
of H2A (and probably H2B), and is therefore a hexasome. To
further validate our quantitation methodology, we repeated the
reactions with ¥?P-labeled histones assembled onto Cy5 labeled
DNA templates (Fig. 3C). This technique allowed us to internally
measure the DNA amounts within the 3P-labeled nuclecsomes
using fluorescence, rather than comparing them to a separate
reaction. Not surprisingly, the results were essentially identical.
The ratios obtained with *H3/*DNA and *HZA/*DNA were
equivalent to those obtained with *H3/Cy5-DNA and *H2A/
Cy5-DNA, respectively (Fig. 3B). Similar results were obtained
using a mononuclosome containing the natural 55 positioning
sequence (Fig. 57 .4 and B), indicating that this effect is not spe-
cific to the 601 sequence.

We performed the remodeling reactions with RSC and
NAPI in the presence of excess H2A-H?B dimer. This approach
was previously employed independently by the Kornberg and
Reinberg laboratories to study the compaosition of partially dis-
assembled nucleosomes (33, 40). We found that increasing
amounts of the H2A-H2B dimer converts the NAP1 generated
remodeled species into a remodeled nucleosome (Fig. 3D). These
data strengthen our argument that the remodeled species & a
hexasome. Note that our inclusion of (poly)dl:dC after the reac-
tion does not influence the appearance of the products, but is
necessary to remove RSC so we can observe the hexasome
(Fig. 87 C and D). Also, at high concentration of *H2A, we

do observe the previously reported complex of NAP1 with
H2A-H2B (25), but it migrates below the hexasome in our gels
(Fig. 58) and is only weakly visible in reactions containing (0.3 nM
nucleosome.

Pol Il Forms Active Elongation Complexes on the Hexasome. To obtain
a snapshot of pol II in the act of transcribing the hexasomal tem-
plate, we captured the elongation complexes on native polya-
crylamide gels. In this experiment, complexes were detected in
separate reactions containing *?P-labeled *DNA, *H3, and *H2A
{Fig. 44). The pol II complexes with nuclecsome or DNA migrate
with slower but unique mobilities versus the nucleosome or free
DNA alone (Fig. S1B). The complexes of pol IT on the remodeled
nucleosome or hexasome migrate between the pol IEDNA and
pol II:Nuc complexes (see blowup of Fig. 44 in Fig. 594). Impor-
tantly, the amount of pol IEDNA under NAP1-dependent tran-
scription conditions did not increase when compared to RSC
alone but did increase in reactions lacking NAP1 but containing
RSC and acceptor DNA (Fig. 44). This observation supports the
idea that pol I & transcribing a hexasomal template in the pre-
sence of RSC and NAP1. We do not understand the precise
mechanics by which pol 11 passes through a hexasome but it may
be similar to the mechanism proposed by Studitsky and cowor-
kers (41).

The time course experiment in Fig. 48 shows that pol IT re-
mains bound to the hexasomal template throughout an extended
time frame during which RNA accumulates linearly (Fig. 2B and
Fig. 53B). Note that, in Figs. 44 and 4B, reactions containing
RSC and NAP1 displayed a decrease in H2A signal. Quantitation
of that signal by comparing the pol II:Hex to pol II:Nuc ratio of
labeled histone with that of labeled DN A, revealed that the hexa-
somes contain approximately the same amount of H3 as DNA but
approximately half the amount of H2A (Fig. 4 C and D).
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To further strengthen this argument, we added a C-tail oligo-
nucleotide to compete pol II off of the hexasomal templates
during transcription. In principle, once pol 1T has transcribed the
template, fallen off, and become bound by the C-tail oligonucleo-
tide, it should release the hexasome, which should allow us to de-
termine whether the hexasome remains intact over an extended
time course. Indeed, at both short (5 min) and long (45 min) times,
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Fig. 5. Hexasomes are continually present. In vitro transcription reactions
were performed a In Fig. 48 using P-labeled DNA templates. After tran-
scription for the indicated times, C-tail competitor was added and the pro-
ducts were separated by 4.5% native PAGE. A Phasphorimage is shown.

the hexasome is released (Fig. 5). This result argues that the hexa-
some is maintained during continuous transcription by pol II in
the presence of RSC and NAP1. We ako note that the pol II:
Hex complexes become more resistant to C-tail oligonudeotide
competition over time, which may reflect the accunmulation of
arrested pol II elongation complexes trapped in an inactive state.

It is plausible that the hexasome generates a tetrasome inter-
mediate during transeription. To address this idea, we assembled
tetrasomes using purified H3-H4 tetramers and examined tran-
scription in the presence of combinations of RSC, NAP1, and
acceptor DNA (Fig. S9B). The tetrasome blocked full-length
transcription under all conditions indicating that H2A-H2B
dimers within the hexasome are required for RSC and NAP1-
stimulated elongation. These data diminish the likelihood of a
tetrasomal intermediate during transcription. Our work is con-
sistent with a previous study, which reported that tetrasomes,
like intact nucleosomes, are refractory to transcription elonga-
tion (42).

Discussion

ATP-dependent remodeling enzymes, histone chaperones, and
chromatin modifying enzymes work in concert to allow pol 1T
to transcribe nucleosomal DNA in vivo (7). Our efforts to repro-
duce the basic enzymatic requirements in vitro led to the discov-
ery that NAP1 and RSC coordinate to allow pol II transcription
through a nucleosome while maintaining a hexasome on the tem-
plate. Although RSC alone displays a propensity to evict the
octamer, the addition of NAP1 prevents RSC-mediated eviction
but not remodeling. The formation of the hexasome seems likely
to be causal for pol II transcription, as previous biochemical
analyses, where transcription was stimulated by elevated salt con-
centrations, revealed hexasomes. Apparently, the elevated ionic
strength, in conjunction with the translocase activity of pol II,
promotes release of an H2A-H2B dimer during transcription
(20). Hexasomes constructed with the H2ZA-H2B dimer at either
the proximal or the distal position, relative to the oncoming
pol I, revealed that the proximal H2A-H2B dimer is critical for
promoting reassembly of the nucleosome behind pol II via the
“(+loop intermediate™ (41). In this model, the proximal H2A-
H2B dimer nucleates reassembly of the nucleosome by interact-
ing with DNA trailing the transcribing pol IL. Moreover, human
FACT generates a hexasome in a transcription system that does
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not require ATP-dependent remodeling proteins (40). Taken
together, our study and others collectively point to the hexasome
as an intermediate that allows the nucleosome to remain partially
assembled during transcription.

We were surprised that other chaperones tested did not effi-
ciently substitute for NAP1. SPT6 and ASF1 slightly stimulated
transcription, whereas FACT had almost no effect. We note that
the process of elongation in vivo involves coordinated histone and
pol IT modifications. In addition to histone acetylation, the pol IT
is phosphorylated at serines 2, 5, and 7 by Cdk7 (KIN28), BUR],
and CTK1 kinases that coordinate RNA processing with tran-
scription at the beginning and end of the gene (43). Further, chro-
matin is methylated at H3IK4 by COMPASS near the start of a
gene and at H3K36 by SET2 and at H3K79 by DOT1 within the
coding region. Therefore, a large number of coordinated modi-
fications are necessary for proper gene control. Hence, chaper-
ones may function only at specific steps and their action may be
difficult to recapitulate without the other proteins and modifica-
tions involved.

Nevertheless, NAP1 faithfully recapitulated some chaperone-
mediated processes. For example, NAP1 reprogrammed RSC to
allow remodeling while simultaneously preventing nucleosome
eviction, similar to the phenomenon observed by Strubin and
coworkers (18), where SPT16 (FACT) apparently redeposits the
original histones evicted during pol I elongation. In that study,
H3and H4 were evicted and replaced by new H3-H4 tetramers in
SPT16 mutants. Our data are also consistent with the notion that
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ATP-dependent remodeling enzymes and chaperones function
in concert. Schwabish and Struhl have shown that SWI/SNF tra-
vels in coding regions with pol IT and that SWI2 mutant strains
suppress cryptic transcription phenotypes caused by mutations in
SPT16 (12).

Finally, the deletion of NAP1 was shown to increase the den-
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of GAL genes in vivo (27). It was proposed that this effect was
due to NAP1 preventing nonnucleosomal H2A-H2B dimer inter-
actions with DNA. However, the data are also consistent with a
model in which NAP1 facilitates hexasome formation. A loss of
NAP1 would result in H2A-H2B dimer enrichment due to failure
of converting nucleosomes into hexasomes. We favor a model
where RSC can destabilize one H2A-H2B dimer, which NAP1
then removes.

Materials and Methods

See S| Materials and Methods for the detalls of experimental methods
for purification of yeast proteins, preparation of PKA-tagged histones,
chromatin assembly and template preparation, in vitro transcription assays,
nuclecsome eviction and remodeling assays, and EMSA of pol 1.
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S| Materials and Methods

Purification of Yeast Proteins. Remodels structure of chromatin
(RSC), RNA polymerase II (pol II), SWI/SNE ASF1, SPT6,
and FACT were purified using tandem affinity purification
(TAP) from the TAP-tagged Saccharomyces cerevisiae library as
previously described (1). Yeast nuclecsome assembly protein 1
(NAP1) was cloned into pGEX4T-1 and expressed as GST-fusion
in Escherichia coli strain BL.21. NAP1 was cleaved from the resin
by incubation with bovine thrombin (Sigma). Typically 1 L of
bacteria was grown to log phase, lysed by sonication, cleared by
centrifugation, and bound to glutathione Sepharose as described
by the manufacturer (General Electric). Recombinant NHP6A
was a gift from Reid C. Johnson (University of California, Los
Angeles, CA).

Preparation of Protein Kinase A (PKA)-Tagged Histones. The PKA
tag (RRASV) was added on to the N terminus of H3.1 or the
C terminus of H2A from Xenopus laevis (2) in the pET21avector.
Proteins were expressed in E. coli strain BL21 (DE3) and purified
as previously described (2).

Chromatin Assembly and Template Preparation. C-tail template from
pGEM3Z601R (3) was prepared as previously described (4). The
263-bp template used in remodeling and eviction assays was
the PCR fragment used for C-tail template preparation. For PCR
of the Cy5 template, a Cy5-labeled 3' primer was used. The 174-
bp template used in Fig. 52 was made with a forward oligonucleo-
tide primer closer to the 601 positioning sequence (CCCCCCG-
GATCCACAGGATGTATATATCTGACACGTGCC). The 55
mononucleosome template was generated by PCR of EcoRI di-
gested G5E4 58 (5) using forward primer ATAAAGTGTAA-
AGCCTGGGGTGUCTAATGA CAACGAATAACTTCCAGG
and reverse primer GGTATTCCCAGGCGGACAGTTACCA-
ATGCTTAATCAGTGAGGCAC. Chromatin was assembled
by salt dilution essentially as described (6) using recombinant
X laevis histone octamers or tetramers (2) and diluting with chro-
matin storage buffer (50 mM Hepes pH 75, 1 mM EDTA,
100 pg/mL BSA, 109 glycerol, 0.1% Nonidet P-40, 5 mM DTT).
Typical chromatin assembly reactions contained 100 ng DNA
template and equimolar histone octamer. PKA-tagged nucleo-
somes were labeled as described in Fig. S6B with 1 pg PKA in
50 pL of 1x transcription buffer A (25 mM Hepes pH 7.5,
10 mM MgCl, 50 mM KQ, 10% glycerol) with 1 mM DTT
and 250 ng/pL. BSA. The reactions were desalted over VWR

1. Li B, Howe L, Anderson 5, Yates IR, Workman IL (2003) The Set2 histone methyltrans-
ferase functiors through the phosphorylated carbeend-terminal domain of RNA
polymerase Il. J Biol Chem 2T8BE97-8503.

2. Luger K, Rechsteiner TJ, FlausAd, Waye MMY, Richmond T1 (1997} Characterization of
nucleosome core particles containing histone proteins made in bactera. f Mol Bial
272301-311.

3. Lowary PT, Widom J (19%8) New DNA sequence rules for high affinity binding to his-
tone octamer and sequence-directed nuclecsome positioning. J Mol Biol 276:15-42.

G50 microspin columns equilibrated in chromatin storage buffer
with 0.2 M NaCl. One microgram of free octamer was labeled
under essentially the same conditions for Fig. S8.

In Vitro Transcription Assays. Transcription assays contain 1 ng
(0.3 nM) DNA template (free or nucleosomal) as described
(4) with the addition of recombinant E. coli RNase H. Templates
were pretreated in remodeling reactions {as described below)
for 60 min in the presence of either 0.9 or 2 nM pol IT and RNase
H at 30°C. After the pretreatment, 500 pM nucleoside tripho-
sphates containing 2.5 pCi 32P-CTP were added and transcription
was allowed to proceed typically for 15 min, unless otherwise
indicated in the legends. Reactions were terminated with the
addition of 100 pL stop buffer (03 M NaOAc, 5 mM EDTA,
0.1% SDS, 50 pg/mL yeast tRNA). After phenol extraction and
ethanol precipitation, the RNA was resuspended in formamide
dye and resolved by 7 M Urea/10% PAGE. The gels were dried,
exposed to a Phosphorlmager cassette, and quantitated using
ImageQuant TL software.

Nucleosome Eviction and Remodeling Assays. For each reaction, 1 ng
(0.3 nM), or 3 ng (0.9 nM) for the Cy5-labeled template, of
nucleosome was incubated in 1x transcription buffer A with 2 mM
ATPE, 1 mM DTT, and 250 ng/ul. BSA. Eviction reactions also
contained 10 ng of pGEM3Z601R. acceptor DNA. Afier 60 min
at 30°C, 400 ng poly (dI:dC) was added to terminate the reaction.
The 20-pl reactions mixtures were resolved by 4.5% native PAGE
in 0.5x TBE (1x, 89 mM Tris base, 89 mM boric acid, 2 mM
EDTA, pH 8.0) at 4 °C. The gelswere dried and exposed to a Phos-
phorlmager cassette, and quantitated using ImageQuant TL sofi-
ware as described in the text. For the Cy5-labeled template, the wet
gel was scanned in the appropriate channel before drying and pro-
cessing as described.

EMSA of Pol Il Pol II complexes of free DNA and nuclecsomes
were formed as described for remodeling and evictions assays
with the addition of 2 nM pol II. The mixtures were loaded onto
20 cm 4.5% native polyacrylamide gels as described above and
electrophoresed for 1,500 V hours. Gels were dried and pro-
cessed as described above. For reactions with C-tail competition,
3 uL of 40 pM hybridized C-tail oligonucleotide was added to
reactions and allowed to incubate for 15 min before resolving
by PAGE.

A4, Carey M, U B Workman JL (2008) RSC exploits histone acetylation to abrogate
the nucleosomal blodk to RNA polymerase |l elongation. Mol Cell 24:481-487.

