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Abstract

Heterochromatin, or condensed chromatin, is a transcriptionally repressive for
of chromatin that occurs in many eukaryotic organisms. At its natural locations
heterochromatin is thought to play important roles in genome organization as well a
gene expression. Just as important is the restriction of this repressiveffonromatin
to appropriate regions of the genome. In the budding feastaromyces cerevisiae
domains of condensed, transcriptionally silenced chromatin are found at telame r&ts
the silent-mating type cassetteyiIL andHMR. At these locations, a complex of Silent
Information Regulator (SIR) proteins gets recruited to DNA through déessrencer
elements. Once recruited, the Sir protein complex then spreads along chr@sosam
step-wise manner. This process results in the silencing of gene exprétsisi unclear
whether silenced chromatin is established in the same manner at differemige
locations. Understanding how silenced chromatin is formed is important for dategmi
how these chromatin structures are regulated.

To better understand how silenced chromatin is established in different genomic
contexts, | used chromatin immuoprecipitation to follow the rate of silenced atinom
formation at different locations. The rates of Sir protein assembly werpared at two
locations, telomere VI-R antdMR. | discovered that the silencers at these two locations
were equally proficient at recruiting Sir proteins. However, the rate @ir&iein
assembly onto nucleosomes was far more ragitMdR than at the telomere VI-R.

Furthermore, the rate of Sir protein assembly was more rapid on one sidélbMRRE



silencer aHMR than the other. Moreover, insertion of thBIR-E silencer adjacent to
the telomere VI-R significantly improved the rate of Sir protein asseantity
nucleosomes. Additionally, observations that the association of Sir protein occurs
simultaneously across several kilobasadMR and that silencing diMR is insensitive
to co-expression of wild-type and catalytically inactive Sir2 proteins stugjga$iMR-E
enables the assembly of silenced chromatin in a non-linear fashion. Thesestegydtst
thatHMR-E functions to both recruit Sir proteins and promote their assembly across
several kilobases.

In addition to theHMR-E silencerHMR is also characterized by the presence of a
second auxiliarfdMR-1 silencer and a tRNA" gene that functions as a boundary
element to restrict the spread of silenced chromatin. | used chromatin
immunoprecipitation to determine how each of these regulatory element®etanta
the steady-state levels of Sir protein association with chromatin. Gorisisth a role
for HMR-E beyond recruitment, | discovered that HilédR-E silencer alone promoted
higher levels of Sir proteins on nucleosomes compared to the telomere VI-R. Thke leve
of Sir protein association witHMR were further elevated by th#MR-I silencer, even
though this silencer does not recruit Sir proteins on its own and does not contribute to any
of the known functions of silenced chromatiHMR. Additionally, although the
tRNA™ did block the spread of Sir proteins, | discovered that the capacity for Sir
proteins to spread beyond a few kilobases was severely limited even in the absleace of

boundary.



The results of this thesis work provide new insights into the mechanisms of
silenced chromatin establishment and regulation in budding yeast. | show here that the
capacity of Sir proteins to assemble onto nucleosomes is inherently limitedoAdltlt
silencers vary in their ability to promote this assembly. | conclude thail¢hees is a
key factor in determining the relative size, efficiency, and locationesfd chromatin

domains in the cell.
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1. Introduction
1.1 Overview of heterochromatin

The genomes of eukaryotic organisms are organized into functionally distinct
domains termed euchromatin and heterochromatin. These domains were griginall
defined cytologically. Heterochromatin was characterized as regidhe genome that
remain condensed in nuclei throughout interphase whereas euchromatin regions go
through cycles of condensation and de-condensation during the cell cycle (Heitz 1928;
Schultz 1936). Heterochromatic domains are often enriched with repetitive DNA
sequences, contain few genes, and are often incompetent for expression of the genes tha
are present. Furthermore, these regions are resistant to certain DNAingpelifgymes,
and replicate their DNA late in S-phase of the cell cycle. In higher entiesry
heterochromatin can be divided into two groups: constitutive and facultative
heterochromatin. Constitutive heterochromatin occurs at the same Isdatimost cell
types, namely pericentromeric and sub-telomeric regions of the genbwe, ivis
thought to serve a structural role. In contrast, facultative heterochinamat
developmentally regulated, whereby euchromatic regions are converted to
heterochromatic regions in the course of cellular development. A classipixof
facultative heterochromatin is the packaging of one of the two X chromosoriessale
mammals into the condensed, transcriptionally repressive Barr body, termed X
inactivation.

The earliest indication that condensed chromatin, or heterochromatin, impacts

gene expression came shortly after its cytological charaatierz This property was
1



described irDrosophilaby Hermann Muller in 1930n these experiments, théhite

gene, which controls eye color in fruit fligsxpression of thevhitegene results in red

eyes, repression results in white eyes), was translocated via X-ioadratuced
chromosomal rearrangement (Muller 1930). Wiategene was moved from a
euchromatic location to a location adjacent to pericentromeric heterochronstn. A
result of the new position, expression of wiate gene was variegated, resulting in

mosaic red and white eye colors, hence the term position effect variegatitber(M

1930). This was one of the first examples showing a correlation between chromosomal
organization and gene expression, and implied a role for the condensed chromatin
structures that were observed cytologically.

Subsequent studies have described molecular characteristics of het@atahat
the level of nucleosomes. The amino terminal tails of histones H3 and H4 are subject to
posttranslational modifications, namely acetylation and methylationiotlyssidues.

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

well as different organisms (Ebert et al. 2006). However, some of these mslattoamal
modifications are conserved among constitutive heterochromatin domains in highe
eukaryotes. For example, acetylation of histone tails is generally updsseated within
heterochromatin (Dillon 2004) while the methylation of histone H3 at the lysiredues

is a modification that coincides with heterochromatin. Furthermore, the Hatematin
protein 1 (HP1) is a non-histone protein enriched in heterochromatin (James and Elgin
1986), which specifically recognizes and binds to histone H3 when methylated at the
lysine 9 residue, linking these two features to one another (Lachner et al. 200fa 8chot

2



al. 2002). These chromatin markings are hallmarks of constitutive heteroctlramati

higher eukaryotes.

1.2 Overview of silenced chromatin in Saccharomycesevisiae

In the budding yeasaccharomyces cerevisjdeeterochromatin-like structures,
termed silenced chromatin, are functionally similar but structurallindidrom the
classic forms of constitutive heterochromatin in higher eukaryotes. Dhe to t
comparatively small size of ti& cerevisiagienome, silenced chromatin cannot be
observed cytologically. However, a condensed chromatin structure is infereztidras
functional identity with heterochromatin. For example, silenced chromafion®are
less permissive to DNA modifying enzymes (Strathern et al. 1982; Gatigd892;
Singh and Klar 1992; Loo and Rine 1994), contain ordered arrays of nucleosomes (Weiss
and Simpson 1998; Ravindra et al. 1999), replicate their DNA late in S-phase (McCarroll
and Fangman 1988; Reynolds et al. 1989), and are repressive to transcription in a gene
non-specific manner (Brand et al. 1985; Schnell and Rine 1986; Mahoney and Broach
1989; Gottschling et al. 1990).

The molecular character of silenced chromatin is fundamentally diffiecent
constitutive heterochromatin in mammals. Most notably, histone H3K9 medimylat
which is a highly conserved feature of heterochromatin in most other eukargotes
absent irS. cerevisia€Briggs et al. 2001). Indeed, a homologue for the Su(Var)3-9
family of histone methyltransferases (HMT), which are responsible ftiryating

H3K9, has not been identified $ cerevisiaeFurthermoreS. cerevisia¢ack
3



homologues to HP1. Nevertheless, consistent with nearly all other examples of
heterochromatin, nucleosomes within silenced chromatin regions are hiypeatace
(Braunstein et al. 1993; Suka et al. 2001). Therefore, whereas classic hetertolzama
be defined by the presence of specific posttranslational modificationsaidsst
silenced chromatin i§. cerevisiagés typically defined by the absence of histone

modifications that are common in euchromatin.

1.2.1 Locations and function of silenced chromatin

Silenced chromatin i. cerevisia®ccurs at the silent mating-type loEiNIL
andHMR), and at most telomeres. An alternative form of silenced chromatin @atcurs
the ribosomal RNA encoding repeats (rDNA). However, the silenced aliroat rDNA
is mechanistically distinct from the silent mating-typel and telomeres. In particular,
many of the proteins that convey silencing at rDNA are different from thqsatamt to
silencing at telomeres and silent mating-type loci. Thus, rDNA silgnsinot addressed

in this dissertation.

Silencing at the silent mating-type loci

The function of silenced chromatin has been studied extensively at the silent
mating-type loci. Haploid yeast cells can exist as one of two differemigrigpes,
which are determined by the expression of mating-type genes, ethar at theMAT
locus. Additional copies of the mating-type genes are also located at therskleng-

type loci,HML andHMR (Figure 1). In most strains of yeasiiMiL harbors copies of the
4



-genes, antiMR contains the-genes. The simultaneous expression ahda genes
triggers the formation of a repressor complex that inhibits mating. This féedbac
mechanism has the benefit of precluding diploid yeast cells from furthergnas they
express anda genes from heterozygoMAT loci. In order to maintain cell identity in
haploid yeast cells, the mating-type genes locatétMi andHML must be repressed.
Since identical copies of these genes are expressedMAihiecus, promoter-specific
repressors would have the unintended consequence of inactiviifigro solve this
problem,S. cerevisia@package the auxiliary copies of mating-type information into
transcriptionally inert silenced chromatin.