5. Utley RT. et al (19%8) Trarscriptional activators direct histone acetyltransferase
mmplexes to nucleosomes. Nature 354498502,

6. Carrozza MI, Hassan AH, Workman JL (2003) Assay of activator recruitment of
dhromatin-modifying complexes. Methods Enzymol 37 1:536-544.
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Fig. 51. Biochemical transcription elongation system. (4) Diagram of the C-tail template. A 264-bp template bearing the 601 positioning sequence and a 20-
nuclectide single-stranded C tail. The template was used as either free DNA or nucleosomal. (B) Coomassie (NAP1 only) and silver stain gels of purified protein
complexes. 5. cerevisiae NAP1 was expressed and purified in bacteria. Other proteins were purified from the Open Bicsysters (Thermo) 5 cerevisiae TAP-
tagged library. The asterisk * indicates tagged subunit. (C) EMSA of C-tall template and pol Il. The C-tail template was end-labeled with 2p and assembled
into nucleosomes. DNA and nucleosomal (Nud templates were incubated with and without pol Il and resolved by 4.5% native PAGE. An autoradiograph of the
dried gel is shown.
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Fig.52. Histone chaperone activity assay. Reactions contained 1 ng (0.4 nM) of a 174-bp #pjabeled 601 template, 7.3 nM recombinant X. laevis octamers, and
varying concentrations of histone chaperone proteins. The chaperones were preincubated with octamers for 30 min before addition of DNA. The reactions
proceeded for 60 min, competitor DNA was added, and the products were resolved by 4.5% native PAGE. A quantitation of the percent nuclecsome (as
calculated by input DMA minus free DNA) E indicated below each lane. (A) Assay with 48-42 nM NAP1 and 0.6-2 nM FACT. (B) Assay with 5-16 nM FACT
and 9-53 nM SPT6. (C) Assay with 43 nM FACT and 4.9-44 nM ASF.
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Fig. 53. Quantitation of in vitro transcription. (4) Bar graph representation of the in vitro transcription chaperone screen from Fig. 1C. The average (mean)
from two independent experiments is dkplayed with the error bars representing the standard deviation. A two-tailed Student’s ¢ test was used to determine
the Pvalues for the various conditions relative to RSC alone. (FL, full length.) (8) Bar graph representation of data from Fig. 28. The average (mean) from three
independent experiments is displayed with the error bars representing the standard deviation. FL RNA transcription from the nuclecsome alone (Neg) is
compared with reactions containing RSC or RSC and NAP1. The 45 min time point average is normalized to 100.
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Fig. S4. NHPGA blocks RSC mediated eviction and transcription. (A) NHP8A electrophoretic mobility shift assay. NHP6A was incubated at the indicated con-
centrations with 1 ng (0.3 nM) labeled nudeosomes for 60 min, and the complexes were resolved by 45% PAGE. A Phosphorimage is shown. (8) Nucleosome
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except with 0.2 nM RSC. Phosphorimages of the dried gels are shown.
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Summary

The S. cerevisiae Rpd3 large (Rpd3L) and small (Rpd3S)
histone deacetylase (HDAC) complexes are prototypes for
understanding transcriptional repression in eukaryotes [1].
The current view is that they function by deacetylating
chromatin, thereby limiting accessibility of transcriptional
factors to the underlying DNA. However, an Rpd3 catalytic
mutant retains substantial repression capability when tar-
geted to a promoter as a LexA fusion protein [2]. We investi-
gated the HDAC-independent properties of the Rpd3
complexes biochemically and discovered a chaperone func-
tion, which promotes histone deposition onto DNA, and
a novel activity, which prevents nucleosome eviction but
not remodeling mediated by the ATP-dependent RSC
complex. These HDAC-independent activities inhibit Pol Il
transcription on a nucleosomal template. The functions of
the endogenous Rpd3 complexes can be recapitulated with
recombinant Rpd3 core complex comprising Sin3, Rpd3,
and Ume1. To test the hypothesis that Rpd3 contributes to
chromatin stabilization in vivo, we measured histone H3
density genomewide and found that it was reduced at
promoters in an Rpd3 deletion mutant but partially restored
in a catalytic mutant. Importantly, the effects on H3 density
are most apparent on RSC-enriched genes [3]. Our data
suggest that the Rpd3 core complex could contribute to
repression via a novel nucleosome stabilization function.

Results and Discussion

Rpd3S Contains H3K36me3-Independent Histone
Chaperone and Nucleosome Stabilization Functions

The Rpd3 HDAC is the prototype for understanding gene
repression on chromatin [4]. HDACs function by removing
acetyl marks placed on histone tails by histone acetyl-
transferases such as SAGA and NuA4 [5]. Acetylated histones
decondense chromatin directly [6] and/or serve as targets for
ATP-dependent remodeling enzymes including SWI/SNF [7]
and RSC [8]. Bromodomains within these enzymes recruit
them to acetylated chromatin and enhance their remodeling
function [9]. In yeast, Rpd3L and Rpd3S share three subunits:
Rpd3, Sin3, and Umel [10, 11]. Rpd3L contains numerous
additional subunits [12] and is targeted to promoters by

*Correspondeance: mcarey@mednetuda.edu
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sequence-specific DNA binding proteins like Ume6 [13, 14].
Importantly, the Rpd3 HDAC activity contributes to but is not
essential for repression on promoters when targeted as
a LexA fusion [2]. The Rpd3S complex contains two additional
subunits, Rco1 and Eaf3, which target it to H3K36 trimethy-
lated (H3K36me3) nucleosomes in the ORF [15). Set2 catalyzes
H3K36me3 and associates with Pol Il [16]. Rpd3S maintains
a hypoacetylated state in the ORF and suppresses cryptic
transcription [10, 11, 17]. Recently, Rpd3S was reported to
interact with elongating Paol Il, and its recruitment to tran-
scribed regions was dependent on phosphorylation of the
carboxy-terminal domain of Rpb1 [18].

Several aspects of Rpd3 function were of interest to us.
First, the in vivo roles of both Rpd3S and Rpd3L were consis-
tent with a nucleosome stability function. Second, in addition
to Rpd3, the two complexes share two other subunits, Ume1
and Sin3. In yeastand mammalian cells, Sin3 has a long history
of correlating with repression of transcription on chromatin
[19]. Finally, the observation that Rpd3 catalytic mutants retain
some repression capabilities when targeted via LexA fusions
suggested that some other aspect of the protein was contrib-
uting to its function [2]. This is not to say thatthe deacetylase is
unessential, only that other aspects of Rpd3 complexes may
cooperate with the HDAC to ensure full repression. To explore
the HDAC-independent functions of Rpd3, we considered
the possibility that it might affect nucleosome remodeling.
For example, a previous study by Kingston and colleagues
revealed that human SWI/SNF ATPases copurified with a
Sin3/HDAC complex and that their remodeling activities were
compromised by the HDAC [20].

We initiated our study with Rpd3S because of our continuing
interest in the mechanism of Pol Il elongation on nucleosomal
templates, which in our system requires nucleosome remodel-
ing and octamer eviction by RSC. Because we began with
Rpd3S, we also asked whether H3K36me3 would affect
nucleosome remodeling. Tandem affinity purification (TAP)
was employed to purify the RSC and Rpd3S proteins from
5. cerevisiae (Figure 1A) [21]. H3K36me3 histones were gener-
ated with the methyl-lysine analog (MLA) technology [22].
H3K36 was first mutated to cysteine (H3K36C) and then
alkylated with (2-bromoethyl) trimethylammonium bromide
to form a methyl-lysine analog or MLA (H3K36C-me3). We
will refer to the MLA as H3K36me3 for convenience. The
MLA is recognized in a western blotting experiment by an
H3K36me3 antibody (Figure S1A available online). Subse-
quently, unmethylated (naive) or H3K36me3 mononucleo-
somes were reconstituted on a *P-labeled DNA fragment
containing the 601 nucleosome positioning sequence [23,
24)]. Rpd3S bound to both nucleosomes in an EMSA assay
and displayed a higher affinity for H3K36me3 nucleosomes
as shown previously [25] (Figure S1B).

The assembled nucleosomes were incubated with RSC in
the presence or absence of Rpd3S and analyzed by native
gel electrophoresis. RSC mobilized the histone octamer as
indicated by the faster migration of the 601 nuclecsome on
a native gel. However, Rpd3S did not significantly inhibit
this activity (Figure 1B). Similar effects were observed on
H3K36me3 nucleosomes (Figure S1C). We conclude that
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Figure 1. Rpd3s Inhibits RSC-Dependent Nucleasome Eviction and Promotes Nucleosome Assembly In Vit

(A) Silver stain gel of TAP-purified RSC2, Rpd3S, and FACT complexes.

(E) The effect of Rpd3S on RSC-depandent nuclecsome remodeling. 2nM RSC was incubated with 0.3 nM *P-labded mononuclecsome and 0, 13, 39, or
78nM FBpd3s. The remodaing products were fractionated by native PAGE A phosphorimage of the gel is shown. See also Figures S$1A=51C for the effect of
H3K36me3d on RpdaSs in binding and RSC-mediated nucleosome remodeling reactions.

(C) The effect of Rpd 35 on RSC-dependent nuclecsome eviction. Left, 8 nM BSCwas incubated with 0.3nM mononucleasome and 0, 13, 39, or 78 nM Bpd35
in the presence of 10 ng of pGEM3Z601R acceptor DNA. Bar graph on the right represents quantitation by ImageQuant TL (GE) of the three independent
experiments. The relative amounts of free DNA generated by eviction were plotted as a bar graph normalized to that generated by 6 nM RSC alone, which
was assigned a value of 100. The error bars show *standard deviation (SD). The pvalueis calculated by Student's t test. See also Figure 510 forthe effect of
H3K36me3 on Rpdas in RSC-mediated nucleosome eviction.

(D} Rpd3S-mediated chromatin assembly assay. Left, the reaction contained 18 nM FACT, or 6 12, 18 nM of Bpd3S, respectively, with recombinant
Xenopus octamers and a ©P-labeled 601 DNA fragment. A phosphorimage of a native gel is shown. Graph on the dght represents quantitation of the
amounts of assembled nudeosomes by Rpd3S relative to no Rpd3S contral (i.e., octamers alone). The free DNA and assembled nucleosome are indicated.
The error bars show *standard deviation (SD). The p value is calculated with Student's t test. For chaperone assays see also Figure S1E for the effect of
H3K36me3 on Rpd3s, Figure S1F for the effect of Rpd3S mutants, and Figure S1G for the effect of trichostatin.
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Rpd3S does not inhibit nucleosome remodeling under the
experimental conditions tested in our assays.

As reported previously [26], RSC has the ability to transfer
a histone octamer from one DNA molecule to another, often
termed an acceptor. This octamer transfer capability, referred
to as eviction, is important for RSC's function [8]. Upon
addition of an unlabeled supercoiled acceptor DNA to our
remodeling reactions, RSC transferred the majority of
octamers from the labeled DNA probe to the unlabeled DNA,
thereby generating substantial amounts of free *p.DNA
(Figure 1C, lane 2). Importantly, the amount of eviction, as
measured by accumulation of free DNA, decreased signifi-
cantly with increasing doses of Rpd3S (Figure 1C, lanes 3-5
and accompanying bar graph), while the amount of remodeled
nucleosome increased. Similar effects on remodeling and
eviction were observed at similar Rpd3S concentrations on
H3K36me3 chromatin (Figures S1C and S1D). We conclude
that Rpd3S inhibits RSC-mediated octamer eviction in an
H3K36me3-inde pendent manner in vitro.

Inhibition of ATP-dependent octamer eviction is an activity
that may act to maintain nucleosome stability and histone
density over a regulatory region and gene. Another activity
that could serve a similar role would be the ability of Rpd3S
to act as a chaperone by assembling histones onto DNA.
Histone chaperones such as FACT, Napl, Asfl, and Spt6
play important roles in transcription regulation in yeast [27,
28]. To address this possibility, Rpd3S was first incubated
with unmodified, naive octamers to allow protein-protein
interactions, followed by incubation with a *2p.jabeled DNA
bearing the 601 positioning sequence. Nucleosome formation
was analyzed on a native gel (Figure 1D). To verfy the
efficiency of our in vitro system, we compared Rpd3S with
the well-studied histone chaperone FACT (Figure 1A) [27],
which is known to specifically load histones onto DNA. As
reported previously [29], FACT strongly stimulated nucleo-
some formation (Figure 1D, lane 3). Importantly, Rpd3S also
promoted nucleosome assembly in a dose-dependent manner
(Figure 1D, lanes 4-6). Surprisingly, the concentration of
Rpd3S necessary to assemble nucleosomes was measurably
lower than that required to inhibit eviction. H3K36me3 did
not enhance and even inhibited the chaperone function of
Rpd3S (Figure 51E). Moreover, an Rpd3S mutant lacking the
PHD domain of Rco1 and the chromo domain (CHD) of Eaf3,
both of which target Rpd3S to H3K36me3 [25], displayed
similar relative nucleosome assembly activity as did the wild-
type protein. H3K36me3 negatively affected the mutant’s
chaperone function similar to its effect on wild-type Rpd3S
(Figure S1F). We conclude that the Rpd3S complex acts as
a histone chaperone to promote histone deposition onto
DNA in vitro in an H3K36me3-independent manner.

The inhibition of chaperone function by H3K36me3 was
quite interesting given that Rpd3S nomally targets this modi-
fication for binding within an ORF. However, the effect was
also observed in a mutant of Rpd3S lacking the targeting
domains suggesting that HIK36me3 inhibits a specific aspect
of the chaperone function. For example, H3K36me3 also
negatively affected the chaperone activity of FACT (data not
shown). Collectively, the chaperone and eviction data suggest
that Rpd3S possesses a chromatin stabilization function,
which is independent of the specific H3K36me3 targeting
function. Although our assays utilized unacetylated histones,
it remained a remote possibility that the HDAC function of
Rpd3 might somehow contribute. However, Rpd3S promoted
nucleosome formation at the same efficiency in the absence

or presence of trichostatin concentrations sufficient to inhibit
90% of Rpd3's HDAC activity (Figure S1G).

The 3-Subunit Core of Rpd3L and Rpd3S Mediates the
Nucleosome Stabilization Function

We next asked whether the Rpd3L complex exhibited similar
properties as Rpd3S because the two enzymes share a set
of three core subunits [10, 11]. To address this question, we
TAP purified the Rpd3L complex (Figure 2A) and tested its
effect on RSC-dependent remodeling (data not shown) and
octamer eviction (Figure 2B). Like Rpd3S, Rpd3L had little
effect on remodeling but significantly inhibited octamer evic-
tion as indicated by the reduced amounts of free DNA
observed with increased amounts of protein (Figure 2B). More-
over, like Rpd3S, Rpd3L stimulated nucleosome assembly
with naive octamers (Figure 2C).

Because Rpd3L shares a 3-subunit core complex (3-core)
with Rpd3S, we next asked whether this module contributes
to the nucleosome stabilization function. The 3-subunit core
complex was reconstituted by coexpression of S. cerevisiae
Ume1, Rpd3, and Sin3 in Sf9 cells via a baculovirus system.
Sin3 was tagged with the FLAG epitope and the complex
was purified with a two-step procedure involving an anti-
FLAG immuno-affinity column followed by gel filtration chro-
matography. The final products were relatively pure except
for an unknown protein that copurified (Figure 2D). We
observed a significant and dose-dependent inhibition of
RSC-mediated octamer eviction by the 3-subunit core
complex (Figure 2E). The core complex also enhanced nucle-
osome formation in a chaperone assay, similar to Rpd3S and
Rpd3L (Figure 2C).

In an attempt to identify the subunit responsible for nucle-
osome stabilization, we used FLAG-affinity chromatography
to purify each of the individual subunits (Figure S2A).
In side-by-side purifications of similar scale and yield, only
Umel purified to near homogeneity as a single species.
Sin3 was degraded slightly and Rpd3 copurified with several
higher molecular weight bands. Nevertheless, the amounts of
full-length subunits were sufficient for testing. Surprisingly,
no individual subunit inhibited RSC-mediated octamer
eviction (Figure 52B) or assembled nucleosomes to any
significant extent (Figure S2C). We conclude that the entire
Rpd3 core complex (Sin3, Umel, and Rpd3) is necessary
and sufficient for the chromatin stabilization function in vitro.

The Nucleosome Stabilization Function Inhibits
Nucleosomal Transcription In Vitro

To further study the nucleosome stabilization function of
Rpd3 HDACs, we performed in vitro transcription. Previously,
we established a system to study Pol Il transcription through
a nucleosome by using a “C-tail” template bearing a single-
stranded stretch of dC ligated to a DNA fragment encompass-
ing the 601 positioning sequence (Figure 3A) [30]. Pol Il
employs the C-tail as a promoter and elongates into the 601
nucleosome. RSC was shown to stimulate Pol Il elongation
through the nucleosomal barrier [30]. Our current view is that
RSC stimulates transcription by evicting the nucleosome. We
wished to determine whether the nucleosome stabilization
function of Rpd3was potent enough to prevent RSC-mediated
transcription. Consistent with our previous study, transcrip-
tion with TAP-purified yeast Pol Il generated only small
amounts of fulldength (FL) transcripts (Figure 3B, lane 1).
Pol 1l arested at discrete locations and shont transcripts
were produced. In the presence of ATP and acceptor DNA,
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Figure 2. Rpd3L and 3-Subunit Core Complex Prevent RSC-Dependent Nucleosome Eviction and Promote Nucleosome Assembly In Vitro

{4) Silver stain gel of TAP-purified RpdaL.

(B} The effect of Rpd3L on RSC-dependent nucleosome eviction. 6 nM RSC was incubated with 0, 15, 45, 90 nM Rpd3L, respectively, and analyzed as

described in Figure 1C legend.

(C) Nucleosome assembly with Xenopus octamers and 18 nM Rpdil or 3-subunit core complex, respectively, as in Figure 1D legend.

(D) Silver stain gel of recombinant 3-subunit core complex. The asterisk indicates an unknown protein that copurdfied with the 3-subunit core complex.
(E) The effect of 3-subunit core complex on RSC-dependent nucleosome eviction. 6 nM RSC was incubated with 601 nuclecsome and 0, 15, 45, 90 nM
of recombinant core complex, respectively, and analyzed as in Figure 1C legend. See adso Figure S2A for silver-stained gels of the individual subunits,
Figure S2B for their effect on RSC-mediated nuclecsome eviction, and Figure S2C for chaperone assays.

RSC strongly stimulated transcription as reflected by the
decrease in amrested transcripts and by increased production
of full-length (FL) transcripts (Figure 3B, lane 2). The addition
of the Rpd3 HDACSs, in the form of either Rpd3S, Rpd3L, or
the 3-subunit core complex, all diminished transcription in
a dose-dependent manner on naive chromatin (Figure 3B,
lanes 3-8). However, the presence of the chaperone FACT,
which has no effect on RSC eviction (data not shown), did
not affect the production of full-length transcripts (Figure 3B,
lanes 9-10). The inhibition of transcription by Rpd3 HDACs
was specific to a nucleosomal template as shown by the fact
thatthey did not inhibit transcription on naked DNA (Figure 3C).
Because Rpd3S displayed a higher affinity for H3K36me3
nucleosomes [25], we compared the inhibitory effect of
Rpd3S and 3-subunit core complex on transcription with
naive or H3IK36me3 nuclecsomal template. The H3K36me3
nucleosomes enhanced repression by Rpd3S but not by the
3-subunit core complex (Figure 3D). The results are consistent
with the higher affinity of Rpd3S for H3K36me3 nucleosomes.
These data indicate that the Rpd3 complexes antagonize
RSC-mediated stimulation of Pol Il transcription elongation
through a nucleosome in vitro. The inhibition of transcription
elongation by Rpd3S is consistent with an in vivo study
showing that deletion of Rpd3 bypasses the requirement of
positive elongation factor Burl/Bur2 [11].

Our approach does not indicate whether Rpd3S, for
example, can block an elongating Pol Il molecule in vivo. It is
not known how Pol Il elongation occurs in living cells and
whether there are situations where it would encounter
Rpd3S-bound nucleosomes. Indeed, the current model, for
which there is little experimental support, suggests that
Rpd3S-bound nucleosomes accumulate behind Pol Il [15].
Nevertheless, our assay provides a measure of the stability
of the nucleosome conferred by Rpd3 in the presence of the
strong ATP-dependent remodeling activity of RSC and the
potent NTP-dependent DNA translocase activity of Pol Il

Rpd3 Affects H3 Density Preferentially at RSC-Bound
Genes in Vivo

The ability of the two Rpd3 complexes to stabilize nucleo-
somes independent of HDAC activity suggested that they
might play similar roles in vivo. To address this hypothesis,
we prepared strains of yeast with the endogenous Rpd3
gene deleted but bearing an empty vector or vectors express-
ing either the wild-type or H150A catalytically inactive Rpd3
[2]. The mutant and wild-type Rpd3p were expressed at similar
levels (Figure S3A). The H150A mutation appears to be
completely defective for histone deacetylase activity as shown
previously via an in vitro assay. However, it still interacts
with Sin3 and partially retains the transcription repression
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Figure 3. Rpd3 HDACSs Inhibit RSC-Mediated Activation of Nuclecsome Transcription
{A) Schematic of the C-tall template. The template contains the 601 positioning sequence and a 20-nucleotide single-stranded C-tall with an intervening

polylinker from pGEM3Z601R. Pol Il initiates from the C-tail.

(B) The template was assembled into a mononucleosome with naive recombinant Xenopus octamers and then preincubated with 3 nM RSC in the presence
or absence of 30 or 60 nM Rpd3S, Rpdil, 3-subunit core complax, or FACT for 1 hr at 30¢C. Pol Il, «-?PJCTP, NTPs, and RNasa H were then added for
15 min at 30°C. The **P-labeled RNA products were fractionated on a10% polyacrylamide/urea gal. A phosphordmage of the gel is shown.

(C) Same assay as performed in (B), except that naked C-tail DNA template was used instead of nuclecsomal template.

(D) In vitro transcription was performed on nalve or HIK36me3 nucleosomes. 3 nM RSC was incubated with 0, 5, 15, 45 nM Rpd3S or recombinant 3-subunit

core complex, respectively.

function [2]. To test the effect in vivo, we chose two known
targets of Rpd3, histone H3K18ac and H4K5ac [31]. The data
demonstrate that the H150A and null Rpd3 mutants lead to
similar levels of H3K1 8 and H4 K5 hyperacetylation, suggesting
that the point mutant is largely inactive in vivo (Figure S3B).
Finally, we measured histone H3 density genome-wide in
each of these three strains by using Agilent tiling arrays.
Upon deletion of Rpd3, we observed a significant decrease
in H3 density at intergenic/promoter regions genome-wide,
while the coding regions/ORFs were less affected (Figure 44)
although still significant in some regions (data not shown).
Importantly, however, the H150A derivative maintained signif-
icantly higher H3 density than in Rpd3-deletion cells (empty
vector}, although not as high as in Rpd3 wild-type cells. The
data suggest a global role of Rpd3 in affecting histone density
although the effect is more apparent in promoter regions.
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Our biochemical studies showed that Rpd3 complexes
prevent RSC from evicting histones on chromatin (Figures 1
and 2). We hypothesized that the observed changes in H3
density upon Rpd3 mutation might be more evident on
genes that are bound by RSC in vivo. To test this hypothesis,
we compared our data with that of the published genome-
wide distribution of five subunits of the RSC1 and RSC2
complexes in S. cerevisiae [3]. We analyzed intergenic/
promoter regions scored for high RSC binding by the authors
(as measured via all five subunits; p < 0.001 for each region)
and compared them with a similar number of targets display-
ing the least RSC binding (Figure 4B). We then analyzed the
H3 density changes observed upon Rpd3 mutation in these
same two subsets of targets. The deletion or mutation of
Rpd3 minimally impaired H3 occupancy at low RSC-bound
targets, while a more significant decrease was observed at
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Figure 4. Rpd3 Complexes Stabilize Chromatin In Vivo

(A) H3 levels were measured by ChiP in wild-type (WT), rpd3 H150A (H1504), and rpd34 (Vector) calls. ChiP DNA of Histone H3 and inputs were am plified,
labeled, and hybridized to Agilent Tiling arays. The average binding of 6,572 annotated genes and their upstream 500 bp regions are shown. Enrichment
of H3 ChiP DNA is shown as the log2 ratios of ChIP versus input DNA. p values for the promoters were calculated with the Mann-Whitney test See also

Figure S3A for Rpd3 native versus H150A protein levels, Figure S3B for global
grounds, and Figures S3C and 53D for Rpd3 association with Pal Il and H3.

acetylation levels of HIK18 and H4KS in Rpd3 native, H1504, and null back-

(B} Box and whisker plot for two subsats of targets that have high or low Rsc2 enrichment. Each subsat has 495 and 506 targets, respectively. The p values

are caleulated by Student's t test.

(C and D) H3 levels of the low (C) and high (D} Rsc2 targets wene measured in wild-type, rpd3 H150A, and rpd 3.4 cells. p values for the promoters were calou-

lated by the Mann-Whitney test

the RSC-enriched targets (Figures 4C and 4D). Importantly,
the largest difference in H3 density between wild-type and
either the null or H150A Rpd3 mutant was observed at RSC-
enriched regions. The data suggest the possibility that the
Rpd3 complex can somehow influence nucleosome stability
at RSC-enriched promoter regions in vivo. It is unclear how
this would affect gene expression because recent findings
suggest that the nucleosome occupancy of Rpd3 targets is
not always comelated with transcription frequency [32-34]
Additionally, Rpd3 affects transcription of full length and
cryptictranscripts [10, 17], making it complicated to determine
the true effect.

Conclusions and Perspectives

We have demonstrated that Rpd3S and Rpd3L possess
a previously unrecognized capacity to promote nucleosome
assembly like a histone chaperone. Additionally, both Rpd3
HDAC complexes prevent RSC-dependent histone eviction
from nucleosomes, possibly through their histone chaperone
activity. However, we note that the eviction and chaperone
functions displayed different concentration dependence. We
were also able to establish that the three common subunits
of Rpd3S and Rpd3L formed a subcomplex, which contributed
to the shared activities of the small and large Rpd3 HDACs. We
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speculate that the combination of a histone chaperone activity
and inhibition of RSC eviction facilitate chromatin stability and
complement the transcriptional repression function of the
Rpd3 HDAC.

The diminished density of H3 in strains upon Rpd3 deletion
or mutation was significant mainly on the promoter/intergenic
regions. Despite the observation that transcription level is
inversely correlated with H3 density [35], the levels of H3 in
transcribed regions significantly exceed those in promoter
regions. It remains a possibility that although Rpd3S is found
primarily in ORFs, the nomally high histone density masks
its stabilization function. Histone density and chromatin stabi-
lization in the ORF is known to involve numerous proteins,
including chaperones such as Spté and FACT, many of which
generate a cryptic transcription phenotype when mutated
[36-38]. Hence the role of Rpd3’s stabilization function in the
ORF regions may be less apparent and require more sensitive
assays or combinatorial mutations of other chaperones to
become more evident. Altemately, the ability of H3K36me3 to
inhibit Rpd3’s chaperone function may disable that function
in ORFs.

A prediction of the role of Rpd3, as either a chaperone or
in chromatin stabilization, is that it should copurify with
substantial amounts of H3. Indeed, we observed that Rpd3



complexes, purified with an Rpd3-TAP strain, contained
a significant amount of H3 and less, but still detectable,
amounts of Pol Il. Stoichiometry measurements revealed that
the ratio of Rpd3:H3:Pol Il is 10:4.5:1 (Figures S3C and S3D).
This result was obtained with concentrations of heparin and
ethidium bromide, which are known to disfavor protein-DNA
interactions. In the case of H3, these data are consistent with
a chaperone function. In the case of Pol I, these data are
consistent with the direct interaction of Pol Il and Rpd3S
proposed by Hinnebusch and colleagues [18].

It should be pointed out that our unpublished microarray
data show that deletion of Rpd3 causes upregulation and
downregulation of many genes as reported [39] (data not
shown). Although it would be easy to dismiss the downregu-
lated genes as indirect effects, the result belies a complex
role of Rpd3 in transcription. For example, little is known about
the mechanisms underlying global histone deacetylation and
what role it plays. Additionally, Rpd3 has been shown to be
directly required for activation of stress-inducible genes,
and in some cases, the effect requires the catalytic activity
[32-34]. In such scenarios, nucleosome density and the chro-
matin stabilization function may not always correlate with
Rpd3 occupancy. Therefore, although our results reveal an
additional function for Rpd3, which may have implications
for the function of these proteins in higher eukaryotes, much
remains to be learned of how this protein functions in genomic
regulation.
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Figure S$1, related to Figure 1

Rpd3S Stabilizes Nucleosome Structure Independent of H3K36me3 or
HDAC Activity.

(A) Methyl lysine analogues (H3K36Cme3) and their precursors (H3K36C) are
immunoblotted against H3 (ab1791) or H3K36me3 antibody (ab9050).

(B) EMSA of Rpd3S binding to naive or H3K36me3 nucleosomes. 0.67, 2 or 6
nM of Rpd3S were incubated with naive or H3K36me3 nucleosomes and
fractionated on native polyacrylamide gels. A phosphorimage of the gel is shown.
(C) RSC dependent remodeling on H3K36me3 nucleosomes in the presence or
absence of Rpd3S. 2nM RSC was incubated with *’p_jabeled nucleosomes and
0, 13, 39, 78 nM Rpd3S. The products were fractionated by native PAGE. A
phosphorimage of the gel is shown.

(D) RSC-dependent eviction on H3K36me3 nucleosomes in the presence or
absence of Rpd3S. 6 nM RSC was analyzed with 0, 13, 39 or 78 nM Rpd3S in
the presence of 10 ng pGEM3Z601R acceptor DNA and analyzed as in (C).

(E) Rpd3S-mediated chromatin assembly with naive or H3K36me3 octamers. 20
ng of naive or H3K36me3 octamers were incubated with 0, 2, 6 or 12 nM Rpd3S
and a *’P-labeled 601 DNA fragment. The graph quantitates the amounts of
assembled nucleosome mediated by Rpd3S relative to no Rpd3S control
(octamers alone). The error bars show +/- standard deviation (SD). The P value
is calculated using Student'’s t-test.

(F) Left panel, silver stain gel of TAP-purified mutant Rpd3S with combined
deletion of CHD and PHD domains. Right panel, comparison of wild-type (WT)
and mutant Rpd3S (phdA chdA) in mediating chromatin assembly using naive or
H3K36me3 octamers. 12 nM of wild-type or mutant Rpd3S was incubated with
20 ng naive or H3K36me3 octamers. Bar graph from 3 independent experiments
representing the relative amount of assembled nucleosomes normalized to no
Rpd3S control (null). The error bars show +/- standard deviation (SD). P values
are from Student's t-test.

(G) Left panel, histone deacetylation assay with TSA. The deacetylase activity of
20 nM Rpd3S in the presence of 0, 1, 500, 1000 nM TSA was analyzed using an
HDAC fluorometric activity assay kit (BIOMOL). Bar graph from 3 independent
experiments representing the relative activity of Rpd3S HDAC normalized to the
no TSA control. The error bars show +/- standard deviation (SD). Right panel, the
effect of TSA on Rpd3S-mediated chromatin assembly. 12 nM Rpd3S with or
without 1000 nM TSA was incubated with 20 ng of naive octamers and analyzed
as in (E).
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Figure S2, related to Figure 2

Individual Subunits of the 3-subunit Core Complex Do Not Stabilize
Nucleosome Structure.

(A) Silver stained gel of recombinant Sin3, Ume1, Rpd3 expressed in a
baculovirus system.

(B) RSC-dependent eviction on naive nucleosomes in the presence or absence
of 3-core, Sin3, Ume1, Rpd3. 6 nM RSC was analyzed with or without 90 nM of
3-core, Sin3, Ume1, Rpd3. Data were analyzed as in legend of Figure 1C.

(C) Chromatin assembly assay. 20ng of naive octamers were assayed with or
without 12 nM of 3-subunit core, Sin3, Ume1, Rpd3. Data were analyzed as in
Figure S1E.
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Figure S3, related to Figure 4

(A and B) rpd3 mutation (H150A) induces histone H3 and H4
hyperacetylation similar to rpd3-deletion (Vector).

(A) Rpd3p or Rpd3p (H150A) levels were measured by western blotting in
extracts of wild-type (WT), rpd3 H150A (H150A), and rpd34 (Vector) cells. The
histone H3 blot serves as loading control.