A second function of silenced chromatin-ilL andHMR is to protect the DNA

at these locations from being cut by the HO endonuclease. Some sti@iremvisiae
possess the ability to switch their mating-type. Mating-type switckiagecomplished
through the expression of the HO endonuclease, which forms a double strand DNA break
at theMAT locus. This double strand break is repaired by homologous recombination,
preferentially with the opposite mating-type genes located at éittieror HMR, which
results in gene conversion at AT locus (Haber 1998). For proper mating-type
switching to occur, it is important that only tREAT locus undergo cleavage. However,
the recognition sequence for the HO endonuclease is conserved at all thiAIc
HML, andHMR) (Nickoloff et al. 1986). The presence of silenced chromatiiMit and
HMR renders these sites resistant to HO endonuclease (Loo and Rine 1994), enduring tha

only theMAT locus gets cut.
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Figure 1: Schematic of the silent mating-type loci its. cerevisiae

Silencing at telomeres

Unlike the silent mating-type loci, the biological function of silenced chiamat
at yeast telomeres remains incompletely understood. One possibility ¢etigeensed
chromatin at telomeres serves a structural role important to the fitngsasof For
instance, recent evidence suggests that the presence of certain euchasswtiated
histone modifications at telomeres results in a reduction in cellulapéfe(Dang et al.
2009). Therefore, silenced chromatin may function to prevent these modifications from
occurring at the telomeres. The basic components and characteristieaasds
chromatin at these sites are shared with the silent mating-type locididpe al. 1991).
Silencing at the telomeres was originally identified in experimentstingeeporter
genes next to the telomere. As a result of proximity to the telomere, tressixpor of the

reporter genes were variegated (Gottschling et al. 1990). For exansgiian of the
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ADEZ2gene, which controls yeast colony coladé¢2-colonies are redaDE2+ colonies
are white), next to the telomere resulted in colonies with red and white sectoring
(Gottschling et al. 1990). The model of silencing genes as a function of igotarthe
telomere was termed telomere position effect (TPE). The phenotype of BRRlogous
to that of PEV described ibrosophila(Muller 1930). Thus, the silenced chromatin
observed at telomeres, and likely the silent mating-type loci, are functisimallgar to

classic heterochromatin in higher eukaryotes.

1.2.2 Sir proteins mediate silenced chromatin

In S. cerevisiagesilenced chromatin is mediated by silent information regulator
proteins, or Sir proteins. These proteins were identified geneticallpasties for
repression of the silent mating-type genes (lvy et al. 1986; Rine and Herské@&ity
Chromatin immunoprecipitation studies revealed that the three Sir proteinsdefqui
silencing (Sir2p, Sir3p, and Sir4p) are enriched throughout the domains of silenced
chromatin at telomeres and the silent mating-type loci (Hecht et al. 1986I-S
Bolsinger et al. 1997; Lieb et al. 2001; Rusche et al. 2002). The Sir2, Sir3, and Sir4
proteins interact to form a complex in the cell (Rudner et al. 2005). Sir4p plays an
important structural role in the complex through its interactions with both Sir2p &8pd Si
(Moazed et al. 1997; Hoppe et al. 2002; Rudner et al. 2005). There is some evidence that
Sir2p and Sir3p may also interact with each othetitro (Liou et al. 2005), however,
this interaction does not occurvivoin the absence of Sirdp (Strahl-Bolsinger et al.

1997; Rudner et al. 2005). A fourth Sir protein, Sirlp, also interacts with Sir4p (Triolo
7



and Sternglanz 1996). However, in contrast to Sir2, 3, and 4p, Sirlp is not enriched
throughout domains of silenced chromain (Rusche et al. 2002) and is not essential to
maintain silenced chromatin (Pillus and Rine 1989).. For these reasons, Sirlp is thought
to act independently of the core Sir2/3/4p silencing complex.

The Sir protein complex associates with chromatin through interactions between
Sir3p and Sirdp and nucleosomes. Direct physically interactions have beeheatescri
between Sir3p and Sirdp and histone tails (Hecht et al. 1995; Liou et al. 2005). Sir3p has
two domains that interact with histones. The interaction between Sir3p and higsone ta
was originally mapped to the C-terminal region of Sir3p (Hecht et al. 1995). Blestr
studies have identified a bromo-adjacent homology (BAH) domain in the N-terminal
region of Sir3p that binds nucleosomes independently of the C-terminal region (Onishi et
al. 2007; Sampath et al. 2009). The BAH domain of Sir3p directly binds to a region of the
histone H4 tail that is distinct from the region bound by the C-terminus (Onidhi et a
2007). The interactions between Sir3p and Sir4p and histones are regulated by
posttranslational modifications on the tails. Acetylated lysine residue dristione
tails, which are abundant in euchromatin regions, significantly reduce thigyadh
Sir3p for histones (Carmen et al. 2002). Consistent with the loss of Sir protein binding,
the mutation of specific lysine residues on the tail of histone H4 resultsnnisde
defects (Johnson et al. 1990). In particular, mutation of the lysine 16 residue of histone
H4 to glutamine, which is thought to functionally mimic an acetylated lysingises a

silencing defect that is much more severe than those observed in other lysithensiuta



(Johnson et al. 1990) and strongly reducesrtivevo interaction between Sir3p and
nucleosomes (Onishi et al. 2007).

Although binding to histone tails is critical for proper association of Sir proteins
with chromatin and silencing, Sir3p also binds nucleosamesro in the absence of the
histone tails (albeit with significantly reduced affinity), suggestivad Sir3p may interact
with nucleosomes at additional sites (Georgel et al. 2001). Studies have thdeagtic
interactions between the Sir complex and specific core residues of hist®es H4
(Park et al. 2002; Norris et al. 2008). These histone H3 and H4 residues that ale critic
for silencing are in proximity to each other on the surface of the nucleq®ameet al.
2002) and genetically interact with the N-terminal region of Sir3p (Naras €008).
Thus, the N-terminal region of Sir3p may directly interact with core residiiH3 and
H4 as well.

The preferential association of the Sir protein complex with deacetyiateshes
is thought to be facilitated by the catalytic activity of Sir2p. Sir2p is ®NAependent
histone deacetylase (Imai et al. 2000; Landry et al. 2000; Smith et al. 2000}fand is
founding member of the Sirtuin family of histone deacetylases that ar@pirese
organisms ranging from bacteria to humans. Importantly, Sir2p dedestllaine 16 of
histone H4, botlin vitro andin vivo (Imai et al. 2000; Suka et al. 2002). Although the N-
terminal region of Sir3p appears to make additional contacts with the nucleicdpe
binding to nucleosomes is dramatically diminished in H4K16 mutations that mimic the
acetylated state (Onishi et al. 2007). Thus, the Sir2p-mediated deacetylatidK 8 is
critical for binding of Sir3p to nucleosomes and proper silencing.

9



1.2.3 Silencers recruit Sir proteins to chromatin

Despite the capacity of the Sir protein complex to bind nucleosomes, these
proteins are restricted to discrete regions of the genome (Lieb et al. 200%ngrhat
additional effectors facilitate the localization of silenced chromhtdeed, specific
DNA sequences, termed silencers, are required to recruit Sir prateihomatin. At the
silenced mating-type loci, these silencers were identified by rootdtanalyses on
plasmids (Abraham et al. 1984; Feldman et al. 1984). Two silencers flank thg-mati
type genes at each locatidfiViR-EandHMR-I flank thea genes aHMR, andHML-E
andHML-I flank the genes aHML (Figure 1). These silencers contain binding sites for
the Origin Recognition Complex (ORC) and the transcription factors Raplp and Abflp,
which seed silenced chromatin through direct interactions with the Sir proteinecompl
Orclp recruits Sirlp, which in turn binds to Sirdp (Triolo and Sternglanz 1996). Raplp
binds to both Sir3p and Sirdp (Moretti et al. 1994; Moretti and Shore 2001), and Abflp
likely binds to Sir3p (Gasser and Cockell 2001). Sirdp is required to recruit Sit2p to t
silencer (Hoppe et al. 2002). In fact, Sirdp is the only member of the core Sinprote
complex that gets recruited to silencers in the absence of the other Singp(bi@ppe et
al. 2002; Rusche et al. 2002; Rudner et al. 2005), and is required to bring Sir3p to the
silencer.

Intriguingly, the composition of silencer binding sequences is unique to each
silencer (Figure 1). OnliMR-E contains recognition sequences for all three silencer

binding proteinsHMR-1 andHML-I each contain binding sites for ORC and AbiML-
10



E harbors binding sites for ORC and Rap1p. It is thought that there may be some
functional redundancy between the different silencer binding sites. For exathiMR-
E, mutations in at least two of the three silencer protein recognition sequesnces a
required to cause a defecthiMRa gene silencing (Brand et al. 1987). Furthermore, most
of the silencers diML andHMR are able to at least partially silence the adjacent mating-
type genes in the absence of the other silencer (Brand et al. 1985; Mahoney and Broach
1989). The lone exception HMR-I, which does not appear to recruit Sir proteins and
fails to silence théiIMRal gene in the absence HMR-E (Brand et al. 1985; Rusche et
al. 2002). It is unclear whMR-I fails to function as a silencer on its own. Moreover,
some variation in the efficiency of silencing also occurs among the othiecesis. For
example, when inserted at tNRAT locus,HMR-E silenced the mating-type genes more
efficiently than eitheHML-E or HML-I (Shei and Broach 1995). ThusMR-Eis
thought to be one of the most potent silencefs. icerevisiae

In contrast to the silencerslEML andHMR, Sir proteins are recruited to
telomeres via an array of Raplp binding sites embedded in the telomeric repeat
sequences (Cockell et al. 1995; Hecht et al. 1996). These Raplp binding sites likely
recruit the Sir complex through interactions with Sir4p. Additionally, the teliomepeat
sequences are located in close proximity to another repetitive DNArgléen@ed the
X-core sequence, which contains binding sites for ORC and, in most cases, Abflp (Louis
1995). Similar tdtHMR-I, the X-core sequena®es not appear to initiate silencing on its
own, however, it does improve the efficiency of silenced chromatin seeded by the
telomeric repeat (Fourel et al. 1999). Another notable distinction from the sdeicer
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HML andHMR is the apparent absence of Sirlp from the telomeres. Sirlp gets recruited
to the silencers diML andHMR through interactions with Orclp and plays an important
role in recruiting the rest of the Sir protein complex (Triolo and Sternglanz 1996).
However, despite the presence of Autonomously Replicating Sequences (ARS) tha
recruit ORC to the X-core, there is no evidence of a role for Sirlp intiagrthe Sir

protein complex to the telomeres, and little evidence that Sirlp participak€Ei

(Aparicio et al. 1991; Fourel et al. 1999; Pryde and Louis 1999; Mondoux and Zakian
2007).

The observed variety in silencer composition suggests that these elements may
differ in the manner by which they establish silenced chromatin. In thistdissey |
addressed this question by comparing the rates of silenced chromatiblgissem
nucleosomes adjacent to different silencers. Indeed, it was discoversilethegrs differ

in their abilities to promote the assembly of silenced chromatin.

1.2.4 Mechanism of silenced chromatin assembly

Once recruited to DNA by the silencer, the complex of Sir2p, Sir3p, and Sir4p
then associates with adjacent nucleosomes. This process is thought to occur though the
spread of Sir proteins along the chromosome in a step-wise mechanisedraieas
sequential deacetylation (Rusche et al. 2003). According to this model, once reoruited t
the silencer, Sir2p deacetylates adjacent nucleosomes, which are then bound by
molecules of Sir3p and Sir4p. Upon binding to a nucleosome, Sir3p and Sir4p then

recruit an additional molecule of Sir2p and begin the process anew for the nex
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nucleosome. Thus, the Sir protein complex spreads along the chromosome through
recurring cycles of deacetylation and nucleosome binding (Figure 2) éH@h. 2002;
Rusche et al. 2002).