(B) Relative histone acetylation levels in wild-type (WT), rpd3 H150A (H150A),
and rpd34 (Vector) cells were determined by blotting with antibodies specific for
H3 acetyl-lysine 18 or H4 acetyl-lysine 5. H3 and H4 blots serve as loading
controls.

(C and D) Rpd3 Co-purifies with Pol Il and Histone H3 In Vivo.

(C) Western blot shows TAP-purified Rpd3 co-purifies with Pol |l and H3. A
standard curve (left three lanes) was generated using 300, 60, and 15 ng of TAP-
purified Pol Il, and 54, 27, and 9 ng of recombinant H3. Rpd3 was quantified by
silver staining.

(D) Bar graph shows the molar ratio of Pol I, H3, and Rpd3 in the Rpd3-TAP
purification. Data from 3 replicates were averaged and graphed. The error bars
show +/- standard deviation (SD).
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Supplemental Experimental Procedures

TAP Strains and TAP Purification

TAP-tagged strains for Rco1, Rsc2, Spt16 and Rxt2 are from the Open
Biosystems Yeast-TAP Fusion Library. eaf3Achd rco1Aphd-TAP tagged strain
was a gift from Bing Li. TAP purification was performed as previously described

with minor modifications [1].

Recombinant Histone Purification and Nucleosome Reconstitution

Recombinant Xenopus laevis histones (H3K36C, H3, H4, H2A, and H2B) were
individually expressed in BL21 (DE3) cells and purified as described [2]. Methyl-
lysine analog histones (H3K36Cme3) were prepared as described previously [3].
DNA templates used in the nucleosome assembly assays were PCR amplified
from the pGEM3Z601R plasmid [4]. Mononucleosomes were reconstituted via

the serial salt dilution method [5].

RSC-Dependent Nucleosome Remodeling and Eviction Assays

Nucleosomes were end-labeled with Polynucleotide kinase and y”F'-ATP on 601
DNA, and then incubated with RSC and Rpd3 complex in reaction buffer (25mM
HEPES, pH 7.5, 10 mM MgClz, 50 mM KCI, 0.25 mg/mL BSA, 10% Glycerol,
1mM DTT, 2mM ATP). For eviction assays, 10 ng of pPGEM32Z601R plasmid was
added as acceptor DNA. After 1hr at 30°C, 400 ng Poly(dl-dC) and 100 ng of

pGEM3Z601R plasmid DNA were added for 15 min at 30°C to compete RSC and
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Rpd3 off the nucleosomes. The nucleosomal products were separated on a 5%

(29:1) polyacrylamide gel, dried and exposed to a Phosphor imaging screen (GE).

Chaperone-dependent Chromatin Assembly

20 ng of Xenopus laevis octamers were incubated with FACT or Rpd3 complexes
in @ 10-uL reaction mixture containing 25 mM HEPES pH7.5, 10 mM MgCl,, 50
mM KCI, 0.25 mg/mL BSA, 10% Glycerol, and 1 mM DTT. After 30 min at 30°C,
1 ng of *P-end-labeled 174-bp DNA template in 10 pl of the same buffer above
was added. After 1 h at 30°C, 400 ng of Poly(dl-dC) and 100 ng of pGEM3Z601R
plasmid DNA were added for an additional 15 min. The products were separated
by 5% (29:1) native PAGE, dried and exposed to a Phosphor imaging screen

(GE).

Purification of Recombinant 3-Subunit Core Complex and Individual
Subunits from SF9 Cells

Sf9 insect cells were grown at 27 °C in suspension cultures in Sf-900™ Il SFM
(Invitrogen). Recombinant baculoviruses were generated in Sf9 cells using the
BacPAK™ Baculovirus Expression System (Clontech). For 3-subunit core
purification, SF9 cells were co-transfected with Flag-Sin3, Rpd3 and Ume1
baculoviruses and harvested after 48 h. The cell pellets were lysed in lysis buffer
(50 mM HEPES at pH 7.9, 300 mM NaCl, 2 mM MgClz, 0.2% Triton, 10%
Glycerol, 0.5 mM EDTA). The recombinant 3-subunit core complex was then

purified using M1 FLAG antibody affinity resin (Sigma) following the
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manufacturer's instructions. The Flag-affinity eluate was fractionated on a
Superose 12 HR 10/30 gel filtration column (Amersham Biosciences). For the
Sin3, Ume1, Rpd3 purifications, each subunit was Flag-tagged, and affinity-

purified using FLAG antibody resin.

In Vitro Transcription
Transcription reactions were performed as previously described [6] with the
addition of 0.8U RNase H to prevent formation of DNA-RNA hybrids during

transcription.

Chromatin Immunoprecipitation and Genome-Wide Mapping

Yeast strains for ChlP assays were constructed in RMY200 with myc-H3 as
described previously [7]. RPD3 was deleted using a PCR-based gene disruption
strategy [8, 9]. Centromeric plasmids were constructed bearing wild-type RPD3,
rpd3 H150A or vector alone and transformed into the mpd34 myc-H3 yeast cells.
ChlP assays were performed as previously described [10]. Briefly, formaldehyde
cross-linked, sonicated whole-cell extract was incubated overnight with
antibodies directed against myc-H3 (9E10, Abcam). The ChIP and input DNA
were amplified, labeled, and hybridized to two-color Agilent 244-k tiling arrays
(G4491A) as previously described [11]. Hybridization and washing were
performed according to the manufacturer’'s instructions. Following array scanning,
the data were analyzed using Agilent Feature Extraction and normalized using

Agilent ChIP Analytics with the default settings. Average probe signal was
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extracted within bins as described in the figure legends. The raw data have been
deposited into the Gene Expression Omnibus (GEO) database (Accession #

GSE33829).

Data Analysis

The data from two biological replicates were combined using Agilent ChIP
analytics 1.3 software. The RSC genome-wide occupancy data were downloaded
from http://web.wi.mit.edu/young/datadownload.htm. We selected 506
intergenic regions with a combined P-value less than 0.001 as high RSC-bound
targets. We arranged the combined P-values of the RSC dataset in descending
order and selected 495 genes with the highest P values as low RSC-bound
targets. The data were verified by comparing the Rsc2 intensity in these two
subsets of targets. The H3 densities of these two subsets were compared in wild-

type, rpd3 H150A, and rpd3A4 cells.
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Mechanism for epigenetic variegation
of gene expression at yeast telomeric
heterochromatin

Tasuku Kitada,'? Benjamin G. Kuryan,"” Nancy Nga Huynh Tran,'? Chunying Song,'* Yong Xue,'?
Michael Carey,'? and Michael Grunstein'>?

"Department of Biological Chemistry, David Geffen School of Medicine, “the Molecular Biology Institute, University of
California at Los Angeles, Los Angeles, California 90095, USA

Yeast contains heterochromatin at telomeres and the silent mating-type loci (HML/HMR). Genes positioned
within the telomeric heterochromatin of Saccharomyces cerevisiae switch stochastically between epigenetically
bistable ON and OFF expression states. Important aspects of the mechanism of variegated gene expression,
including the chromatin structure of the natural ON state and the mechanism by which it is maintained, are
unknown. To address this issue, we developed approaches to select cells in the ON and OFF states. We found by
chromatin immunoprecipitation (ChIP) that natural ON telomeres are associated with Rapl binding and,
surprisingly, also contain known characteristics of OFF telomeres, including significant amounts of Sir3 and
H4K16 deacetylated nucleosomes. Moreover, we found that H3K79 methylation (H3K79me), H3K4me, and
H3K36me, which are depleted from OFF telomeres, are enriched at ON telomeres. We demonstrate in vitro that
H3K79me, but not H3K4me or H3K36me, disrupts transcriptional silencing. Importantly, H3K79me does not
significantly reduce Sir complex binding in vivo or in vitro. Finally, we show that maintenance of H3K79me at ON
telomeres is dependent on transcription. Therefore, although Sir proteins are required for silencing, we propose
that epigenetic variegation of telomeric gene expression is due to the bistable enrichment/depletion of H3K79me

and not the fluctuation in the amount of Sir protein binding to nucleosomes.

[Keywords: epigenetics; position effect variegation; silencing; telomeres; histones; Sir complex]
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Epigenetics is traditionally defined as “the study of
mitotically and/or meiotically heritable changes in gene
function that cannot be explained by changes in DNA
sequence” (Riggs et al. 1996). Position effect variegation
(PEV), discovered in the fruit fly Drosophila melanogaster,
is a classic example of an epigenetic phenomenon (Girton
and Johansen 2008). PEV is characterized by the reversible
and stochastic switching of a gene positioned within
heterochromatin between ON and OFF states. Telomere
position effect | TPE), at the heterochromatin of telomeres
in budding yeast, is a form of PEV [Supplemental Fig. S1;
Gottschling et al. 1990; Mondoux and Zakian 2006). TPE
involves the variegated expression of genes positioned
near telomeres at the boundary of heterochromatin and
euchromatin. Although TPE in yeast was discovered
more than two decades ago (Gottschling et al. 1990), how
the variegated gene expression pattern arises at telomeres
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is still poorly understood (Ptashne 2002; Mondoux and
Zakian 2006; Madhani 2007).

The formation of telomeric and silent mating-type
locus heterochromatin has been well characterized, and
current data are consistent with a model in which yeast
heterochromatin  proteins assemble and spread along
histones in a stepwise manner [Hecht et al. 1996; Rusche
et al. 2003; Mondoux and Zakian 2006). In this process,
Rapl bound at the telomeric TG, 3 repeats [Buchman
et al. 1988; Klein et al. 1992) recruits Sird through direct
protein-protein interaction (Moretti et al. 1994; Hoppe
et al. 2002; Luo et al. 2002). Sird in tum recruits Sirl
[Moazed et al. 1997; Strahl-Bolsinger et al. 1997), an
NAD-dependent histone deacetylase (HDAC) with speci-
ficity for histone H4K16 acetylation (H4K 16ac) [Imai et al.
2000; Landry et al. 2000; Smith et al. 2000). Deacetylation
of H4K16ac generates a high-affinity binding site for the
Sir3 protein (Johnson et al. 1990; Liou et al. 2005), which
in turn recruits more Sird and Sir2 (Hecht et al. 1996
Hoppe et al. 2002; Luo et al. 2002). Cycles of H4K16
deacetylation and Sir3 recruitment enable spreading of



the Sir complex along telomeric heterochromatin. The
spreading of the Sir complex is eventually blocked by
H4Kl6ac in adjacent euchromatin by the histone acetyl-
transferase Sasl [Kimura et al. 2002; Suka et al. 2002).
Sas2-mediated acetylation of H4K16 is also thought to
enhance the incorporation of the histone H2A variant
Htz1/H2AZ (Shia et al. 2006|, which may act as an
additional barrier to Sir complex spreading (Meneghini
et al. 2008).

Similarly, H3K4 methylation (H3K4me), H3K36me,
and H3K79me have also been proposed to contribute to
the boundary between heterochromatin and euchroma-
tin, but the exact role that each modification plays in this
process is less well defined [Verzijlbergen et al. 2009). It
has been suggested, using histone point mutant and
methyltransferase deletion strains, that the presence of
H3Kd4me or H3K36me prevents ectopic binding of Sir
proteins in euchromatin (Santos-Rosa et al. 2004; Tompa
and Madhani 2007). More critically, the overexpression of
the H3K79 methyltransferase Dotl has been shown to
disrupt gene silencing in vivo, and it has been proposed
that H3K79me may block Sir complex binding to antag-
onize subtelomeric silencing in vivo [Singer et al. 1998;
van Lesuwen et al. 2002; Ng et al. 2003; Katan-Khaykovich
and Struhl 2005; Altaf et al. 2007; Fingerman et al. 2007;
Onishi et al. 2007). Genetic, biochemical, and structural
studies have shown that unmethylated H3K79 is a con-
tact site for Sir3 and that methylation of H3K79 can
disrupt that interaction between the H3K79 region and
Sir3 in vitro (Mg et al. 2002; Altaf et al. 2007; Fingerman
et al. 2007; Johnson et al. 2009; Martino et al. 2009;
Armache et al. 2011; Ehrentraut et al. 2011). Moreover,
removal of H3K79me has been shown to facilitate de
novo establishment of silencing at the silent mating-type
locus HML (Osbhome et al. 2009). Although it has been
reported that H3K79 methylation by Dotl does not play
a role in natural silencing at HML or at most subtelo-
meres (Takahashi et al. 2011), the study asked whether
the genome-wide depletion of H3K79me would derepress
heterochromatin silencing instead of directly addressing
the function of H3K79me at heterochromatin per se.

The precise mechanism by which heterochromatin
prevents the transcription of a gene is not known. How-
ever, it has been proposed that the Sir complex can
prevent gene activation by either blocking the assembly
of the preinitiation complex [PIC; general transcription
factors and RNA polymerase I [RNAPI]| or regulating
the transition between transcription initiation and
RNAPI elongation (Sekinger and Gross 2001; Chen and
Widom 2005; Gao and Gross 2008). Additionally, it has
been shown that the abnormal lengthening of telomeres
can increase the strength of gene silencing (Kyrion et al.
1993; Li and Lustig 1996, Mishra and Shore 1999; Park
and Lustig 2000.

In contrast to the formation of the OFF state of telomeric
heterochromatin, the chromatin structure of the natural
ON state has not been well characterized. Potentially, the
natural ON state could result from the absence of Rapl
binding to telomeric repeats or loss of interaction be-
tween the Sir complex and nucleosomes due to H4K 16ac
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or H3K79me [Nget al. 2003; Moazed 2011). However, this
is not necessarily the case, as it has been shown that a
telomeric gene can be derepressed in the presence of Sir
complex binding in an H4K16R Sir2-345 catalytic mutant
strain (Yang et al. 2008), an H3K56 mutant strain (Xu
et al. 2007), an H3A4-30 tail deletion mutant strain
(Sperling and Grunstein 2009), and a strain with a Gald-
Sirl fusion protein artificially recruited to a synthetic
HMR silent mating-type locus prior to the establishment
of silencing [Kirchmaier and Rine 2006).

Therefore, to decipher the basis of epigenetic variega-
tion, we sought to identify the molecular factors that
determine the natural ON state of budding yeast TPE. To
accomplish this, we first developed amethod for isolating
populations of cells with telomeres in the ON and OFF
states. This approach is conceptually different from most
previous studies in which mixed populations of cells with
ON and OFF telomeres were compared with heterochro-
matin mutant strains with telomeres that are artificially
ON [Rusche et al. 2003). We then assessed the structural
differences in chromatin at the ON and OFF telomeres in
vivo. Additionally, by in vitro reconstitution of hetero-
chromatin, we asked whether any of the differences
observed in vivo were sufficient to disrupt gene silencing
using yeast nuclear extracts. Surprisingly, we found that
Rapl binding, Sir complex binding to nucleosomes, and
H4K16 deacetylation were largely similar between the
ON and OFF states in vivo. Instead, we demonstrate that
H3K79me enables the disruption of gene silencing and
inheritance of the natural ON state of the telomere by
a transcription-mediated positive feedback loop despite
the spreading of the Sir complex along nucleosomes. We
conclude that H3K79me and not the difference in the
amount of Sir complex binding to nucleosomes per se is
the epigenetic basis for variegation at telomeres.

Results

Isolation of ON and OFF cells by medium selection

To determine the differences between the ON and OFF
chromatin states, it was necessary to separate ON and
OFF cells in bulk. To accomplish this, we employed a
yeast strain harboring a URA3 reporter gene at a telomere
at the left arm of chromosome VI [TELO7L). We isolated
ON and OFF cells, respectively, by culturing the strainin
medium lacking uracil (SD—ura) or medium containing
the drug 5-FOA [SD+FOA), which is toxic to cells with
Ura3 activity [Fig. 1 A; Boeke etal. 1987). For comparison,
YFRO57W, a native gene located near a different telomere
(native TELOAR), was monitored as a control.

A recent study had shown that the URA3-FOA assay
may identify false positive hits when used in screens for
detecting silencing mutants, making it necessary to
confirm the expression of URA3 using quantitative RT-
PCR (qRT-PCR) (Rossmann et al. 2011). As shown in
Figure 1B, the mRNA level of URA3 was low in cells
cultured in SD+FOA and high in SD—ura when measured
by gRT-PCR. In fact, the URA3 expression level of cells
grown in SD—ura was comparable with that of a Asir3
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Figure 1. Rapl binding to DNA and Sir protein binding to nucleosomes are not different between ON and OFF telomeres. [A)
Schematic of the medium selection approach to isolate ON and OFF telomeres. Probes were ~0.15, 0.5, and 1.0 kb away from the
telomeric repeats of [JRA3-TELO7L and ~1.5 kb from native TELOSR. [B) gRT-PCR of URA3 at TELO7L and YFROS57W at native
TELOSR in wild-type (WT) SIR3 cells grown in SD+FOA (blue bars) and SD—ura (red bars) and Asir3 cells grown is SD |yellow bars). Data
are presented as mean * standard deviation (SD). (C,D) ChIP of Pprl-13Myc [C) and TFIIB-3HA D) depicted as in B except Pprl and
TFIIB were tagged with 13Myc and 3HA, respectively. [E-H) ChIP of RNAPII (E), Rapl (F), Sir3 binding relative to nucleosome level [G),

and H4K 16ac/H3 |H) at URAS-TELO7L depicted as in B.

control strain in which heterochromatin is completely
disrupted Fig. 1B; Strahl-Bolsinger et al. 1997). Therefore,
by the direct measurement of URA3 mRNA using gRT-
PCR, we found that our medium-based selection ap-
proach is capable of separating ON and OFF cells in bulk.

TPE is regulated at the RNAPII PIC assembly step

Previous studies had reported, in a contradictory manner,
that heterochromatin prevents transcription by blocking
either PIC assembly [Chen and Widom 2005) or the
transition between initiation of transcription and RNAPII
elongation (Sekinger and Gross 2001; Gao and Gross
2008). Therefore, we wished to clarify which step of the
transcription process differed in our wild-type ON and
OFF cells separated by medium selection. To accomplish
this, we measured the binding of the [JRA3 activator Pprl
(Myc-tagged)|, general transcription factor TFIIB [HA-
tagged), and RNAPI at URA3TELO7L by chromatin
immunoprecipitation (ChIP) in ON cells, OFF cells, and
Asir3 cells as a control. RNAPI and TFIB are known to
characterize PICs during gene activation [Hahn 2004,
Kostrewa et al. 2009). As shown in Figure 1C, Pprl was
enriched at the promoter of URA3 at a similar level in the
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ON and OFF states. In contrast, binding of TFIIB and
RNAPI was observed at the ON but not OFF telomere
(Fig. 1D,E). Thus, based on these results from our me-
dium-selected ON and OFF cells, heterochromatin is
permissive to activator binding but not PIC assembly.
We conclude that the epigenetic variegation states of TPE
are modulated at the PIC assembly step.

Histone methylation but not binding
of heterochromatin proteins differentiates
the ON and OFF telomeres

Differences in any of the steps of the heterochromatin
assembly process could potentially explain how bistable
ON and OFF chromatin states could exist at telomeres in
wild-type yeast strains. To determine whether TPE can be
explained by differences in the binding of key heterochro-
matin proteins, we measured the enrichment level of
Rapl and Sir3 at URA3-TELO7L in the medium-selected
ON and OFF cells by ChIP. As shown in Figure 1F, binding
of Rapl to the ON and OFF telomeres was nearly identical.
Similarly, and in contrast to previous models (Ng et al.
2003; Moazed 2011), we also observed that the level of
Sir3 binding to nucleosomes along the subtelomeric



region in the ON and OFF cells was essentially the same
(Fig. 1G). Importantly, our measurements took into
account the fact that the number of nucleosomes was
expectedly reduced at ON telomeres compared with
those that were OFF (Supplemental Fig. 52; Pokholok
et al. 2005). Nevertheless, our data support the idea that
epigenetic variegation at telomeres cannot simply be
explained by Rapl binding or the extent of Sir3 binding
to nucleosomes.

Since binding of Rapl and S5ir3 was similar between
the ON and OFF telomeres, we next asked instead whether
chromatin modifications antagonistic to silencing could
be differentially enriched at these telomeres. To accom-
plish this, we performed ChIP at URA3-TELO7L in
ON and OFF cells using antibodies specific to various
chromatin modifications, including H4K16ac, H3K4me,
H3K36me, and H3K79me. As expected from the efficient
binding of Sir3, we found that H4K16, a key histone
residue that regulates Sir3 spreading, was strongly hypo-
acetylated at both ON and OFF telomeres compared
with Asir3 (Fig. 1H; Supplemental Fig. $2). However, in
contrast, we found that histone methylation was differ-
entially enriched between the ON and OFF telomeres.
Specifically, H3K79 monomethylation [H3K79mel),
H3K79 dimethylation (H3K79me2), H3K4 trimethylation
[H3K4me3), and H3K36me3 were enriched at the ON
telomere (Fig. 2; Supplemental Fig. $2). We note that
the enrichment levels of Htzl/H2AZ, H3K56ac, and
H3K79me3, which are also capable of affecting gene
silencing (Meneghini et al. 2003; Xu et al. 2007; Frederiks
et al. 2008), were not obviously different between ON
and OFF telomeres (Supplemental Fig. S2). The ChIP
results for all of the above at the native TELO6R control
locus are shown in Supplemental Figure S3. Therefore,
our results argue that histone H3 methylation is enriched
at ON telomeres and has the potential to disrupt gene
silencing without affecting the amount of Sir3 hinding to
nucleosomes.

Sir proteins and RNAPII co-occupy chromatin
in the ON state

As shown above, binding of the heterochromatin proteins
Rapl and Sir3 was similar between the ON and OFF
telomeres. However, a ChIP assay measures the average
level of protein binding or enrichment of a modification
in a population of cells. Therefore, it was unclear whether
the chromatin fragments with RNAPII binding that are
responsible for gene activity were the same as those
bound by heterochromatin proteins. To address this
problem, we used sequential ChIP to determine whether
RNAPH-bound telomere chromatin fragments were co-
occupied by Rapl or Sir3. The ON telomere fragments
were first isolated by immunoprecipitation of Flag-tagged
RNAPI using a Flag antibody, after which binding of
Rapl or Sir3 was measured by sequential ChIP (Fig. 3A).
As shown in Figure 3B, RNAPI binding was low in wild-
type SIR3 but high in Asir3 control cells, as expected.
Control sequential ChIP reactions with an RNAPT anti-
body or no antibody confirmed that RNAPI-bound chro-
matin fragments were enriched during the initial RNAPI-
Flag ChIP (Fig. 3C,D). Importantly, sequential ChIP of Rap1
and Sir3 showed that these two proteins were indeed bound
to the ON telomere (Fig 3EF). Furthermore, consistent
with our ChIP experiments above using medium selection,
we found that H3K79mel and H3K79me?2 are also enriched
at ON telomeres |Fig. 3G H; Supplemental Fig. 54). We
conclude that RNAPI binding in the ON state is compat-
ible with Rap1 or Sir3 binding.

Fluorescence-activated cell sorting (FACS)-ChIP
verification of the ON and OFF states

The sequential ChIP experiment described above showed
that RNAPIl and Rapl, Sir3, or H3K79me co-occupied the
same chromatin fragments in the natural ON state of
TPE. To further confirm this result and rule out the
possibility that the medium-selection approach was
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Figure 3. RNAPI-3Flag sequential ChIP assay confirms the co-occupancy of RNAPI and Rapl, 53, or HIK7%me. [A) Schematic of
the sequential ChIP approach to isolate ON telomeres. Rpbl, the subunit of the RNAPII complex containing the regulatory C-terminal
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ChIP was performed using an anti-Flag antibody to isolate chromatin fragments with RMAPII binding, including telomere fragments in
the ON state. Probes were as in Figure 1 A. |B) ChIP of RNAPICTD-3Flag at URA3-TELO7L in wild-type [WT) SIR3 RNAPICTD-3Flag
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causing an unexpected artifact, we wished to separate
ON and OFF cells by FACS and compare the chromatin
states of the ON and OFF telomeres using ChIP. To
perform FACS-ChIP, we constructed a strain with a
UURA3-GFP fusion gene inserted at TELO7L (Fig. 4A). An
octa-glycine (G8) linker was inserted between Ura3 and
GFP so that GFP would not interfere with Ura3 function
(Sabourin et al. 2007). To make the level of the GFP
protein more accurately reflect the real-time expression
state of the [JRA3-GFP gene, the half-life of Ura3-G8-GFP
was reduced by attaching the Cln2 PEST domain (PD),
a protein degradation sequence, to the C terminus of GFP
(Xu et al. 2006). Last, to facilitate the visualization of
Ura3-G8-GFP-PD, the fusion protein was concentrated in
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the nucleus using a nuclear localization signal (NLS). The
variegated gene expression pattern of URA3-GFP in this
strain was confirmed by fluorescence microscopy in pre-
FACS cells (Fig. 4B). For FACS, exponentially growing
cells were fixed using formaldehyde, and GFP-positive
and GFP-negative cells were separated and confirmed by
microscopy and gRT-PCR (Fig. 4C D). Approximately
1 million sorted cells were used for ChIP analysis per
protein or histone modification tested. As shown in
Figure 4E, Rapl bound well at JRA3-GFP-TELO7L in
both ON and OFF cells. Importantly, we chserved a sig-
nificant amount of Sir3 binding in the ON cells as well as
the OFF cells (Fig. 4F). The slight drop in the absolute
level of Sir3 binding at the ON telomere was likely due to
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the expected decrease in nucleosome density of a tran-
scriptionally active locus, similar to the ChIP results
observed in the medium-selected cells (Supplemental
Fig. S2]. Finally, H3K79mel and H3K79me2 were en-
riched at the ON telomere compared with OFF (Fig.
4G,H). As controls, the binding of Rapl and Sir3 and
the enrichment of H3K79mel and H3K79me?2 at native
TELOSR, which lacks integrated UURA3, are shown in
Figure 4I. We found wery little change in any of these
components at native TELOGR in the URA3 ON and OFF
cells. Therefore, our FACS-ChIP data are consistent with
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the medium selection ChIP results above showing that
Rapl, Sir3, H3K79mel, and H3K79me2 are enriched at
the ON telomere of URA3-TELO7L.

H3K79me disrupts gene silencing without affecting Sir
complex binding in vitro

The methylation of histones has previously been impli-
cated in disrupting gene silencing (van Leeuwen et al.
2002; Santos-Rosa et al. 2004; Altaf et al. 2007; Fingerman
et al. 2007; Onishi etal. 2007; Tompa and Madhani 2007;



Martino et al. 2009; Verzijlbergen et al. 2009). However, In this system, we used a DNA template containing
since histone methylation, particularly H3K4me and Gald4 DNA-binding sites and a TATA box (Fig. 5; Tantin
H3K36me, generally correlates with transcription in et al. 1996). This template was previously shown to be
yeast [Millar and Grunstein 2006), it was possible that highly responsive to activator GAL4-VP16 derivatives in

the enrichment of some of these methylation marks was a yeast nuclear extract [Ohashi et al. 1994) We assembled
merely a consequence of, rather than the cause for, the the template into chromatin using either unmodified
ON state of TPE. Therefore, we sought to distinguish the histone octamers or octamers containing H3K4me3,

function of these modifications and test directly whether H3K36me3, or H3K79me2. Methylated histones were
they would be sufficient to disrupt Sir complex-mediated generated using the methyl-lysine analog [MLA) technique
silencing using a yeast in vitro transcription (IVT) system (Simon et al. 2007) and validated by Western blot (Fig. 5C)
(Fig. 5A,B). and mass spectrometry [data not shown). GAL4-VP16
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Figure 5. H3K79me disrupts gene silencing without affecting Sir complex binding in vitro. (A) Schematic of the chromatin template
and protein components involved in the in vitro silencing assay. [B) Outline of the in vitro silencing experiment. (C) Western blot of the
MLA nucleosomes used for chromatin assembly. Anti-H3K4me3, anti-H3K36me3, anti-H3K79me2, and anti-H3 antibodies were used.
|D) Silver-staining gel of the Sir proteins purified from veast cells overexpressing Sir3-TAP or TAP-Sird/HA-Sir2. [E) Representative
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was first prebound to the chromatinized templates, and
purified Sir proteins |Sir2/Sir3/Sird), sufficient for silenc-
ing in vitro (Johnson et al. 2009), were added to the
reactions. Sir proteins (Sir3-TAP and TAP-Sird/HA-Sir2)
were purified using a yeast overexpression system de-
scribed previously by Moazed and colleagues (Johnson
et al. 2009] (Fig. 5D). Yeast nuclear extract was added to
the reaction following the binding of Sir proteins to the
chromatinized template along with nucleoside triphos-
phates [NTPs), and transcription was measured by primer
extension. An outline of this in vitro silencing experi-
ment is depicted in Figure 5B.

As shown in Figure 5E, transcription was strongly
dependent on Activator (lanes 1-8) and was reduced by
the addition of Sir proteins to the reaction (lanes 5-12).
However, strikingly, when the chromatin template was
dimethylated at H3K79, silencing was strongly reduced
compared with the template with no modifications (Fig.
5E, lanes 9-12). This effect was specific to H3K79me2, as
neither H3K4me3 nor H3K36me3 was able to dismupt
silencing (Fig. 5E, lanes 9-12). Transcription increased by
approximately twofold to threefold on the H3K79mel
chromatin template compared with the unmodified tem-
plate in the presence of Sir proteins (Fig. 5F). Therefore,
since H3K79me is found at subtelomeric chromatin
selectively in the ON state and its presence on chromatin
is sufficient to disrupt Sir protein-mediated silencing in
vitro, we conclude that H3K79me plays a causal role in
determining the natural epigenetic ON state.

We next sought to assess the amount of Sir protein
binding to the unmodified and H3K79me2 chromatin
templates during IVT. To accomplish this, we performed
an IVT reaction in a manner similar to that used above
but with biotinylated unmodified and H3K79me2 chro-
matin templates immobilized to streptavidin-coated
magnetic beads (Lin and Carey 2012). The amount of
Sir protein binding to the immobilized templates was
determined by Western blot following IVT and washing
(Fig. 5G). Critically, as quantified in Figure 5, H and I,
binding of Sir3 and Sir2 did not differ between the
unmodified and H3K79me2 templates. Similarly, we did
not observe a significant difference in the binding of the
Sir complex to the unmodified and H3K79me2 chromatin
templates when the Sir complex—chromatin interaction
was measured in the absence of Activator or yeast nuclear
extract (Supplemental Fig. S5). We conclude that H3K7 9me2
can disrupt gene silencing without noticeably affecting
the amount of binding of the Sir complex to nuclecsomes
in vitro.

The discrepancy between our results and those of a
previous study in which H3K79me had been shown to
block Sir complex binding to a chromatin template in
vitro (Martino et al. 2009 may be due to differences in
the experimental technigues used. While the previous
study had used electrophoretic mobility shift assays
[EMSAS) to determine the Sir complex—chromatin in-
teraction [Martino et al. 2009], here we used an immo-
bilized chromatin template assay to directly measure
Sir protein binding by Western blot and showed that the
amount of Sir complex bound to chromatin was largely
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not affected by H3K79me. In either case, methylation of
H3K79 may disrupt the interaction between Sir3 and the
region surrounding H3K79 (Altaf et al. 2007; Fingerman
et al. 2007). We propose that this disruption alters the
overall conformation of the Sir2/Sir3/Sird-nuclecsome
complex and that this alteration in tum enables the
epigenetic ON state.