In support of this model, studies with different Sir protein mutations revealed that
recruitment of the Sir protein complex to silencers occurs prior to assocreth
adjacent nucleosomes (Hoppe et al. 2002; Rusche et al. 2002). For example, Sirdp can
localize to th(HMR-E silencer in the absence of Sir2p and Sir3p, and can also recruit a
partial complex with either Sir2p or Sir3p in the absence of the other. However, none of
these partial complexes are able to associate with adjacent chroeatimdlihe silencer
(Hoppe et al. 2002; Rusche et al. 2002). Moreover, point mutations in Sir2p that render
the histone deacetylase catalytically inactive enable the reentitoha complete Sir
protein complex to the silencer that is unable to associate with nucleosomes @Halppe
2002; Rusche et al. 2002). Therefore, deacetylation of nucleosomes occurs subsequent to
Sir protein recruitment to silencers and prior to their assembly on nuelessdhe
model of sequential deacetylation suggests that silenced chromatin sprezis dnam
silencers in a processive manner. A prediction of processive, or continuoudjrspiea
that Sir protein mutations that allow for recruitment but inhibit nucleosome binding
should be dominant-negative when co-expressed with the respective wilaliglps.
Indeed, catalytically inactive alleles 8fR2 as well as mutant alleles $fR3that
diminish binding to histones, demonstrate dominant-negative silencing phenotypes at
telomeres (Armstrong et al. 2002; Buchberger et al. 2008). Also consistensvith t
predictions of continuous spreading, insertion of reporter genes at various distamces fr
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the telomere result in a gradual increase in reporter gene expressiametos fof
distance from the telomeric silencer (Renauld et al. 1993; Pryde and Louis 1999).
Collectively, these results imply that silenced chromatin propagates ehoomosomes
through a self-reinforcing relationship between a chromatin modifying exnzgir2p,
and nucleosome binding proteins, Sir3p and Sirdp (Figure 2).

Similar models of self-reinforcing propagation have been proposed for classic
heterochromatin domains in other organisms. For exampBrosophila the histone
methyltransferas8u(var)3-9methylates histone H3 at the lysine 9 position. The
heterochromatin protein HP1 specifically binds to nucleosomes that are atedhsd the
H3K9 position. Therefore, similar to silenced chromatin in yeast, a sefbreing
relationship exists between a nucleosome modifying enz$o(®ar)3-9 and a
nucleosome binding protein, HP1.The phenotypic consequences of self-propagation
among these two types of repressive chromatin are comparable, aseitubyrdhe
similarities between TPE in yeast and PE\Diosophila

The principle components of the model of spreading via sequential deacetylation
are well established. This model is often represented as a one nucleosome at a t
process along a linear ‘beads on a string’ chromatin template (Figutte\2¢ver, it is
unclear how many nucleosomes are involved at each step of deacetylation and binding.
Additionally, it is unknown whether nucleosomes are arranged in a ‘beads on ‘a string
conformation or if higher order structures occur at the sites of silenced c¢hroimahis

thesis work, it was discovered that Sir proteins assemble simultaneousk/ atiarsay
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of nucleosomes &MR, indicating that the spread of silenced chromatin at this location

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

4 20—h Ac Ac Ac Ac  Ac  Ac  Ac  Ac
|

Active Gene

Silenced Gene

Figure 2: Model of Sir protein spreading

1.3 Regulation of silenced chromatin

The genome 08. cerevisiags relatively small compared to the genomes of other
eukaryotes. The roughly six thousand genes encoded in the yeast genomefaccount
nearly seventy-two percent of the total DNA (Dujon 1996), hence, the genome g large
euchromatic. Mislocalization of silenced chromatin into these gene-rich regitres
through unrestricted spreading from silencers or chance binding of Sir proteins to
nucleosomes, could be detrimental to the cell. The challenge of excluding 8ingrot
from transcriptionally active regions is exacerbated by the ubiquitous peesketine
proteins that recruit the Sir complex (ORC, Raplp, and Abflp) throughout the yeast

genome. Potentially, Sir proteins could bind to any of these sites and indisaigninat
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modify the surrounding chromatin in a manner unsuitable for proper transcription.
Nevertheless, genome-wide chromatin immunoprecipitation experimentséntiiaa

silenced chromatin is absent from the majority of the genome (Lieb et al. 2001), and
likely only occurs at the silent mating-type loci, telomeres, and rDNAatepehich

account for less than 10% of the genome (van Leeuwen and Gottschling 2002).
Consequently, mechanisms must exist to mitigate the associations of Sir pritieins
euchromatic regions. To prevent the promiscuous occurrence of silenced amnyromati
multiple mechanisms are thought to restrict the Sir proteins to discretaseg the

genome. These mechanisms, which are not mutually exclusive, can be divided into three
general models: (1) discrete boundary elements, (2) competition frdmoeuatin, and

(3) intrinsic limitations on the Sir proteins themselves.

1.3.1 Boundary elements limit the spread of silenced chromatin

Boundary elements are defined as discrete DNA elements that block the spread of
silenced chromatin, thus serving to partition euchromatin and silenced chromatin. The
best-studied boundary B. cerevisiaeoincides with a tRNA" gene located on the
telomere-proximal side of tHeMR locus (Donze et al. 1999). The boundary activity of
the tRNA™ gene was identified by systematic deletions of DNA at the telomere-
proximal border of silenced chromatin¥R (Donze et al. 1999; Donze and Kamakaka
2001). In the absence of the tRNAgene, the expression of an endogenous gene located
approximately three kilobases away from the native boundary of silencedathri@m

partially repressed in a Sir-dependent manner (Donze and Kamakaka 2001; Oki and
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Kamakaka 2005). Furthermore, insertion of a DNA fragment containing the TRNA
gene between tHeMR-Esilencer and the matintype genes aHMR results in sterility,
indicating that silencing of the mating-type genes is disrupted (Darael®99; Donze
and Kamakaka 2001).

The boundary activity of tRNA" is thought to rely on the assembly of the RNA
polymerase Il transcription complex. Mutations in HexA andboxB promoter
elements of the tRNA" gene, which result in the loss of RNA polymerase I
recruitment, compromise boundary function (Donze and Kamakaka 2001). However,
boundary activity is not necessarily inherent to RNA polymerase Il trévestgenes, as
not all RNA polymerase Ill genes are able to block the spread of silencedatimrom
when inserted next to théMR-Esilencer (Donze and Kamakaka 2001). Nevertheless,
there may be a conserved role for tRNA genes in delimiting the spread of
heterochromatin. For example, in the distantly related yegsdtmbgewhich employs a
form of heterochromatin orthologous to that of higher eukaryotes, tRNA gened restric
the domains of pericentromeric heterochromatin (Scott et al. 2006; Scott et al. 2007).

On the telomere-proximal side ML, a DNA element corresponding to the
geneVBA3abates the spread of silenced chromatin (Bi 2002). The systematic placement
of a reporter gene at various distances fHML demonstrates a gradual decline in
silencing at sites further away from the silenced domain. However, siedmps off
sharply beyond thgBA3location (Bi 2002). Th&BA3gene also mitigates the spread of
silenced chromatin when translocated to the centromere-proximal dithdLofBi 2002).
Unlike the tRNA™ gene aHMR, VBAS3is a RNA polymerase Il transcribed gene. It is
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unclear how th&BA3gene specifically functions to diminish silencing. However, there
is some evidence that the upstream activating sequences (UAS) of some RNA
polymerase Il genes render these genes resistant to silencing and daengeread of
silenced chromatin (Bi and Broach 1999).

Other DNA elements with boundary function have been described at the ends of
chromosomes. Adjacent to the telomeric repeat, various repetitive DNA eteiteented
X and Y’, have been described (Louis 1995). All telomeres contain an X-core sequence,
and many contain a Y’ element located between the X-core and telonpeat.re
Telomeres that lack Y’ elements, termed X-only telomeres, display amgouos spread
of silenced chromatin from the telomeric repeat that is unimpeded by boulefagnes
(Pryde and Louis 1999). However, telomeres that have both X and Y’ elements exhibit a
discontinuous domain of silenced chromatin (Fourel et al. 1999; Fourel et al. 2001). At
these telomeres, silencing is disrupted along the length of Y’ and refatntieel X-core
(Fourel et al. 1999; Pryde and Louis 1999). The broken domain of silenced chromatin is
mediated by sub-telomeric anti-silencing regions (STAR) that bloclkptiead of
silenced chromatin seeded by the telomeric repeat (Fourel et al. 1999). TRe STA
elements contain binding sites for the transcription factors Thflp and Rebl1p, which are
thought to inhibit the spread of Sir proteins (Fourel et al. 1999; Fourel et al. 2001),
however, the mechanism of inhibition is incompletely understood. Although STAR
elements have the capacity to block the spread of silenced chromatin, due to their
location between two elements that promote silencing (the telompeatrand the X-
core), STARs do not restrict the spread of silenced chromatin into sub-teloeggons.
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In summary, other than the two boundaries identified on the telomere-proximal
sides of theHML (VBA3 andHMR (tRNA™) loci, no discrete boundary elements have
been described on the centromere-proximal sides of the two loci (Bi et al.0@%% et
al. 1999). Additionally, no boundary elements have been identified at the junctions
between euchromatin and silenced chromatin beyond the X-core sequences a¢$elome
Therefore, there are as many as thirty genomic junctions betweeredilgmomatin and

euchromatin that lack boundary elements.