Maintenance of H3K79me is dependent
on transcription in the epigenetic ON state

As demonstrated above, the key difference between
ON and OFF telomeres is the enrichment of H3K79me,
which is capable of disrupting gene silencing. We next
addressed how H3K79me is maintained epigenetically
through multiple cell generations at the ON telomere.
Since the H3K79 methyltransferase Dotl is recruited to
chromatin through transcription (Shahbazian et al. 2005;
Millar and Grunstein 2006), we hypothesized that the
maintenance of H3K79me in the ON state may be
dependent on transcription. To test this possibility, we
asked whether H3K79me at the ON telomere would be
lost upon inhibition of transcription. We monitored the
chromatin state of ADE2-TELO5R, whose ON state could
be selected by growing cells in medium lacking adenine
(SC—ade). As a control, we examined YFRO57W at native
TELOGR. Similar to the ON state of URA3-TELO7L, the
ADE2-TELO5R ON state was accompanied by an increase
in H3K79me (Supplemental Fig. S6). After selecting for
ADE2-TELOSR ON by growing cells in SC—ade, we
specifically repressed ADE2 through negative feedback by
adding excess adenine to the medium. This treatment
causes the dissociation of the activator Pho2 from the
promoter of ADE2 (Fig. 64; Pinson et al. 2009). The same
method cannot be used for repression of URA3-TELO7L,
since adding excess uracil to the medium would be toxic
to the cells (Gadsden et al. 1993). As shown in Figure 6, B
and C, by qRT-PCR and RNAPI ChIP, ADEZ expression
decreased rapidly to near-background level following ade-
nine addition. In a corresponding manner, we found that
H3K79mel is gradually lost every cell cycle and eventu-
ally drops to near-background level [Fig. 6D; Supplemen-
tal Fig. S6). These results imply that a self-reinforcing
feedback loop in which H3K79me both results from and
is causal for transcription maintains the epigenetic ON
state of TPE.

Discussion

The mechanism of heterochromatin spreading and gene
silencing at the telomeres of Saccharomyces cerevisiae
has been characterized extensively [Rusche et al. 2003;
Mondoux and Zakian 2006). However, how variegated
gene expression occurs at telomeres has been unclear. To
address this problem, we separated the natural ON and
OFF cells from a population of yeast undergoing TPE and
directly compared the chromatin structure of the natural
ON state with that of the OFF state. This is unlike
previous studies in which mixed ON and OFF telomeres
were compared with the disrupted telomeres of sir
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mutant strains, which made it impossible to character-
ize the natural ON state [Rusche et al. 2003). Our
findings indicate that (1) the natural ON telomere is
characterized by Sir complex binding to nucleosomes; (2
histone H4K 16 is deacetylated at the ON telomere, which
is consistent with the spreading of Sir3 through telomeric
heterochromatin by its interaction with deacetylated
H4K16; (3) H3K79 is methylated in the natural ON state
and can disrupt silencing without affecting Sir complex
binding in vitro; and (4) maintenance of H3K79me is
dependent on a transcription-mediated positive feedback
loop. Our results suggest that, since the ON telomere is
characterized by Sir3 binding and H4K16 hypoacetyla-
tion, two factors that are normally associated with
silencing, other factors must determine the ON state.
We show that H3E79me is such a factor. This is in
contrast to previous studies, which proposed that the
variation in Sir complex binding to nucleosomes regu-
lates TPE (Ng et al. 2003; Moazed 2011).

The deacetylation of H4K16, a major requirement of
heterochromatin formation, in the ON state is of special
interest. It argues that H4K16ac is not the determinant of
epigenetic variegation. Thus, our study differentiates the
function of two key histone modification marks at hetero-
chromatin, where H4K16 deacetylation determines the
distance of heterochromatin protein spreading from the
telomere by virtue of its interaction with Sir3 (Johnson
etal 1990, 2009; Kimura et al. 2002; Suka et al. 2002; Liou
et al. 2005; Onishi et al. 2007), and H3K79me regulates the
actual ON/OFF expression state of a subtelomeric gene.

It had been proposed previously that H3K79me may
disrupt the binding of the Sir complex to nucleosomes
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based on pull-down assays that measured the binding of
the Sir3 protein to a peptide containing the H3K79 region
(Altaf et al. 2007; Fingerman et al. 2007). Subsequently, it
had been shown that binding of the whole Sir complex to
a trinuclensomal chromatin template is also affected by
H3K79me using a gel shift assay (Martino et al. 2009).
However, we showed in vivo by ChIP and in vitro using
an immaobilized template assay in the presence of yeast
nuclear extract that the overall binding level of the Sir
proteins to the nucleosome was not significantly disrupted
by H3K79me. Therefore, we favor instead a model in
which the methylation-dependent loss of the Sir3-H3K79
interaction leads to a conformational change in the struc-
ture of the Sir protein-nucleosome complex, which results
in disrupted gene silencing.

H3K7%me and its methyltransferase, Dotl, are con-
served in many organisms, including fruit flies, mice, and
humans [Nguyen and Zhang 2011). It has been shown
that mutations in the fruit fly DOT? homolog grappa
disrupts Polycomb group-mediated silencing as well as
telomeric silencing in flies (Shanower et al. 2005). Simi-
larly, knockout of the mouse DOT1 homolog Dot 1L leads
to the loss of heterochromatin-associated marks such as
H3E9me from centromeric and telomeric heterochroma-
tin in mouse embryonic stem (ES) cells (Jones et al. 2008).
Thus, H3K79me and Dotl are relevant to gene silencing
and heterochromatin formation in organisms other than
the budding yeast.

In contrast, there are no homologs of Dot 1 or detectable
levels of HIK79me in the fission yeast Schizosaccharomyces
pombe (Sinha et al. 2010). Thus, while gene expression at
the heterochromatin of S, pombe is also known to be



regulated epigenetically, the mechanism inevitably can-
not involve H3K79me. Allshire and colleagues (Ekwall
et al. 1997) have shown that transient treatment of
§. pombe cells with an HDAC inhibitor leads to a herita-
ble hyperacetylated chromatin state accompanied by the
loss of gene silencing at centromeric heterochromatin.
Likewise, Grewal and colleagues (Nakayama et al. 2000
have shown that expression of a gene at the partially
compromised centromeric heterochromatin of S. pombe
is associated with hyperacetylation and lack of hetero-
chromatin protein Swi6/HP1 binding. The epigenetic
inheritance of gene expression in these studies could be
explained by a positive feedback loop invaolving histone
acetylation and lack of heterochromatin-binding proteins.
This is in stark contrast to our findings at the telomeric
heterochromatin of S. cerevisiae, which show that nei-
ther H4K16ac nor binding of heterochromatin proteins is
a key regulator of gene variegation.

Instead, a positive feedback loop mediated by transcrip-
tion and H3K79me is at the heart of our model regarding
the mechanism of epigenetic variegation at §. cerevisiae
telomeres, as described below (Fig. 7). In this model, the
ON state is characterized by H3K79me. The mainte-
nance of H3K79me is dependent on transcription, which
had previously been shown to recruit the histone H3
Lys79 methyltransferase Dotl (Shahbazian et al. 2005).
H3K79me in turn disrupts the local interaction between
Sir3 and the H3 core region surrounding Lys79 (Altaf et al.
2007; Fingerman et al. 2007). However, in contrast to
previous models, the Sir complex as a whole can still
spread along the subtelomere through its interaction with
deacetylated H4K16. In this structure, the methylation of
H3K79 enables PIC assembly and transcription, possibly
by inducing a conformational change in the Sir protein-
nucleosome complex, thus promoting a positive feedback
loop. The possible absence of an H3K79 histone demeth-
ylase [Liang et al. 2007) may further enhance the stability
of this continuous ON state. In contrast, the absence of
transcription in the OFF state precludes Dotl recruit-
ment and ensures H3K79 hypomethylation. It had pre-
viously been shown that Sir3 binding to nuclensomes can
prevent Dotl from methylating chromatin [Altaf et al.
2007; Fingerman et al. 2007). Therefore, the lack of Dotl

OFF: No histora methy|ation

Sir complex

G L% W

Unmethylated unacatylated
nuclecsomes
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Figure 7. Model to explain the variegated gene expression
pattern of TPE. See the text for details.

recruitment and the prevention of Dotl access to the
H3K79 residue help establish a stable OFF state.

How is it then possible for a gene in one expression state
to escape these feedback loops and convert to the other
state! One possibility may be that changes in the length
of telomeres [elongation/shortening] lead to the inter-
conversion of epigenetic expression states. Previous stud-
ies from Lustig and colleagues (Kyrion et al. 1993; Park and
Lustig 2000) have shown that elongated telomeres are
associated with stronger subtelomeric gene silencing.
Since the length of telomeres naturally fluctuates within
a cell (Shore and Bianchi 2009), some telomeres may
become abnormally shortened, and this may lead to
a compromised heterochromatin structure susceptible
to transcription. In contrast, abnormal lengthening may
cause a structural change at an ON telomere that can
overcome the anti-silencing effect of H3K79me and
dampen gene expression until methylation is passively
lost. In any case, whether the natural variation in telo-
mere length is sufficient to induce epigenetic switching
is still unknown. Changes in H3K79me are shown here
to regulate the maintenance of the variegated ON/QOFF
expression states at telomeric heterochromatin. How-
ever, the rare transient upstream events that initiate
switching between the ON and OFF states remain to be
observed and determined.

Materials and methods

Yeast strains, plasmids, and oligonucleotide probes

Yeast strains, plasmids, and oligomucleotide probes used in this
study are listed in the Supplemental Material. Plasmid and PCR
product-based genetic manipulations were performed using
standard yeast transformation techniques [Gietz and Woods
2002). Full details are provided in the Supplemental Material.

Protein purification

Xenopus laevis histones and histone mutants (H3, HIC110AK4C,
H3C110AK36C, H3C110AK79C, H4, H2A, and H2B) were
purified as described previously [Luger et al 1997). GAL4-VP16
was purified as described previously [Tantin et al. 1996). Sir
proteins were purified as described previously (Tanny et al. 2004;
Johnson et al. 2009) with some modificatons to the protocol.
Full details are provided in the Supplemental Material.

MLA histone preparation

H3K4me3, HAK36me3, and HIK79me2 MLA histones were gen-
erated from H3C1 10AK4AC, H3C110AK36C, and H3C1 10AKT9C
histone mutants, respectively, as described previously (Simon
et al. 2007).

gRT-PCR

RMA was extracted using the hot acid phenol extraction method
[Bookout et al. 2006). The extracted RNA samples were treated
with DNase I (Qiagen), purified, and reverse-transcribed using
random primers and M-MLV reverse transcriptase (Invitrogen).
qPCR was performed and analyzed using the AACt method
[Bookout et al. 2006). Full details are provided in the Supple-
mental Material.
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Western blot

Western blot assays were performed using the ODYSSEY in-
frared imaging system |LI-COR) following the manufacturer's
protocol. Full details are provided in the Supplemental Material.

ChIP

Standard ChIP assays were perdformed as described previously
[Heche et al. 1996; Suka et al. 2001 ) with minor modifications to
the protocol. Full details are provided in the Supplemental Material

Sequential ChIP

Sequential ChIP was performed as described elsewhere [Kao
et al. 2004) with minor modifications to the protocol. Briefly,
chromatin lysate was immunoprecipitated overnight with anti-
Flag M2 agarose beads (Sigma-Aldrich). The agarose beads were
washed, and the chromatin fragments were eluted off the beads
with 3x Flag peptide (Sigma-Aldrich). Part of the eluate was
saved and used as the input control DNA for the second
|sequential) ChIP. Sequential ChIP assays were performed using
the same protocol as standard ChIP. Full details are provided in
the Supplemental Material

FACS-ChIP

FACS was performed using BD FACSAria I (BD Biosciences)
according to the manufacturer’s manual. Full details are pro-
vided in the Supplemental Material.

IVT/silencing

IVT was performed as described previously [Lin and Carey 2012)
with minor modifications to the protocol. The DNA template
containing five Gal4 DNA-binding sites and an adenovirus E4 pro-
moter (G5E4T) [Tantin et al. 1996) was assembled into chromatin
by salt dilution as described previously [Steger et al. 1997). Fol-
lowing prebinding of GAL4-VP16 to the template, Sir proteins
were added to the IVT reaction. Yeast nuclear extract, prepared as
described previously (Rani et al. 2004), was added to the reaction,
and primer extension was performed to measure the amount
of transcription. Full details are provided in the Supplemental
Material.

Immobilized chromatin template

The immobilized chromatin template assays were performed
essentally as described previously [Lin and Carey 2012) withsome
modifications to the protocol. Buffer conditions and DNA/protein
components were as described above for the IVT/silencing exper-
iments except that GAL4-VP4, a varantof GAL4-VP16 containing
four tandem repeats of the activation domain, was used (Ohashi
et al. 1994). We confirmed that the results of the IVT/silencing
experiments described above were reproducible when GAL4-VP4
was substituted for GAL4-VP16 in the reaction (data not shown).
Briefly, biotinylated chromatin templates were immobilized on
M280 streptavidin beads, and IVT reactions were incubated by
rotation. The beads were washed twice with reaction buffer and
eluted with Laemmli buffer. Western blot was performed as
described above and quantified using ImageQuant TL software.
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Yeast strains

Yeast strains used in this study are listed in Table S1. TKY4565 was constructed from
UCC4562 (MATa ade2-101 his3-200 leu2-1 lys2-801 rpl Al ura3-52 adh4::URA3-
TELO7L ADE2-TELOSR, a kind gift from Danmiel Gottschling (Singer et al. 1998)) as
follows. ura3-52 was deleted from UCC4562 and replaced with the LEU2 gene from
pRS405 (see Plasmids) by one-step PCR transformation to create TKY4562u. The
defective promoter of the GAL3 gene (due to the trp] Al mutation) was restored in
TKY4562u by integration of the Hpal digestion product of pTK006 (see Plasnmuds),
containing the natMX4 marker, by homologous recombination to create TKY4562uG.
ade2-101 was deleted from TKY4562uG and replaced with the HIS3 gene by integration
of the Nrul digestion product of pTK009 (see Plasmids) by homologous recombination to
create TKY4565. TKY4565R was constructed from TKY4565 using p3FLAG-KanMX
(see Plasmmds), contaiming 3FLAG and the kanMX4 marker, by one-step PCR
transformation. TKY4741-GFP3 was constructed from BY4741 (see Table S1) by
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itegration of the Sall/EcoRI double digestion product of pTK023 (see Plasnuds),
containing the URAJ gene, by homologous recombination. TKY751 was constructed
from TKY4565 using pFA6a-13myc-kanMX (see Plasmids), containing 13Mye and the
kanMX4 marker, by one-step PCR transformation. TKY 754 was constructed from
TKY4565 using pFA6a-3HA-kanMX (see Plasmids), containing 3HA and the kanMX4
marker, by one-step PCR transformation. TKY4565S was constructed from TKY4565,
TKY4565RS from TKY4565R, TKY4741-GFP3S from TKY4741-GFP3, TKY751S
from TKY 751, TKY754S from TKY754 using pAG32 (see Plasnuds), containing the
hphMX4 marker, by one-step PCR transformation. TKY4565RS-D was constructed from
TKY4565RS using pFA6a-TRP1 (see Plasmids), containing the TRPI marker, by one-
step PCR transformation. Each strain construction step was verified by PCR and/or
Western blot and/or Southern blot and/or fluorescence microscopy, accordingly.

Plasmids

Plasmids used for strain construction are listed in Table 52. PfuUltra IT fusion HS DNA
polymerase (Stratagene) was used according to the manufacturer’s protocol for all PCR
reactions related to plasmid construction. pTK006 was constructed from pAG25 (natMX4
AmpR) (Goldstein and McCusker 1999) as follows. The promoter region of the TRPI
gene (393 bp of DNA immediately upstream of the ORF) was PCR amplified from the
genomic DNA of YDS2 (MATa ade2-1 canl-100 his3-11 leu2-3,112 trpl-1 ura3-1) and
inserted into the Pvull/Bglll digested pAG25 vector to create pTKO005 (Prgp; natMX4
AmpR) using the In-Fusion PCR Cloning kit (Clontech) following the manufacturer’s
mstructions. The terminator region of TRPI (822 bp of DNA mmmediately downstream of
the TRPI ORF), including most of the GAL3 promoter region, was PCR amplified from
the genomic DNA of YDS2 and inserted into the Sacl/Spel digested pTKO005 to create
pTKO06 using In-Fusion. pTK009 was constructed from pFA6a-His3MX6 (His3IMX6
AmpR) (Longtine et al. 1998) as follows. The terminator region of the ADE2 gene (643
bp of DNA immediately downstream of the stop codon) was PCR amplified from the
genomic DNA of YPH250 and inserted into the Pmel/EcoRV digested pFA6a-His3MX6
vector to create pIT K008 (HisIMX6 T ips; AmpR) using In-Fusion. The promoter region of
ADE?2 (1196 bp of DNA upstream of the ORF beginning at position -168) was PCR
amplified from the genomic DNA of YPH250 and inserted into the BamHI/Bglll digested
pTKOOS to create pTKO09 using In-Fusion. pTK023 was constructed from pEX372
(Pyras YEGFPI-PD1,n-NLS pp4p) (Xu et al. 2006) and pADHUCA-IV (adh4-URA3-TG
AmpR) (Gottschling et al. 1990) as follows. Pygss-VEGFPI1-PD 1y, fused to a stop codon,
PCR amplified from pEX372, and the terminator region of URA3, PCR amplified from
pADHUCA-IV, were simultaneously inserted into HindlIl/BamHI digested pADHUCA-
IV to create pTKO020 (ADH4- P, ;-vEGFPI-PD;,»-T;z:5-1G) using In-Fusion. The
URA3J coding region fused to an octa-glycine linker was PCR amplified from
pADHUCA-IV and inserted into BspEl digested pTK020 to create pTK021 (ADH4-
Piras-GE8-VEGFPI-PD¢13-Tias-TG) . using In-Fusion. PDgpy (partial)-NLSsy0-Tyga; was
PCR amplified and mnserted into Sacl/BamHI digested pTKO21 to create pTK023 using

In-Fusion. Plasmid sequences are available upon request.
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Oligonucleotide probes

Oligonucleotide probes used in this study are listed 1n Table S3. Probes used for muluple
purposes are included redundantly under different probe names for convenience.

Protein purification

Xenopus laevis histones and histone mutants (H3, H3C110AKAC, H3C110AK36C,
H3C110AK79C, H4 H2A  and H2B) were purified as described previously (Luger et al.
1997). Gal4-VP16 was purified as described previously (Tantin et al. 1996). Sir proteins
were purified as described previously (Tanny et al. 2004; Johnson et al. 2009) with some
modifications to the protocol. Briefly, for HA-Sir2/TAP-Sir4 purification, SF10 (MATa
lys2-801 leu2 Al trpl ura3-52 pep4A::HIS3 prbl Al 6R canl. a kand gift from Danesh
Moazed (Tanny et al. 2004)) was transformed with plasnuds pDM641 (P.,;,-3HA-SIR2
CEN/LEU2 AmpR) and pDMG654 (P, ,-TAP-SIR4 CEN/URA3 AmpR) (both kind gifts
from Danesh Moazed (Johnson et al. 2009)). Fresh transformants were scraped from a
plate and inoculated into 10 ml of SR-leu-ura (starting ODgy, was ~0.5). The culture was
grown overnight until saturation, diluted into 100 ml of SR-leu-ura and incubated
overnight until the ODgyq reached ~5. This was further diluted into 1.2 | of SR-leu-ura and
grown to ODgy, of ~4. This culture was split into 300 ml each and added to 2.7 1 each of
SG-leu-ura medium (2% galactose final concentration, pre-warmed to 30°C). This culture
was allowed to induce Sir2 and Sird for 5 hours. Induction methods for Sir3-TAP
purification using DMY2364 (MATa lys2-801 leu2 Al trpl ura3-52 pep4 A::HIS3

prbl Al 6R canl pDM598 (Pgap;-SIR3-TAP CEN/LEU2 AmpR), a kind gift from Danesh
Moazed) were as described previously (Tanny et al. 2004). Cells were then collected and
washed once with ice cold sterile water and frozen in liquid nitrogen and stored at -80°C.
Frozen cells were thawed 1n an equal volume of 2 x lysis butfer (100 mM HEPES pH 7.6,
600 mM KC1, 4 mM EDTA pH 8.0, 2 mM EGTA pH 8.0, 100 mM NaF, 0.2 mM Na,VO,
0.2% NP-40, 40 mM p-ME, 2 mM PMSF, and Roche Complete Protease Inhibitor
EDTA-free) at room temperature, then lysed with glass beads (12 x 20 sec pulses with 1
min 40 sec rest between pulses) using a 300 ml bead-beading chamber (filled with 1 x
lysis buffer) at 4°C. The extract was collected and centrifuged at 30.000 G for 25 mun.
The supernatant (split into ~50 ml each) was incubated with ~1 ml each of IgG Sepharose
6 Fast Flow beads (GE healthcare, washed and re-suspended 1n 1 x lysis buffer). After a 3
hr incubation, the beads were collected and washed three times with 10 ml each of IgG
wash buffer (10 mM Tris-HCI pH 8.0, 300 mM KCl. 0.1% NP-40. 1 mM DTT, I mM
PMSF, and Roche Complete Protease Inhibitor EDTA-free), then once with 10 ml of
TEV cleavage buffer (10 mM Tris-HCI pH 8.0, 300 mM KCI, 0.1% NP-40, 0.5 mM
EDTA, 5% glycerol, ] mM DTT, 1 mM PMSF, and Roche Complete Protease Inhibitor
EDTA-free). The beads were then incubated with 1 ml TEV cleavage buffer containing
20 ul TEV protease overmight. For HA-Sir2/TAP-Sird punification, the eluate was
dialyzed against Sir2/Sird dialysis buffer (100 mM potassium acetate pH 7.6, 20 mM
HEPES pH 7.6, 1 mM EDTA, and 10% glycerol) using a Slide-A-Lyzer dialysis cassette

(Pierce) according to the manufacturer’s manual.
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gRT-PCR

RNA was extracted from exponentially growing cells using the hot acid phenol extraction
method (Bookout et al. 2006) . For RNA extraction from formaldehyde fixed cells,
incubation in phenol was done at 95°C instead of 65°C. Contanunating DNA was
digested with DNase I (QIAGEN) and purified using the QIAGEN RNeasy num column
according to the manufacturer’s instructions. Random primers (New England Biolabs)
were hybridized to the RNA and RT was performed to produce cDNA using M-MLV
reverse transcriptase (Invitrogen) in the presence of RNasin Plus RNase mnibitor
(Promega) following the manufacturer’s protocol. gPCR of the ¢cDNA was performed on
an Applied Biosystems 7500 Real-Time PCR system using the Maxima SYBR Green
qPCR Master Mix (Fermentas) according to the manufacturer’s instructions. The AACt
method was used to calculate relative gene expression levels (Bookout et al. 2006).

Western blot

Western blot assays were performed using the ODYSSEY infrared imaging system (LI-
COR) following the manufacturer’s protocol. Samples were separated on an SDS-PAGE
gel and transferred to a nitrocellulose membrane using the iBlot Dry Blotting System
(Life Technologies) following the manufacturer’s protocol. The following dilutions were
used for primary antibody incubation: 1:1000 H3K4me3 (Active Motif/39159), 1:500
H3K36me3 (Abcam/ab9050), 1:2000 H3K7%me2 (in house/532), 1:5000 H3 (Active
Motif/39163), 1:1000 TAP (Open Biosystems/CAB1001), and 1:1000 HA
(Roche/12CAS).

Silver staining

Silver staining was performed as follows. SDS-PAGE gels were fixed for 15 nuin on a
shaker in a solution containing 40% water, 10% acetic acid, and 50% methanol. The
solution was discarded and the gel was incubated for 7 min in 30% methanol, then
washed with water for 5 min three imes. The gel was sensitized for 2.5 min with 20%
sodium thiosulphate solution and rinsed with water three times. The gel was then
incubated 15 min with 0.2% silver nitrate and rinsed with water three times. Finally. the
gel was developed in developing solution containing sodium carbonate, sodium
thiosulphate, and formaldehyde. Once the bands appeared. development was stopped
with 6% acetic acid.

ChIP

Standard ChIP assays were performed as described previously (Hecht et al. 1996; Suka et
al. 2001) with minor modifications to the protocol. 50 ul of lysate were used per ChIP
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assay with the following amounts of antibodies: 3 ul Mye (Roche/9E10), 0.5 ul HA
(Upstate/12CAS), 2 ul RNAPII (Covance/8WG16), 1 ul Rapl (in house/477), 1 ul Sir3
(in house/347), 4 ul H4K16ac (1n house/268), 2 ul H3K79mel (Abcam/ab2886 or Active
Moti£/39145), 2 ul H3K79me2 (in house/532). 5 ul H3K7%me3 (in house/644), 3 ul
H3K4me3 (Active Motif/39159), 4 ul H3K36me3 (Abcam/ab9050) and 5 ul Hrzl (in
house/660). DNA was extracted from the immunoprecipitated chromatin using the fast
ChIP method (Nelson et al. 2006). For the H3 ChIP, 100 ul of chromatin was diluted with
800 wl of 140 mM lysis buffer (Hecht et al. 1996) and incubated overnight along with 2
ul of anti-H3 antibody (Millipore/A3S or Active Motif/39163) and 50 ul of 50% protein-
A sepharose beads. Chromatin from the H3 ChIP assay was heat denatured at 95°C for 25
min and purified using the QIAquick PCR Purification Kit (QIAGEN).

Sequential-ChIP

Sequential-ChIP was performed as described elsewhere (Kao et al. 2004) with minor
modifications to the protocol. Briefly, 200 ul of chromatin lysate in sequential-ChIP
buffer (50 mM HEPES/KOH pH7.5, 140 mM NaCl, 1mM EDTA, 1% Triton X-100,
0.1% Na-deoxycholate) were immunoprecipitated overnight at 4°C with 100 pl of 50%
ANTI-FLAG M2 agarose beads (Sigma-Aldrich) equilibrated with sequential-ChIP
buffer (first ChIP). The agarose beads were washed four umes for 5 min each with
sequential-ChIP buffer at 4°C. The chromatin fragments were eluted off the beads
overnight with 100 ul sequential-ChIP buffer containing 200 pe/ml 3 x FLAG pepude
(Sigma-Aldrich) at 4°C. 10 pl of eluate was saved and used as the mput control DNA for
the second (sequential) ChIP. 5 ul of 100 mg/ml BSA (usb), 4.5 ul of 500 pg/ml & phage
DNA (New England Biolabs), 0.5 ul of 10 mg/ml E. coli tRNA (Roche) were added to
the remaimng 90 pul of eluate from the first ChIP and used for sequential-ChIP.
Sequential-ChIP assays were performed using the following amounts of antibodies: 4 ul
RNAPII (Covance/8W(G16), 2 ul Rapl (in house/477), 2 ul Sir3 (in house/347), 2 ul H3
(Active Motif/39163) 1 ul H3IK79mel (Active Motif/39145) and 1 ul H3K79me?2 (in
house/532). Washing conditions for the sequential-ChIP assays were the same as that of
the standard ChIP assay described above. Chromatin was eluted by incubating the beads
twice for 10 min with 50 ul of ChlIP elution buffer (50 mM Trnis/C1 pH 8.0, 10 mM
EDTA, 1% SDS) at room temperature. The eluate was incubated at 95°C for 25 min to
reverse the crosslinking of chromatin, treated with proteinase K for 30 min, and DNA
was purified using the QIAquick PCR Purification Kit (QIAGEN). gPCR was performed

as described above.

FACS-ChIP

FACS was performed using BD FACSAria II (BD Biosciences) according to the
manufacturer’s manual. Samples were prepared for FACS as follows. Cells were first
erown in SC medivm overnight, then diluted and grown overnight again until the ODgy,
reached ~0.7. Cells were then diluted again mto 50 ml of SC medium and grown from
ODgy of ~0.1 to ~ 0.4 and fixed with formaldehyde (1% final concentration) for 15 min.
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Cells were quenched with glycine (125 mM final concentration) for 5 min, washed twice
with PBS, and re-suspended i 500 ul PBS. 3 ul of RNasin Plus RNase mhibitor was
added to the sample and the cells were sonicated using the Bioruptor sonication device
(Diagenode) at medium level for 30 sec. The cell concentration was then adjusted to ~2 x
10" cells/ml using PBS in a 15 ml conical tube and cells were sorted by FACS based on
fluorescence intensity (FITC channel).

Microscopy

Microscopy was performed using an Axioplan 2 microscope (Zeiss) according to the
manufacturer’s manual. Samples were prepared as described above (see FACS-ChIP).
Slides were prepared as follows. Cells were spotted onto cover slips coated with 2 mg/ml
concanavalin A type IV (Sigma-Aldrich) / 0.1% poly-L-lysine solution (Sigma-Aldrich).
Cells were allowed to settle by incubation for 1 hr at 4°C. Excess liquid was aspirated and
the samples were dried 1n a fume hood for ~ 3 min. VECTASHIEL D mounting medium
(Vector Laboratories) was spotted onto the samples and the cover slip was placed on a
microscope slide and sealed with nail polish. Images were taken using DIC and FITC
settings with a 40 x objective.

URA3 ON/OFF telomere medium-selection

When a yeast strain with URA3 at TELOTL is cultured in SD-ura, only URA3 ON cells
can grow. On the other hand, when the strain is cultured in the presence of the drug 5-
fluoroorotic acid (5-FOA), which 1s toxic to cells with Ura3 activity (Boeke et al. 1987),
only URA3 OFF cells can grow. To isolate the URA3 ON cells, the URA3I-TELOTL strain
was incubated for 3 days on SD-ura agar medium, pre-cultured overnight to stationary
phase, diluted, and cultured exponentially in SD-ura for two cell generations. The URA3
OFF cells were 1solated in a similar manner by incubating the URA3I-TELO7L strain for
three days on SD + 1g/I. 5-FOA agar medium, pre-culturing overnight to stationary
phase, diluting. and culturing exponentially in SD + 10 mg/I. 5-FOA for two cell
generations.

ADE?2 feedback repression

To 1solate the ADE2 ON cells, the ADE2-TELOTL strain was incubated for three days on
S5C-ade agar medium, pre-cultured overnight to stationary phase, diluted, and cultured
exponentially in SC-ade for two cell generations. ADEZ2 feedback repression was
performed by collecting the ON cells by centrifugation and replacing SC-ade with
synthetic complete medium containing 160 mg/L adenine (SC+160 mg/L ade). The
control ADE2 OFF cells were 1solated using the same procedures described in the ADE2

ON cell-isolation protocol above, except that synthetic complete medium containing 40

mg/L. ademine (SC+40 mg/L ade) was used instead of SC-ade.
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ADE? color visualization

Color visualization of ADE2 expression was done as described elsewhere (van Leeuwen
and Gottschling 2002) by incubating the cells on medium with reduced adenine (SC low
ade) for three days at 30°C followed by incubation at 4°C for one week.