1.3.2 Competition limits the spread of silenced chromatin

At locations where boundary elements are not present, silenced chromatin is
thought to be limited through competition with euchromatirs.lcerevisiagseveral
euchromatic proteins have been identified as having activity that is argtgomithe
spread of silenced chromatin. These proteins, referred to as anti-silémdete
chromatin modifying enzymes and proteins that associate with transcrilytiooiaed,
or active, chromatin. Anti-silencers are thought to upset the spread ofrgjléryc
modifying chromatin in a manner that reduces the affinity of Sir proteins for
nucleosomes. In their absence, Sir proteins spread farther from silemtesikeace gene
transcription over broader regions. It is important to note that the Sir protein gomple
retains the ability to modify chromatin in a manner permissive to its owngabpa.
Therefore, anti-silencers do not block the spread of Sir proteins, but rathetereedi
competitive balance that results in a dynamic equilibrium between eudin@nd

silenced chromatin.
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Histone acetyltranferases

The strong preference for Sir protein binding to unacetylated nucleosomes
suggests that the enzymes responsible for depositing these inhibitory ac&sybritar
histones may also serve as anti-silencers. Indeed, the histone acegyiisn&HAT)
Sas2p has been characterized as a relatively potent anti-silencer.sSag2gatalytic
subunit of a HAT complex with specificity for the lysine 16 residue of histone Ki4 (S
et al. 2005). Acetylation of H4K16 is one of the most abundant post-translational
modifications in chromatin, occurring on approximately 80% of all histone H4 prateins
vivo (Smith et al. 2003). Although Sas2p is not the only HAT capable of acting on
H4K16, in the absence of Sas2p global levels of acetylated-H4K16 are deadipati
reduced, implying that Sas2p is the most prevalent HAT for H4K Y60 (Kimura et al.
2002). H4K16 is am vitro target for Sir2p-deacetylation (Imai et al. 2000), hence, the
acetylation state of this residue is of particular importance to silerloeged, mutating
H4K16 to glutamine, which is thought to functionally mimic an acetylated lysindises
in a severe defect in silencing (Johnson et al. 1990). Consequently, Sas2p is a classic
example of a chromatin modifying enzyme that directly competes wizip r an
instrumental substrate in the regulation of silenced chromatin. In the abs&Sas2pf
Sir3p associates with sub-telomeric chromatin as far away as 10 to 20 égldiwan the
telomeric repeat, as opposed to only 1 to 3 kilobases when Sas2p is present (Kimura et a
2002; Suka et al. 2002). Furthermore, Sir proteins assemble more rapidly onto sub-
telomeric chromatin in the absence of Sas2p, indicating the removal of an impediment
spreading (Katan-Khaykovich and Struhl 2005). Finally, the increase in Simprote
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spreading correlates with the down-regulation of genes located within tiwkritsises of
telomeres (Kimura et al. 2002).

Other HATs have also been implicated in restricting the spread of silenced
chromatin at telomeres. In the absence of the histone H3 HATs Gcn5 and Elp3, Sir3p
association with sub-telomeric chromatin occurs at locations as farasnibykilobases
from the telomeric repeat (Kristjuhan et al. 2003). The exact anti-siggnoechanisms
of these HATSs are less well understood. However, presumably they also fuaction t

reduce the affinity of Sir proteins for nucleosomes.

Histone methyltransferases

In addition to acetylation, methylation of lysine residues on histones H3 and H4
have been shown to reduce the affinity of Sir proteins for nucleosomes. The histone
methyltransferase (HMT) Dotlp methylates histone H3 at the lysine tRiegdg et al.
2002; van Leeuwen et al. 2002). In contrast to the histone tails, H3K79 is located in the
core of histone H3. However, the H3K79 residue maps to the surface of the nucleosome
in a region that has been hypothesized to interact with the BAH domain of Sir3js (Norr
et al. 2008). Ir5. cerevisiagH3K79 is methylated ubiquitously in euchromatin,
occurring at 90% of all nucleosomes genome-wide (van Leeuwen et al. 2002). On the
other hand, H3K79 is hypomethylated at silenced chromatin, which likely acdounts
the 10% of nucleosomes that are not methylated at H3K79 (Ng et al. 2002; van Leeuwen
and Gottschling 2002). Silenced chromatin is thought to be incompatible with H3K79
methylated nucleosomes. This is supported by the observation that in the absince of
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proteins, H3K79 methylation increases at telomeres and the silent mgtentpei (Ng et
al. 2003a). Moreover, Dotlp, which is the only HMT that acts on H3K® aerevisiae
participates in the regulation of silenced chromatin, particularly at teésmieor
instance, overexpression of Dotlp results in increased levels of methylated &3K79
telomeres, and a corresponding decrease in the levels of Sir3p (van Leeuwg0G2;al
Altaf et al. 2007). Furthermore, the reciprocal experiment (overexpressior8pj Si
results in decreased levels of methylated H3K79 concomitantly with indr&aSp
levels (Ng et al. 2003a). These results imply a dynamic and mutuallysesl
relationship between Dotlp-mediated H3K79 methylation and the Sir protein complex
Recent biochemical and genetic studies have shown an elegant interplegrbetw
Dotlp and Sir3p for access to nucleosomes. Both proteins bind to the same patch of basic
amino acids on the tail of histone H4 (Altaf et al. 2007; Fingerman et al. 2007). This
basic patch is critical for the association of Sir3p with histones (Hechtl€9b). In
contrast to Sir3p, Dotlp retains significant affinity for nucleosomes even abdemce
of the H4 basic patch, but is unable to methylate H3K79 (Altaf et al. 2007). Thgs, Sir
likely inhibits the methylation of H3K79 in silenced chromatin by excluding Dotlp from
binding to the tail of histone H4. Moreover, acetylation of histone H4 at the lysine 16
position, which is located immediately adjacent to the basic patch, inhibits the bafiding
Sir3p to histone H4 tails, but not Dotlp. Thus, histone acetylation plays a key role in
mediating the competitive exchanges between Sir proteins and H3K79 atietinyl
Clearly Dotlp directly competes with Sir3p for access to the histone Haridil
this competition is likely important to the anti-silencing activity @tDp. These results
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call into question whether methylation of the core histone H3K79 residue conttibutes
the anti-silencing activity of Dotlp. However, changing the H3K79 residuanmal

results in mislocalization of Sir proteins at the telomere (Ng &082; van Leeuwen et

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

for regulating the spread of silenced chromatin. Indeed, H3K79 maps to a rethen of
nucleosome implicated in genetic interaction experiments with the BAH darh&ir3p
(Norris et al. 2008). This potential interaction may be weakened by mathytdithe
positively charged H3K79 residue. Consistent with this hypothesis, Sir3p binds to a H3
peptide containing H3K79, and this binding is lost upon methylation of H3K79 (Altaf et
al. 2007). Thus, Dotlp may antagonize the spread of silenced chromatin in two ways: (1)
Dotlp may directly compete with Sir3p for access to the histone H4 tail, and (2) Dotlp
methylation of H3K79 may prevent the association of Sir3p with core histone esidue
the surface of the nucleosome.

The HMT Setlp, which methylates histone H3 at the lysine 4 position (Briggs et
al. 2001; Krogan et al. 2002), has also been implicated as having anti-silencimgnfunct
The H3K4 residue is located on the tail of histone H3, in close proximity to the binding
sites for the Sir proteins. The affinity of SirBpvitro for the H3 tail is greatly diminished
when H3K4 is methylated (Santos-Rosa et al. 2004). Thus, Setlp likely comphates wit
Sir3p for access to the histone H3 tail substrate. Nucleosomes methylateH 3iKthe
residue are enriched in active regions of the genome and absent at the silenced loc
(Bernstein et al. 2002). In particular, Setlp is targeted to the early transegmusrof
actively transcribed genes where the highest levels of H3K4 methylatiabserved
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(Krogan et al. 2003; Ng et al. 2003b). Similar to Sas2p and Dotlp, the exclusion of
methylated H3K4 from silenced chromatin is thought to be mediated by competition
between the Sir proteins and the chromatin modifying enzyme. In support of this model,
in the absence of Setlp, Sir proteins are mislocalized at the telomerediafid at
(Santos-Rosa et al. 2004). In the case of telomeres, loss of Setlp results inase ioicre
Sir3p association with sub-telomeric locations beyond the normal borders of silenced
chromatin (Santos-Rosa et al. 2004). Furthermore, in the absence of Setlp, a
disproportionately high number of genes become down-regulated within 20 kilobases of
telomeres (Venkatasubrahmanyam et al. 2007), consistent with the observatiin tha

proteins spread farther away from telomeres in these conditions.

Euchromatin-associated factors

In addition to chromatin modifying enzymes, other proteins that associate with
euchromatic regions of the genome convey anti-silencing capabilitiesgtande, the
histone variant H2A.Z exhibits several of the hallmarks of anti-silencingipsotSeveral
genome-wide studies have shown that H2A.Z localizes to the promoter regions of
euchromatic genes, where it is believed to facilitate proper transcripacinztion
(Guillemette et al. 2005; Li et al. 2005; Raisner et al. 2005; Zhang et al. 2004y; &dill
al. 2006; Albert et al. 2007). However, H2A.Z is absent from the promoters of silenced
genes (Meneghini et al. 2003; Raisner et al. 2005). Interestingly, catpatiscrete
peaks of H2A.Z enrichment at euchromatic promoters, H2A.Z-containing nucleosomes a
regions flanking silenced chromatin at telomeresHiiR are more broadly distributed
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(Guillemette et al. 2005Xhe level of H2A.Z enrichment in these regions is on par with
average levels observed in the genome (Zhang et al. 2005), thus the broad distribution of
H2A.Z may represent increased fluidity of H2A.Z-containing nucleosameariability
in the location of H2A.Z nucleosomes within the cell population (Guillemette et al.
2005). At these locations, the loss of H2A.Z results in the mislocalization of Smsrot
from their normal sites of action and an increase in spread of Sir proteiad beseond
their normal borders (Meneghini et al. 2003). Also consistent with the predictions of a
anti-silencer, a significant fraction of H2A.Z-activated geneda@calized within 20-35
kilobases of telomeres and 57% of these genes are down-regulated in a Sir-dependent
manner (Meneghini et al. 2003). Similar results were observed at genes flaivkinhg
(Meneghini et al. 2003). Thus, H2A.Z protects euchromatin from the spread ofrgilenci
at telomeres andMR.

The mechanism of H2A.Z anti-silencing is incompletely understood. However,
HATSs play an important role in the deposition of H2A.Z into chromatin and, potentially
in anti-silencing activity. For example, Sas2p is required for proper zatiain of H2A.Z
in sub-telomeric chromatin (Shia et al. 2006). Additionally, H2A.Z is gelyeral
acetylated, and this acetylation is thought to participate, at least in pag,antt-
silencing properties of the histone variant (Babiarz et al. 2006). ThereforeZ ngy.
help fortify the anti-silencing activity of associated HATS. It is eaciwhether H2A.Z
possesses intrinsic properties that inhibit silenced chromatin assembly.

Another euchromatin-associated factor that has been implicated in antiHsg
activity is the bromodomain-containing factor Bdflp. The localization of Bdflp in the
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genome is highly correlated with that of H2A.Z and Bdflp is thought to be impastant f
the recruitment of the histone variant to euchromatic promoters (Zhang et al. 2005;
Durant and Pugh 2007). However, unlike H2A.Z, Bdflp also localizes to open reading
frames (Ladurner et al. 2003; Kurdistani et al. 2004). Bdflp is recruited to chmomati
through the binding of hyperacetylated histone H3 and H4 tails and is underregresente
in silenced chromatin domains (Ladurner et al. 2003; Matangkasombut and Buratowski
2003; Kurdistani et al. 2004). In the absence of Bdflp, Sir proteins spread beyond their
natural borders at telomeres anbliL (Ladurner et al. 2003). The consequence of this
increased spread of silenced chromatin is the down-regulation of sub-telgerer
within 20 kilobases of telomeres, and of a gebidA1) adjacent tatHML. Bdflp is
thought to protect acetylated histone tails from the deacetylase activitgpf(Gadurner
et al. 2003). Therefore, although Bdflp is not a chromatin modifying enzyme, it appears
to function in collaboration with HATSs to restrict the spread of silenced chimmat
Furthermore, Bdflp may also serve to prevent the spread of silenced chromatin b
facilitating the deposition of H2A.Z.

In summary, these results suggest that multiple euchromatic proteins caéabora
to compete with silenced chromatin and reduce the potential for indiscrentimating of
Sir proteins at inappropriate locations of genome. Interestingly, Sasdptetedistone
acetylation appears to play a particularly important role in these precésseldition to
directly competing with Sir2p for the H4K16 substrate, Sas2p also faalitate
incorporation of H2A.Z at the borders of telomeric silenced chromatin and likely
mediates H3K79 methylation as well. Indeed, overexpression of Sas2p resnlts in a
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increase of methylated H3K79 enrichment at sub-telomeric chromataf galal. 2007).
Furthermore, it is also possible that acetylation of the histone H4 tailssBp $eomotes

the binding of Bdflp, which subsequently facilitates H2A.Z deposition. Thus, Sag2p ma
act as a critical determining factor, coordinating the activitiesharanti-silencing

proteins.

At telomeres, the loss of competition from anti-silencers results indefendent
down-regulation of genes as far as 20 kilobases from the telomeric refpesces.
However, spreading rarely exceeds 20 kilobases. Moreover, Sir protein levas in t
extended silenced chromatin domains are significantly lower than the leveigenbat
the natural sites of silenced chromatin (Kimura et al. 2002; Suka et al. 2002), indicating
that the long-distance spread of Sir proteins only occurs in a fraction of cehs. |
absence of two anti-silencers, H2A.Z and Setlp, genes were down-regulated by S
proteins as far away as 100 kilobases from the normal sites of silenced chromati
(Venkatasubrahmanyam et al. 2007). However, these genes were only rharginal
repressed (approximately 1.4-fold average), and Sir protein association wastathtkete
by chromatin immunoprecipitation (Venkatasubrahmanyam et al. 2007), indidading t
any association of Sir proteins with chromatin at these distal locaticas$sent and
only occurs in a small fraction of cells. Therefore, additional constraintsdaogien the
spread of silenced chromatin beyond its natural borders. Indeed, intrinsatibmston
the Sir proteins themselves are thought to contribute to the low capacity optbeses

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

Limited availability of Sir proteins

One such constraint is the limited availability of free Sir proteins in theFos
example, overexpression of Sir3p extends the domain of silenced chromatin atéslom
in a dose-dependent manner from only a few kilobases to as much as 20 kilobases
(Renauld et al. 1993; Hecht et al. 1996). Increased expression of Sir3p also extends the
size of the silenced chromatin domairHMR (Donze et al. 1999). These results indicate
that Sir3p is limiting in the cell. Interestingly, many anti-silesasrtually promote Sir
protein association with endogenous regions of silenced chromatin. In the absence of
these anti-silencers (including Sas2p, Dotlp, H2A.Z, and Setlp), Sir protdmdetiee
telomeres, and in some cases the silent mating-type loci, are reducenigl€inal. 2002;
Ng et al. 2002; Suka et al. 2002; van Leeuwen et al. 2002; Santos-Rosa et al. 2004). This
seemingly counterintuitive phenotype has been interpreted to suggest that, upon
misregulation, the limited pools of Sir protein are siphoned away fromethéagenous

locations into euchromatin (van Leeuwen and Gottschling 2002).

Turnover of silenced chromatin

Silenced chromatin is a dynamic structure that requires constantrceimient
from silencers (Cheng et al. 1998; Cheng and Gartenberg 2000). In experiments that
decouple preexisting silenced chromatitisR from the adjacertiMR-EandHMR-I
silencers through the formation of extrachromosomal rings, the silencedestts to

euchromatin (Cheng and Gartenberg 2000). On the other hand, when the
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extrachromosomal rings include the adjacent silencers, the rings reifeased for more
than 6 hours (Cheng and Gartenberg 2000). Similar experiments were perforheed at t
HML locus. In these examples, silenced chromatin decoupled froAiMheE andHML-
| silencers persists for more than 6 hours (Holmes and Broach 1996; Cheng and
Gartenberg 2000). The persistence of silenced chromatin on extrachrombiddinal
rings is attributed to the presence of a Raplp binding site located in the prontbéer of
-genes (Cheng and Gartenberg 2000). In the absence of the Raplp binding site, the
extrachromosomal silenced chromatin rings revert to euchromatinHMR(Cheng and
Gartenberg 2000). Thus, silenced chromatin turns over at a relatively high frequency
the absence of silencers, and a comparatively low frequency in their prdsemeghese
results, it can be inferred that the binding of Sir proteins to nucleosomes is a highly
dynamic event that would not occur without a nearby silencer. Furthermore, the high
degree of Sir protein turnover provides insight into the low capacity for Sir pradeins
spread beyond a few kilobases. According to the model of sequential deacetylation, the
binding of a Sir protein complex to a nucleosome is dependent on Sir protein complexes
bound to adjacent nucleosomes. If these Sir protein complexes are turning over, then the
Sir protein occupancy at each nucleosome will become increasingly impratadzch
successive step of spreading beyond the first nucleosome.

The importance of intrinsic limitations on the regulation of silenced chromatin ha
received far less attention compared to boundaries and anti-silencers. Ortanimpor
discovery in this thesis is that in the absence of a silencer that can both recruit S
proteins and promote their association with nucleosomes, Sir proteins areysiawéesd
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in their capacity to spread. Thus, the high rate of Sir protein turnover on chromatin
appears to play a critical role in limiting the size of silenced chromatirighsm

It is worth noting that the dynamic nature of silenced chromatin is not unique to
Sir silencing inS. cerevisiaeFor example, HP1 is highly mobile at heterochromatic sites
in higher eukaryotes, as evidenced by fluorescence recovery after photobleaching
(FRAP) experiments (Cheutin et al. 2003; Festenstein et al. 2003). In thesemerper
the association of a GFP-HP1 chimeric protein is restored at heterodinrauitlai
seconds after photobleaching, suggesting that HP1 association is not statityeout rat
turns over at a high frequency (Cheutin et al. 2003; Festenstein et al. 2003). Thlese res
are analogous to the turnover of silenced chromatin in the absence of sileigers i
cerevisiae Furthermore, the relative strength of PE\Dirosophilais dependent on HP1
dosage. Therefore, similar to observations that overexpression of Sir3p strefdtkens
in S. cerevisiaeoverexpression of HP1 enhances PEYiosophila(Eissenberg et al.
1992). Thus, heterochromatin in other organisms may also be regulated by limited

availability of proteins and high turnover rates.

1.3.4 Summary of silenced chromatin regulation

In summary, several mechanisms are involved in restricting the occurrence of
silenced chromatin to a relatively small region of the genome. Two discrete boundary
elements have been described which coincide with a fRNane on the telomere-
proximal side oHMR, and the/BA3gene on the telomere-proximal sideHWIL. These

boundaries restrict the spread of silenced chromatin MR andHML, respectively.
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At the remaining locations where silenced chromatin and euchromatin happietoge
competition with euchromatin limits the spread of silencing. Severarematin-

associated anti-silencers have been identified that modify chromatinanreenthat

restricts the ability of Sir proteins to bind nucleosomes. The HAT Sas2paestyl

H4K16, which is abundant throughout euchromatin. The HMTs Dotlp and Setlp
methylate histone H3 at the K79 and K4 residues, respectively. Methyl-H3K79 i
ubiquitous in euchromatin, and methyl-H3K4occurs in the 5’ ends of transcribed genes.
The histone variant H2A.Z localizes to the promoters of genes in euchromatin, and the
bromodomain-containing factor Bdflp binds to acetylated histones in euchromatin. All

of these anti-silencers restrict the spread of Sir proteins from tedemiertheir absence,
silenced chromatin spreads as far as 20 kilobases away from its normal bosiérs
telomeric chromatin. The roles of different anti-silencers in restgdhe spread of Sir
proteins from the silent mating-type loci have not been thoroughly investigated

However, the loss of either Dotlp or Setlp results in a more rapid rate of silenced
chromatin establishment BMR (Katan-Khaykovich and Struhl 2005; Osborne et al.

2009), indicating the removal of an impediment to silencing. Additionally, H2A.Z has
been shown to restrict the spread of silencing beyond its normal borétviRat

(Meneghini et al. 2003), and Bdflp restricts silenced chromakihviit (Ladurner et al.

2003). Finally, some additionally spreading of Sir3p occurs beyond the natural borders of
HMRin the absence of Sas2p (Oki and Kamakaka 2005). Further exacerbating the impact

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

nucleosomes turns-over frequently.

1.4 Locus specific promotion of silenced chromatin

Multiple overlapping mechanisms for dampening the spread of silenced
chromatin have the advantage of diminishing the probability that Sir proteirfermllat
inappropriate locations. This is especially pertiner@.icerevisiagwhere the same
proteins that recruit the Sir complex to chromatin also play important roldsAn D
replication and transcriptional activation. Nevertheless, it is also impootamintain
silenced chromatin at the appropriate locations, particularly at the siléngrge loci
HML andHMR. At these locations, the silencers are essential to maintain consequential
domains of silenced chromatin.