In vitro transeription/silencing

IVT was performed as described previously (Lin and Carey 2012) with minor
modifications to the protocol. The DNA template containing five Gald DNA binding sites
and an adenovirus E4 promoter (Tantin et al. 1996) was generated by PCR. Histones and
methyl-lysine analog histones were assembled into octamers as described previously
(Luger et al. 1997). The G5E4T DNA template and histone octamers were assembled into
chromatin by salt dilution as described previously (Steger et al. 1997). Following the 10
min pre-binding of Gal4-VP16 to the G5EAT chromatin template at room temperature,
Sir proteins (~26 pmol of Sir3 and ~8 pmol each of Sir2 and Sird) were added to the IVT
reaction for 1 hr at 30°C. The Sir3 protein. punified as deseribed above (see Protein
Punfication), was diluted 1:10 in S1r2/51rd dialysis buffer (100 mM potassium acetate pH
7.6, 20 mM HEPES pH 7.6, 1 mM EDTA, and 10% glycerol) before use 1n the silencing
reaction. Yeast nuclear extract, prepared as described previously (Rani et al. 2004), was
added to the reaction for 30 min at room temperature. Pnmer extension was performed to
measure the amount of transeription. All reactions were balanced so that the
concentrations of all components in the reaction other than Gal4-VP16 or the Sir proteins
were identical.

Supplemental Tables

Table S1. Yeast strains used in this study

Strain Genotype Source

BY4741 MATa his3AI leu2 AQ met] 5A0 ura3 A0 Jef Boeke
(Brachmann et al. 1998).

TEY4565 MATa his3-200 leu2-1 lys2-801 ade2 A::His3MX6 ura3A::LEU2 This study.
frpl A::natMX4 adhd::URA3-TELO7L ADE2-TELOSR

TEKY4565R MATa his3-200 leu2-1 kys2-801 ade2 A::His3MX6 ura3A::LEU2 This study.
frplA:matMX4 adhd::URA3-TELO7L ADE2-TELOSR RPBI-
IFLAG: :kanMX6

TEY4565R5 MATa his3-200 leu2-1 lys2-801 ade2 A::His3MX6 ura3A::LEU2 This study.

frplA:matMX4 adhd::URA3-TELO7L ADE2-TELOSR RPBI-
IFLAG: :kanMX6 sir3A::hphMX4
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TEY4565RS5-D MATa his3-200 leu2-1 lys2-801 ade2 A::His3MX6 wra3 A::LEU2 This study.
frpl A::natMX4 adh4::URA3-TELO7L ADE2-TELOSR RPBI-
IFLAG: kanMX6 sir3A::hphMX4 dotl A::TRP]
TEY45655 MATa his3-200 leu2-1 Iys2-801 ade2 A::His3MX6 ura3 A::LEU? This study.
trpl A:natMX4 adh4::URA3-TELO7L ADE2-TELOSR
sir3 A::hphMX4
TEY4741-GFP3  MATa his3AI leu2 AQ met] 5A0 wra3 AQ adhd::Pyy,, - URA3-GS- This study.
YEGFPI-PD_, . -NLS - TELO7L
TEY4741-GFP35  MATa his3AI leu2 AQ met] 5AQ wura3 AQ adhd::P g, - URAI-GS- This study.
YEGFPI-PD, ., .-NLS sy, TELOTL sir3 A::hphMX4
TEYT751 MATa his3-200 leu2-1 lys2-801 ade2 A::His3MX6 wra3 A::LEU2 This study.
frpl A::natMX4 adh4::URA3-TELO7L ADE2-TELOSR PPRI-
13myc::KanMX6
TEYT515 MATa his3-200 leu2-1 Iys2-801 ade2 A::His3MX6 ura3 A::LEU? This study.
frplA:natMX4 adhd::URA3-TELOTL ADE2-TELOSR PPRI-
13myc::KanMX6 sir3A::hphMX4
TEYT754 MATa his3-200 leu2-1 lys2-801 ade2 A::His3MX6 wra3 A::LEU2 This study.
frpl A::natMX4 adh4::URA3-TELO7L ADE2-TELO5R SUA7-
3HA::KanMX6
TEYT7545 MATa his3-200 leu2-1 Iys2-801 ade2 A::His3MX6 ura3 A::LEU? This study.
frplA::matMX4 adhd::URA3-TELOTL ADE2-TELOSR SUA7-
3HA::KanMX6 sir3A::hphMX4
YPH250 MATa ade2-101 his3-200 leu2-1 lys2-801 frpl Al wra3-52 Philip Hieter
(Sikorski and Hieter
1989).
Table S2. Plasmids used for strain construction
Plasmid Description Source
P3FLAG-EanMX IFLAG-kanMX4 AmpR Toshio Tsulayama
(Gelbart et al. 2001).
PAG32 hphMX4 AmpR John MeCusker
(Goldstem and
MeCusker 1999).
pFA6a-13Myc-kanMX6  13Mye-Tp, kanMX6 AmpR Mark Longtine
(Longtine et al.
1998).
pFA6a-3HA-kanMX6 3HA-T,, KanMX6 AmpR Mark Longtine
(Longtine et al.
1998).
pFA6a-TRP1 TRPI AmpR Mark Longtine
(Longtine et al.
1998).
pRS405 LEU2 AmpR Stratagene.
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pTEO006 PopnatMX4 P, . AmpR This study.
pTEO009 Poop HisSMX6 T, . AMpR This study.
pTE023 ADH4-P, ., - URA3-G8-yEGFPI-CLN2 -NL5 - Typa-  This study.
TG AmpR

Table S3. Oligonucleotide probes used in this study
Probe Sequence Purpose
ADE2-middle-F/ADE2- AGCAATGGTCAAACCATTGGTTGG ChIP
TELO5R-1.0-F
ADE2-middle-R/ADE2- GCTGACATCCTATGTGGAGTTCTA ChIP
TELO5R-10-R
ADE2-start-F/ADE2- CTCTTGATATCGAAAAACTAGCTG ChIP
TELO5R-20-F
ADE2-start-R/ADE2- GTCTCACTGGCTTGTTCCACAGGA ChIP
TELO5R-20-R
ADE2-TELO5R-0.1-F AAAGCGTCATTCGATTCCAGTGAC ChIP
ADEZ-TELOSR-0.1-R CTCTCACATCTACCTCTACTCT ChIP
SPS2-F GGATAGCATGTTGAACCAGTTG ChIP
SPS2-R CGGTCCACCATTAGGTTCAACTGC ChIP
TELD6R-0.2-F ACGTTTAGCTGAGTTTAACGGTG ChIP
TELD6R-0.2-R CATGACCAGTCCCTCATTTCCATC ChIP
TELD6R-0.5-F GCGTAACAAAGCCATAATGCCTCC ChIP
TELO6R-0.5-R CTCGTTAGGATCACGTTCGAATCC ChIP
TELD6R-1.5-F TGGTTAGTTATTIGGGGATCATCATGC ChIP
TELD6R-1.5-R GTACAGTCCAGAAATCGCTCCTTTA ChIP
URA3-GFP-TELOTL-01-F CGCGCTGTACTCCACCAAAGAAG ChIP
URA3-GFP-TELOTL-0.1-R TCTGGGATCCGTCGAGGGTAATAA ChIP
URA3-GFP-TELOTL-05-F ATACTCCAATTGGTGATGGTCCAG ChIP
URA3-GFP-TELOTL-05-R  CAATTCATCCATACCATGGG ChIP
URA3-GFP-TELOTL-08-F CATGGCCAACCTTAGTCACTACTT ChIP
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URA3-GFP-TELOTL-0.8-R
URA3-GFP-TELOTL-1.5-F
URA3-GFP-TELOTL-15-R
URA3-GFP-TELOTL-2.0-F
URA3-GFP-TELOTL-20-R
URA3-TELOTL-0.15-F
URA3-TELOTL-015-R
URA3-TELOTL-05-F
URA3-TELOTL-05-R
URA3-TELOTL-10-F
URA3-TELOTL-10-R
E4-primer

ACTL-F

ACTLR

ADE2-F

ADEZR

URA3-F

URA3-R

YFROSTW-F

CTGGTCTTGTAGTTACCGTCATCT

ATTGTTAGCGGTTTGAAGCAGGCG

CTTCGCAATGTCAACAGTACCCT

AAGCCATACCTGCCAAGTATTCTG

TACCAATCTAAGTCTGTGCTCC

TAGAACCGTGGATGATGTGGTCTC

CTCTCACATCTACCTCTACTC

ATTGTTAGCGGTTTGAAGCAGGCG

CTTCGCAATGTCAACAGTACCCT

CGTAACACATATCAGTTCTGGCCT

TGTTCTGTGCAGTTGGGTTAAG

AGCGGCAGCCATAACAGTCAGCCTTACCAG

TCCATCCAAGCCGTTTTGTCCTTG

TCTCTACCGGCCAAATCGATTCTC

CTCTTGATATCGAAAAACTAGCTG

GTCTCACTGGCTTGTTCCACAGGA

TAAGGAACGTGCTGCTACTCATCC

CTGTGCCCTCCATGGAAAAATCAG

CTAGTGTCTATAGTAAGTGCTCGG

ChIP
ChIP
ChIP
ChIP
ChIP
ChIP
ChIP
ChIP
ChIP
ChIP
ChIP
Primer extension
gRT-PCR
gRT-PCR
gRT-PCR
gRT-PCR
gRT-PCR
gRT-PCR

qRT-PCR
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Chapter 5
Identification of the Ino80 Complex as a regulator of silent

chromatin
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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 [, for ‘essential’ and ‘important’ functions in silencing the loci (Fig 1A and
B) and the telomere contains TG,_; 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 les6 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].

105



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 les6 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 les6
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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 Asir3 cells by ChiIP. 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
Asir3 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 les6

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 les6. 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 les6 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 les6 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 YFRO57W 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 les1 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-les1 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.

gRT-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 | (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® Il First-Strand
Synthesis SuperMix and following the manufacturer’s instructions. gPCR 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). gPCR
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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Rap1 bound to TG, 3 repeats
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Figure 1. Organization of the hidden mating loci and a subtelomeric gene. (A) HML, (B) HMR,

and (C) YFRO57W.
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elute bound proteins for MS
C
unmodified unmodified purified
__chromatin + SIRs SIRs
SIRs 0.0 1891.7 144249
RSC 895 158.0 0.0
NHP&A 0.0 207.0 0.0
NC2 16.6 133.3 15.6
RAP1 5.7 108.6 0.0
FACT 36.5 428 0.0
INO80 3.2 437 0.0
MOT1 5.1 29.8 0.0
ISW1B 8.7 18.4 0.0
ORC 8.6 5191 0.0
SWI/SNF 2.4 3.6 0.0

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, les1. (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 les1 (Ino80C) are

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

YFRO57W alpha1

1.1£0.32 1.6+0.38
0.99+0.22 | 21+047
0.78+ 0.21 | 0.95+0.23
4.5+ 040 21+0.73
33+041* | 14+041*

3.6 £040

3.0+ 041

2.0+ 0.36 1.4 +0.91

2.3+0.26 1.5+0.17
47+8

Fold expression over WT

IES6-a
ies6-a
IES6-a
ies6-a

SPS2

alpha1

1.0+0.28

1.0+032

2.0+ 0.69

38+ 15

3.2+0.95

1.2+0.22

5.6+21

28+0.78

Fold expression over WT

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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relative
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Ino80-13myc

*0.05>p
*0.01>p

0
E silencer HML Isilencer ACT1 Tel6R
element promoter element

Figure 5. Heterochromatin enhances Ino80 binding in vivo. ChIP experiment showing the
relative enrichment of Ino80 in WT and Asir3 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.

116



relative
enrichment
Sir3

-

arps

FW *0.05 > p

| |
ARS301 HML ARS302  Tel6R
promoter

Figure 6. Sir3 binding at HML and the telomere is not reduced in Aarp5 and Aiesé6 strains. ChIP
experiment showing the relative enrichment of Sir3 in WT, Aarp5 and Aiesé6 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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Strain Genotype Source
BY4741 MATa his3A1 leu2A0 met15A0 ura3AD Grunstein Lab
BY4742 MATa his3A1 leu2AD lys2A0 ura3A0 Grunstein Lab
jesi MATa his3A1 leu2A0 met15A0 ura3AD iesl:Kan Open Biosystems
ies2 MATa his3A1 leu2AQ met15A0 ura3Al ies2:Kan Open Biosystems
ies3 MATa his3A1 leu2A0 met15A0 ura3A2 ies3:Kan Open Biosystems
iesd MATa his3A1 leu2A0 met15A0 ura3A3 iesd:Kan Open Biosystems
iess MATa his3A1 leu2A0 met15A0 ura3Ad ies5:Kan Open Biosystems
iesé MATa his3A1 leu2A0 met15A0 ura3A5 ies6:Kan Open Biosystems
arps MATa his3A1 leu2A0 met15A0 ura3A7 arp5::Kan Open Biosystems
arp8 MATa his3A1 leu2A0 met15A0 ura3A8 arp8::Kan Open Biosystems
MATa his3A1 leu2A0 met15A0 ura3AS
nhpi0 nhp10::Kan Open Biosystems
MATa his3A1 leu2A0 met15A0 ura3A10 Ino80-
Ing80-myc 13myc:Kan This study
MATa his3A1 leu2A0 met15A0 ura3All Ino80-
Ino80-myc, sir3 13myc::Kan sir3::Hph This study
sir3 MATa his3A1 leu2A0 met15A0 ura3Al12 sir3:Hph This study
MATa/c IES6/ies6::Kan his3A1/his3A1
leu2A0/leu2A0 lys2A0/LYS2 met15A0
JDY853 ura3A0/ura3a0 Jessica Downs Lab
IES6-a MATa |ESE spore from JDY853 This study
ies6-a MATa iesb::Kan spore from JDY853 This study
IES6-alpha MATa IES6 spore from JDY853 This study
ies6-alpha MATaq ies6::Kan spore from JDY853 This study

Table 1. Yeast Strains.
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Primer Sequence Notes
ARS301-F TAAAGTTTTCGGCACGGACT "E" ChIP
ARS301-R GCCCCCGAAATCGATAATAA "E" ChIP
ARS302-F GTAAGTGGGGTTCTGGGTGA "" ChIP
ARS302-R CACCTCCGGCGAAAATATAA "I" ChIP
HMLalphal_ORF-F |GAGGCCAAGCTGCTTCAATA ChIP/RT
HMLalphal ORF-R TCGAGAGGAAGGAACAGGAA ChIP/RT
HMLalpha2_ORF-F_CCTTTTAAATCCACAAATCACAGA  [ChIP/RT
HMLalpha2_ORF-R TACGGTTTTTGTTGGCCCTA ChIP/RT

HMLalpha2_PRO-F

TGAAAGCAGGCTTCGAAGTAA

HMLalpha promoter ChIP

HMLalpha2_PRO-R

TGCTTCCCAATGTAGAAAAGTACA

HMLalpha promoter ChIP

HMR16a

GGATGATATTTGTAGTATGGCGG

HMR al gene RT

HMR16hb GATTTTCCCTTTGGGCTCTTCTC HMR al gene RT
ACT1-F TCCATCCAAGCCGTTTTGTCCTTG ChIP/RT

ACT1-R TCTCTACCGGCCAAATCGATTCTC ChIP/RT

SPS2-F ACTGTCCCGTCATTGATGCGTCTC ChIP/RT

SPS2-R CATTAGGTTCAACTGCAGCGGATG  |ChIP/RT
YFROS7W-F ATATGCACTAGTTGCACTAGGCG ChIP/RT
YFROS7W-R GGCTTTGTTACGCTTGCACTTGA ChIP/RT

TEL6R F1 GCGTAACAAAGCCATAATGCCTCC  |ChIP

TEL6R R1 CTCGTTAGGATCACGTTCGAATCC  [ChIP

Table 2. Primers

Contribution

The work presented in this chapter is my portion of collaboration with Tasuku Kitada, Nancy
Tran and Jason Gehrke. Nancy generated the proteomic data in Figure 2C, Jason analyzed it
and generated the chart, Tasuku purified the Sir proteins in Figure 2A and help generate strains

| used in ChIP and RT-PCR experiments.
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