Interestingly, the relative strength of the silenced chromatin dompjeses to
be locus specific. In particular, silenced chromatiHMR, and to a lesser extedML,
are frequently resistant to mutations that disrupt silencing at telomeresxd&mple,
point mutations in Sir4p that significantly weaken interactions with Sir3ptresa
complete loss of silencing at telomeres, but have no effect on the abilitypybiins to
silence the mating-type genesH¥IR (Rudner et al. 2005). Additionally, telomeric
silenced chromatin is more sensitive to mutations that disrupt Sir protein binding to
histone tails (Thompson et al. 1994). For instance, second site suppressors of the
silencing defects of H4K16G and H4K16Q mutants have been identified in the BAH

domain of Sir3p (Johnson et al. 1990; Norris et al. 2008). These suppressor mutations
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partially restore silencing at the silent mating-type loci, but not tetesn@orris et al.
2008). These results suggest that these histone tail residues are less important for
silencing at the silent mating-type loci than at telomeres. Furthersitmeced chromatin
at the silent mating-type loci is also less sensitive to mutations in theehtsios Out of
10 mutations to the core surface of the nucleosome that disrupt telomeric sjl&@ncing
result in partial depression of reporter gendsMt. andHMR, and only 2 result in
mating defects (Park et al. 2002). Collectively, these results imply thatdB#ins
associate with nucleosomes more efficientliA®tL. andHMR compared to telomeres.
Silenced chromatin domains are also differentially impacted by anicsilge. For
example, in the absence of anti-silencers, silenced chromatin at the edosnaways
misregulated. In contrast, the effects of anti-silencerdVit andHMR vary depending
on the anti-silencer in question. In the case of Sas2p, loss of the HAT hatea grea
impact at a telomere thanlEAMR (Katan-Khaykovich and Struhl 2005). Moreover, Sas2p
also affects silenced chromatin differently-IL andHMR (Ehrenhofer-Murray et al.
1997; Xu et al. 1999; Xu et al. 2006). In single-cell experiments using fluorescent
reporter genes &ML andHMR, the loss of Sas2p results in complete expression of the
fluorescent probe located ML, but only partial expression of the fluorescent probe
located aHMR (Xu et al. 2006). Similar locus-specific phenotypes have been observed
for the Dotlp anti-silencer. In the absence of Dotlp, Sir protein levels arkcsighy
reduced at telomeres with no observable change in the steady-sfatstSir levels at

HMR (van Leeuwen et al. 2002). Finally, the relative strength of silenced chronsatin al
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varies among different telomeres (Pryde and Louis 1999). It is uncleaséf titlemeres
respond differently to anti-silencers as well.

Despite these differences, the basic requirements for Sir2p, Sir3p, and Sirdp are
shared at each location. Furthermore, both acetylation of H4K16 and methylation of
H3K79 are highly enriched throughout euchromatin, implying that the anti-silencers
responsible for these posttranslational modifications are ubiquitous in the genome, as
opposed to being targeted to specific boundaries of euchromatin and silenced chromatin.
Therefore, it is likely that silencers mediate the assembly and mawtenésilenced
chromatin in distinct ways. While numerous studies have made great progress
elucidating the mechanisms of anti-silencers and boundary elements ivelggati
regulating the formation of silenced chromatin, far less attention hapbhekto the
contributions of the different silencers to the regulation of silenced chramati

Curiously, there is significant disparity in the molecular compositions ofcsite
at different locations. Each individual silencer recruits Sir proteins throdfginecht
combinations of binding sites for ORC, Rapl1p, and Abflp. Additionally, the nature of the
consensus sequences for these binding sites, as well as the spacing hataeesus
sequences, are unique to different silencers. FurtherildMB;Eis the only silencer that
recruits all three silencer binding proteins. Clearly, Sir proteins getited differently to
each silencer. However, it is unknown whether these silencers also difiyenti
influence the assembly of Sir proteins onto nucleosomes. Moreover, the manneihin whic
Sir proteins assemble onto nucleosomes could potentially determine the wegdile
chromatin is restricted to its natural borders. However, the mechaniseiefwed
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chromatin assembly and regulation at different locations remains incompletel
understood. In this dissertation, | address some of these questions concerning locus-
specificity in silenced chromatin assembly and regulation. | have foounsed

locations of silenced chromatin: the strongly silend®&R locus, and the comparatively

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

2.1 Introduction

The first step in establishment of silenced chromatin is the recruitmemt of S
proteins to the chromosome, which is mediated by DNA sequences termed silekicer
the silent mating-type cassettes, the silenddifk-EandHMR-I flank HMR, and the
silencerdHML-E andHML-I flank HML. Each of these silencers consists of binding sites
for the Origin Recognition Complex (ORC) and for either Raplp, Abflp, or both. Sir
proteins are assembled at the silencers through physical interactibribev@NA-
binding proteins and each other. A fourth Sir protein, Sirlp, also participates initde init
assembly process through interactions with ORC and Sir4p (Triolo and Sternglanz 1996)
Telomeric silencers are distinct from the silencetdMtloci in that they are composed
of an array of Raplp binding sites embedded in the telomericgfI @peats. Despite
variation in composition, most silencers function to recruit the Sir complex and thus
initiate silencing. The one exceptiorH#R-1, which does not recruit Sir proteins on its
own and appears to play a supporting role in silenidibidr (Rivier et al. 1999; Rusche
et al. 2002).

Once recruited to a silencer, Sir2p, Sir3p, and Sirdp spread along the
chromosome. A working model for spreading proposes that Sir proteins propagate in a
step-wise manner facilitated by sequential deacetylation of histonasweel in Rusche
et al. 2003). Sir2p, a histone deacetylase, generates hypoacetylated histone H3 and H4
tails that are preferentially bound by Sir3p and Sir4p, which in turn recruit addlitiona
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Sir2p to deacetylate the next nucleosome (Hecht et al. 1995; Carmen et al. 2002; Hoppe
et al. 2002; Rusche et al. 2002). Thus, the Sir proteins are dependent on each other for
assembly. This model predicts that Sir-silenced chromatin should propagatg linear
along a chromosome. Because silencers serve as the initiators of thengppeachss,
they determine where silenced chromatin will form. Although Sir proteinsareited
differently by silencers atiM loci and telomeres, spreading of the Sir complex occurs at
all sites.

In this study, | characterized the rates of Sir complex assembilffeatdt
genomic locations. | discovered that spreading rates vary at different igdnonand
that much of this variation can be attributed to the silencer. Sir proteins asdeaybdly
atHMR over a region of about 3 kilobases and the association of Sir proteins occurred
virtually simultaneously throughout the locus. In contrast, assembly at a telQvtidR)
was significantly slower and proceeded in a linear fashion, such that the Singrotei
associated with regions closer to the telomere earlier than regidrey faam the
telomere. Remarkably, despite the differences in the rates of spreh@ir&jr proteins
were recruited to the silencet$NIR-Eor the telomeric repeat) at equivalent rates and at
similar levels. Furthermore, insertion of tH&R-Esilencer into the telomere resulted in
more rapid spreading of Sir proteins, indicating that the slower spreadingexbsaéthe
telomere was not simply due to the telomeric chromatin being restrictspgreading.
From these observations, | conclude thatHMR-E silencer does not simply recruit Sir
proteins to the chromosome. It also has the capacity, which the telomericdegeabt
have, to promote the assembly of silenced chromatin over a distance of severaékiloba
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| propose thaHMR-E permits a higher order chromatin structure to exist that would
otherwise be unstable and that the silencer’s ability to promote spresdingmportant
parameter for determining the size and stability of silenced chromatinmoma
Furthermore, | hypothesize that tH¥R-E silencer promotes the assembly of Sir
proteins over a distance by creating a situation in which spreading isicity Btrear, as

predicted by the step-wise model of sequential deacetylation.

2.2 Materials and methods

Yeast strains and plasmids

Strains used in this study were derived from W303-1b. The following alleles were
described previouslir3 ::LEU2 (Rusche and Rine 200BPB1::18myc::TRP1
(Pokholok et al. 2002mr | (Rivier et al. 1999)|_LEU2::sir2-N345A(Imai et al. 2000;
Armstrong et al. 2002QndHMRss(5xGal4DBS-RAP1-ABF1)(Fox et al. 1997). To
create th&SIR3-myallele, 9x-myc DNA was amplified by PCR from a plasmid
containing 9x-myc and thERP1marker fromKluyveromyces lactismn pUC19 vector
backbone (pWZzZV87; courtesy of Kim Nasmyth, Oxford) using primers 5’-
GAGACTGCATGTGTACATAGGCATATCTATGGCGGAA

GTGGGCCAGAAGACTAAGAGGTGand 5-CCTTTTCGATGGATGAAGAATTCA

AAAATATGGACTGCATTGGTTCTGCTGCTAGTGGTGwith the underlined

sequences annealing to the plasmid and the remaining sequences homologous to the 3’
end of theSIR3gene. The resulting DNA was integrated at$hie3locus by

homologous recombination to gener&t®3-mycTo generate strains with a HA-tagged
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sir2-N345Aallele, a plasmid containing N-terminal HA-tagdg&iiR2plus approximately
1 kilobase of th&IR2promoter (pRO298; courtesy of Rohinton Kamakaka, UC Santa
Cruz) was cut with Sacll and Bglll and the fragment containing the promoter and 5’
of theSIR2gene was ligated into the same sites of plasmid pRSBRN345A(Imai et
al. 2000; Armstrong et al. 2002), resulting in pLR0727. To intedgtAtasir2-N345ANnto
the genome, pLR0O727 was cut within ttEeU2 gene by Aflll and integrated into yeast
via homologous recombination, resulting ihEBU2::HA-sir2-N345Aallele.

The TELVIR::HMREandTELVIR::STUFFERalleles were constructed in four
steps: (1) ATELVIR::URA3allele was created by homologous recombination in a
sir3 ::LEUZ2 strain using DNA amplified from pRS396 (Sikorski and Hieter 1989) with
primers 5-TCATAAACATAAGCGTATCCAATTTTGACATATCCTTCACCTGGC
GGTATTTCACACCG and 5-AACGAGTGGATGCACAGTTCAGAGTTATCTAAC
AATATTCGATTGTACTGAGAGTGCACC, resulting in LRY1862. (Z)ELVIR::URA3
was amplified from LRY 1862 genomic DNA by PCR with high-fideftju Turbo DNA
polymerase (Stratagene) using primers 5-CACGAGGTABGCAA
TAAGAAAATGTGAGCATAC and 5- GAGTCGGAGCTGTGCTAAAGGAATCCC
CAGAGAC with the underlined sequences corresponding to engineered remnogites
for Kpnl and Sacl, respectively. The PCR products were digested withrighkbpall,
and cloned into vector pRS412 (Sikorski and Hieter 1989) to generate pLR566. (3) 431
bases of DNA containing eithelMR-E or a fragment of thé RP1open reading frame
were amplified from wild-type (W303) genomic DNA with high-fidelitglpmerase
using primers 5-AATATAAATGATATATCATAAACATAAGCGTATCCAATTTTG
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ACATATCCTTCACCTAAATCGCATTTCTTTTCGTC CACand 5-TTCGAACGTG

ATCCTAACGAGTGGATGCACAGTTCAGAGTTATCTAACAATATTCTAACAA

AAACCAGGAGTACCTGCGCfor HMR-Eand 5-AATATAAATGATATATCATAA

ACATAAGCGTATCCAATTTTGACATATCCTTCACGAATGTGCTCTAGATTACG

ATGCTGand 5-TTCGAACGTGATCCTAACGAGTGGATGCACAGTTCAGAGTT

ATCTAACAATATTCCTCTCTTGCCTTCCAACC CAGTCfor STUFFERwith the

underlined sequences annealing to the template and the remaining sequences homologous
to sub-telomeric VI-R DNA. The resulting PCR products were recombined irtle Ac
gapped pLR566 by homology drivenvivo gap-repair to generate pLR568
(TELVIR::HMRB and pLR573TELVIR::STUFFER (4) TheTELVIR::HMREand
TELVIR::STUFFERalleles were integrated by gene conversiomEifVIR::URA3IN
strain LRY1862 using high-fidelity PCR products amplified from pLR568 and pLR573
with primers 5-CAGCAATAAGAAAATGTGAGCATAC and 5-GTGCTAAAG
GAATCCCCAGAGAC. The resulting integrations were positioned 60 bases adfacent
the core-X sequence.

Plasmid pJR517 contai®R3under control of th&AL1 promoter and was
constructed in the laboratory of J. Rine (UC, Berkeley). Plasmid pLR577 wasuctedt
by ligating a PCR-generat&R3-mydragment amplified from genomic DNA from
LRY1827, into an Eagl site located within t88R3gene on pJR517. The primers used to
amplify theSIR3-myadnsert were 5-CATCTGTGCTTTCAAGTAAAC and 5'-
GAGTCGCGGCCAGTGAATGATCGTT CCAC, in which the underlined sequence
corresponds to an Eagl site. Plasmid pLR529 was a HA-tagged derivative of pJR1811, a
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PuvetsGAL4ep-SIR1construct in pPRS313 vector previously described (Fox et al. 1997).
To tagSIR1 the plasmid was gapped with EcoNI and Aflll, then repaireih o
homologous recombination with chromosomal HA-tag§&l1from CFY416 (Gardner

and Fox 2001).

Cell growth conditions

All cultures were grown in selective, supplemented media (CSM, MP
Biomedicals) and maintained in logarithmic growth throughout timecourseshd-or t
induction ofPgaL1- SIR3 cultures pre-grown in 2% raffinose were brought to agqdai
approximately 1.0 (+/- 0.1), then induced by the addition of galactose to a final
concentration of 2%. For the inductionRyjiets GAL4ep-SIR1-HA cultures were grown

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

Chromatin immunoprecipitation

Chromatin immunoprecipitations were performed essentially as previously
described (Rusche and Rine 2001) using 10 optical density equivalents of cells and 3 ul
rabbit polyclonal antiserum to recombinant LacZ-Sir2p or LacZ-Sir3p (saBBB2 and
2934, respectively; gifts from J. Rine, UC Berkeley), or 3 pl of antibodies to hidtbne
acetyl-K16, the C-terminus of histone H3, myc or HA tags (07-329, 05-928, 06-549, 05-
902; Upstate Biotechnology). Cells were treated with 1% formaldehyde forr2Q@asito
cross-link proteins to DNA, after which the cross-linking reaction was quengtibe b
addition of glycine to a final concentration of 0.125 mM. For Figures 22A and 23A, cells
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were treated with formaldehyde for 35 minutes and the cross-linkingaeaeais not
guenched. Quantitative real-time PCR was performed as previously descyhed @t

al. 2005), except a different control locus was selected for normalization. For most
reactionsPHO5was chosen as the internal control locus since this site is neither subject
to silencing nor transcription under the specified growth conditions. For Figures 8, an
uncharacterized open reading fratf&L1050 on chromosome Xl which lacks
significant levels of RNA polymerase Il (Steinmetz et al. 2006) wastsl as the
internal control for Rpb1p-myc chromatin IP analysis. Relative IP sakjresent the
ratio of the query locus relative to the internal control locus. Where indicatag)dtiee

IP data were normalized to either the maximum ratio of query to control loaisexbin
the particular experiment, or to the ratio observed in uninducing conditions. Unless
otherwise indicated, reported values represent averages of at least 2 independe
immunoprecipitations analyzed in at least 3 separate PCRs. Sequences of the

oligonucleotides used are available upon request.

Mating assay

One optical density equivalent of logarithmically growM&T haploid cells
was collected by centrifugation and resuspended in L60Ominimal media (YM). A
ten-fold dilution series was prepared in YM and &om each dilution was spotted onto
yeast extract-peptone-dextrose (YPD) to control for growth. To induce mating, an
equivalent volume d¥ATa tester cells (LRY1021), suspended in YPD at a dilution of 10
optical density equivalents per mL, was added to the dilution seriésf 3he mating
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mixture was spotted onto YM plates to select for diploids. Plates were imaged af

days growth at 30°C.

RNA blotting

Total RNA was isolated via the hot phenol method (Schmitt et al. 1990),
separated on formaldehyde agarose gels, and transferred to Zeta Probeemytoamas
(BioRad) by capillary action. DNA probes were generated by PCR usingyéatst
genomic DNA as a template. The sequences of primers are available up@t.reque
Probes were labeled with-f?P] dCTP using the RediPrime Il DNA labeling kit
(Amersham). The mRNA of interest was normalizeA@Tl1mRNA using a Storm

phosphoimager.

Protein blotting

Proteins were extracted from whole cells by a trichloroacetic aGé)
precipitation technique described previously (Hickman and Rusche 2007). Proteins from
0.2 optical density equivalents of cells were separated on 7.5% SDS-PAGE gels,
transferred to nitrocellulose membranes (Amersham) and probed with antitowoadigs
(06-549, Upstate Biotechnology) and 3-phosphoglycerate kinase (A-6457, Molecular

Probes/Invitrogen).
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2.3 Results

Following induction of SIR3, HViRwas largely silenced within one generation

To compare the rates at which Sir proteins spread at different genomioriecat
an inducibleSIR3gene was employed. Prior to investigating the rate of Sir protein
spreading at the telomere VI-R, | first sought to thoroughly charaetiérzestablishment
of silenced chromatin &iMR. To determine the timeframe for gene silencingdR in
the inducibleSIR3system, the establishment of silencing was assessed by quantitative
northern blotting foHMRal mRNA (Figure 3A and B), which has a half-life of less than
3 minutes (Miller 1984). After an initial delay of ~10-20 minutdd|Ral levels dropped
dramatically. By 60 minutes the precipitous dropliviRal levels began to level out, and
within 105 minutes total MRNA was at 10% of the original value, approachingatbyste
state level (Figure 3B). The doubling time of the yeast during this exgerivas
approximately 120 minutes. Thus, the majority of silencing occurred within one
generation. The amount BIMRal mRNA was inversely related ®R3mRNA, which
steadily increased until maximum expression was reached around 105 minutes (Fig
3A and B). To follow the accumulation of the Sir3 protein, a 9x-myc tag was fused to the
C-terminus of Sir3p, and protein samples were collected for immunoblotting at various
times after induction (Figure 4A). Sir3p-myc was first detected 20 minfiggs a
induction. The myc tag did not alter the rateStHR3expression, however, the
establishment diMRal silencing was slightly slower, indicating that the myc-tagged

protein may be less proficient at silencing compared to wild-type (FiRire
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It should be noted that expressiorStiR3driven by theGAL1 promoter results in
overproduction of the protein compared to endogenous levels (Figure 5A). Since silenced
chromatin is sensitive to the dosagestiR3 an alternative method to establish silencing
was examined in which initiation is controlled by a synthetic silenceathatthrough
the recruitment of a Galdp-Sirlp-HA fusion protein, whose expression is dictated by
the inducibleMET3 promoter (Fox et al. 1997). In this system, regulation was achieved
without altering the endogenous levels of the Sir proteins that spread (Sir2/3/4p),
guaranteeing that the rate of spreading is not affected by unusually highake8e3p.
Establishment rates were slightly slower in this system compared to thseswed upon
overexpression d8IR3 which could be explained by the absence oHNHR-I silencer.
However, the majority ofiMRal mRNA was still repressed within the first generation
(Figure 5B). Thus, overproduction of Sir3p did not result in a significant change in the

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

(A) RNA was isolated at the indicated times following the addition of gadadb a
sir3 strain(LRYQ750) with a plasmid expressing wild-tySéR3under control of the
inducibleGAL1promoter (pJR517). The blot was probedHidiRal, SIR3 and

ACT1 (B) Quantification oHMRal andSIR3mRNAs following induction oSIR3
Numbers represent the average of 2 independent experiments normadizedafir
control MRNA,ACT1 then to the experimental maximum.
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Figure 4: HMRal is silenced rapidly following induction of SIR3-myc

(A) Immunoblot of protein from air3 strain(LRY2042) with a plasmid containing a
9x myc-taggedIR3under control of th6AL1promoter (pLR577). Protein samples
were collected under similar conditions as in A and probed with antibodies abainst
myc tag and 3-phosphoglycerate kinase (loading controlHBRal andSIR3

MRNAs following induction o5IR3-mycNumbers represent the average of 2
independent experiments normalized as in Figure 3.
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Figure 5: HMRal is silenced rapidly with endogenous levels &IR3

(A) Expression o5IR3-mydrom a strain with chromosom8&8IR3-myexpressed by

its endogenous promoter (LRY2043) and transformed with plasmid pLR577 in non-
inducing (Raf.) and inducing (Gal.) conditions. The Sir3p-myc observed in non-
inducing (Raf.) conditions represents the endogenous levels of the protein. (B) RNA
was isolated from a strain with a modifielIR allele containing a synthetic silencer

in the place oHMR-E and noHMR-I silencer. The strain was transformed with a
plasmid containingsAL4p-SIR1-HA(LRY1861). Expression dBAL4yep-SIR1-HA
was driven by the inducibIET3 promoter (pLR529), and RNA was collected at the
indicated times following transfer to medium lacking methionifdRal mRNAs

were detected and quantified by northern blotting as described above.
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Association of Sir2p and Deacetylation of H4K16 at the ldMBRomoter occurs in a
similar time frame to that of repression of HER

A prior study following establishment of silencing using a similar induGihiR3
gene reported that it takes several generations to reach a fullyeraggmced state
(Katan-Khaykovich and Struhl 2005). However, in both the previous study and our work,
around 90% of transcriptional repression occurred within the first generaktierefdre,
this early phase of silencing is likely to be the time during which the Sipleam
associates withiIMR. To test this hypothesis, | repeated the experiment described above
and assessed the association of Sir2p withiti&al promoter by chromatin
immunoprecipitation (IP) assays at various times after inducti®R3(Figure 6A and
B). Sir2p was chosen as the representative Sir protein based on the consistesuiysof r
with anti-Sir2p antibodies. After induction 81R3 accumulation of Sir2p at théMRal
promoter was relatively rapid. There was little change in the totdkle¥&ir2p after 90
minutes, and these levels were very close to those observed in the late timegbimts of
experiment (Figure 6B). This was roughly the same length of time eeljar the
majority ofHMRal repression (Figure 6B). Therefore, the initial phase of silencing at
HMR represents the time during which Sir proteins assemble along the cimomati

To determine whether deacetylation of histones occurred concomitantly with
association of Sir2p, | examined the acetylation of K16 of histone HaA \aimo
substrate of Sir2p (Imai et al. 2000; Tanny and Moazed 2001). In the same samples used
to follow association of Sir2p, acetylation of H4K16 declined during the same period of
time that association of Sir2p increased (Figure 6C). This decline waalgbyaot due to

loss of histones, as the total levels of H3 were relatively constant during eéhenéitn
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decrease in acetyl-H4K16 was observed (Figure 7). Interestinglgcétgl-HAK16

signal continued to decrease between 90 and 180 minutes after indu@i&8of

whereas the association of Sir2p didn’t change significantly during thisitiree.

therefore possible that Sir2p becomes saturated athtial promoter prior to complete
deacetylation of resident nucleosomes. In any event, the association of i&r#pew

HMRal promoter was accompanied by a loss of acetylation of H4K16, a known substrate

for Sir2p.
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Figure 6: The association of Sir2p and loss of acetylated H4K16 occurs rapidly at
the HMRal promoter

51



(Figure 6 continued) (A) Diagram of th#VIR locus. The bar indicates the position of
the amplicon used for PCR analysis. (B) Association of Sir2pAiRal following
induction ofSIR3in strain LRY0750. DNA coprecipitated with Sir2p was analyzed by
real-time PCR with primers specific for the promoteHMRal (black bar in A).

Values represent average of 2 independent experiments normalized first treal int
control PHOY), and then to the experimental maximum. RNA was also collected and
analyzed foHMRal mRNA as in Figure 3. (C) Acetylation of H4K16HMRal.

DNA coprecipitated with an anti-acetyl H4K16 antibody from the same sample
collected in B was analyzed as described above, with the exception theg r€lat
values were normalized to those obtained from uninducing conditions at the O minute
timepoin.
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Figure 7: Histone H3 levels are relatively constant followin@IR3 induction

Total Histone H3 levels were assessed by chromatin IP from the sarplesa
collected in Figure 6. Relative values were normalized first to an internabdhén
to the value at the uninduced timepoint.

52



RNA polymerase Il was displaced by Sir proteins

The mechanism by which Sir chromatin blocks transcription remains disputed,
and two different models have been proposed. The first model argues that silenced
chromatin blocks the transcription complex from assembling at promoters vaighin t
silenced domain (Chen and Widom 2005; Li et al. 2006). The other model suggests that
RNA polymerase ll-containing pre-initiation complexes do form at the prorbatare
unable to clear the promoter and enter the elongation phase of transcription (Seldnger a
Gross 2001; Steinmetz et al. 2006; Gao and Gross 2008). In light of conflicting data on
the presence of RNA polymerase Il (Pol Il) within silenced chromaéraimined
whether Pol Il is displaced during the assembly of silenced chromatin.deslpancy
at theHMRal promoter was assayed by chromatin IP of myc-tagged Rpb1p, the largest
subunit of the polymerase. Following inductionSdR3 Rpb1-myc levels dropped
precipitously (Figure 8), indicating that the Sir complex does displace RNMpahge
[l from chromatin. This drop occurred over the same time period as loss of H4K16
acetylation (compare Figure 6C to Figure 8). Control experiments re\tbaldtie rate
of silencing ofHMRal mRNA in this Rpb1-myc strain was comparable to the rate
observed in the untagged strain (data not shown). These results are consistent with the
first model, that Sir chromatin blocks the access of Pol Il to silenced promdttersga
it remains possible that some pre-initiation complexes do form and are prevented from

elongating.
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Figure 8: RNA polymerase Il is displaced from theHMRal promoter upon
induction of SIR3

Association of RNA polymerase Il with théVIRal promoter following induction of
SIR3was determined by chromatin IP of myc-tagged Rpblp from a strain of the
genotypesir3 RPB1-my¢LRY1780) transformed with adr ;-SIR3on a plasmid
(pJR517). Relative chromatin IP values plotted on the y-axis were adalyze
Figure 6C with the exception that data were first normalized to a dhifferiernal
control (YKL105Q, then to the uninduced timepoint.
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Association of Sir2p was rapid and uniform across HMR

To determine the rate at which the Sir complex propagates along the
chromosome, | examined the association of Sir2p with DNA as a function of distance
from theHMR-E silencer (Figure 9A). Since th#MR-I silencer cannot independently
silence chromatin and does not recruit the Sir complex (Brand et al. 1985; Rudche et a
2002),HMR-Eis the point at which Sir proteins are first recruitediddR. The
association of Sir2p with DNA immediately adjacenHidR-E and at distances of
approximately 1 and 2 kilobases on the telomere side of the silencer was asgessed b
chromatin IP (Figure 9B). The accumulation of Sir2p was rapid &ilkme-E silencer,
approaching saturation within 90 minutes after inductio8IB3 Remarkably, Sir2p
levels were also approaching saturation within 90 minut&RBinduction at distances
of 1 and 2 kilobases from the silencer, although the maximum chromatin IP $aynals
Sir2p at these sites was lower than at the silencer (Figure 9B). ltearptto resolve the
times at which Sir2p arrived at these three positions, samples were codlectese
intervals during the first 45 minutes after inductiorstRR3 The association of Sir2p was
first observed atiMR-Ebetween 10 and 15 minutes following inductiorSéR 3
consistent with th& silencer being the initial point of contact between Sir proteins and
HMR (Figure 9C). However, Sir2p enrichment was observed simultaneously at 1 and 2
kilobase distances approximately 5-10 minutes after the protein wasededéthe
silencer.

The observation that the association of Sir2p reaches a maximum at about the
same time at all three locations implies that the assembly of Sir-clmamedpid
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throughout the locus. Therefore, the gradual build up of Sir2p over a 90 minute window
can be attributed to heterogeneity within the population rather than gradumbbssé

the complex within a single cell. The reciprocal relationship betweeacthanulation of
SIR3MRNA and the loss diMRal mRNA (Figure 3B) also suggests that silencing was
established asynchronously in the population, with individual cells establishingragenci
once a certain threshold of Sir3p was reached. It is interesting to note thgnifioagit
difference was observed in the association of Sir2p at sequences 1 and 2 kilobases fr
the silencer. Two explanations were considered for this result: eitear kpreading is

more rapid than can be resolved by chromatin IP, or spreading is not $trezdlyat

HMR.
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(Figure 9 continued) (A) Locations of amplicons for PCR analysis. Distanees ar
relative toHMR-E (+/- 100 bp) as measured from the endpoints of the consensus
sequences for silencer binding proteins (ORC and Abflp) to the midpoint of the
amplicon. (B) Association of Sir2p with three region$iddR following induction of
SIR3in strain LRY0750. Values are relative to an internal control loetg0). (C)
Association of Sir2p with three regionsteMR at short intervals. Data were collected
from one experiment and are independent of those represented in panel B.

Rates of Sir2p spreading were different on the two sides of the HMR-E silencer

| next addressed whether the assembly of Sir proteins is equally rapid ohehe ot
side of theHMR-E silencer. The simple sequential deacetylation model would predict
that spreading should be equivalent in both directions. However, mechanisms rhay exis
to promote the formation of silenced chromatin specifically over the mafegeenes,
and hence there may be a directional bias in rates of assembly. Silencedichromat
emanates bi-directionally from ti#MR-E silencer as assayed by restriction
endonuclease accessibility, transcriptional repression, and chromatisiiFpobteins
(Loo and Rine 1994; Donze et al. 1999; Rusche et al. 2002). However, although the
silencer can induce bi-directional silencing, it does demonstrate an orientatfierepce,
silencing reporter genes more efficiently on the side that binds Abflp compdhed t
side that binds ORC (Zou et al. 2006a). This directionality favors silencing in the
direction of theHMRal gene, located on the telomere side ofHiMR-E silencer(Figure
10A). | compared the rates of Sir2p accumulation at 1 kilobase distances on b®tif side
HMR-E (Figure 10B). Once saturated, both sides reached similar levels of Sir2p
enrichment. However, in the first 90 minutes following inductio8Iéi3 the

accumulation of Sir2p on the telomere sidéiMR-Ewas clearly more rapid when
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compared to the centromere side. By 180 minutes, both locations appeared to reach
maximum levels. Thus, it took two to three times longer to reach this maximuhatieve
the centromere side 6fIMR-E

The rates of deacetylation of H4K16 were also compared on the two sides of
HMR-E Interestingly, on the centromere sideHMR-E deacetylation of H4K16
occurred concomitantly with association of Sir2p (Figure 10C). At this totat4K16
was largely deacetylated by the time Sir2p approached its maximuhate\89 minutes.
In contrast, on the telomere sideHiR-E, acetylated H4K16 was still detected at 45
and 90 minutes, when Sir2p was close to its maximum level (Figure 10, compare C to B).
To control for total histone occupancy, histone H3 levels were also assayed on the two
sides oHMR-E (Figure 11). Although the total chromatin IP levels of H3 were slightly
reduced at both loci in the later timepoints (Figure 11), this decline was leshé¢han t
decline in acetylated H4K16. Thus, differences in acetylated histone H4K1$ Jeare
unlikely to be due solely to loss of total histone levels. Collectively, thesendi&tate
that the silencer promotes the association of Sir proteins more on one side than on the
other and may even have the ability to stabilize the assembly of Sir protehres on t
telomere side prior to full deacetylation. Therefore, the rapid and stablealation of
Sir2p throughouHMR (Figure 9) represents a special case rather than a generalyropert
of Sir proteins.

The overexpression of Sir3p leads to the extension of silenced chromatin domains
(Hecht et al. 1996). Therefore, at endogenous levels of Sir3p, silenced chrongatin mi
form preferentially on the more stable, telomere siddMR-E To test this idea, Sir2p
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enrichment was assayed at the same sites at steady-state witbrendolgvels of Sir3p.
Under these conditions, total Sir2p enrichment was 3 to 4 fold higher on the telomere side

of HMR (Figure 12), suggesting that Sir proteins are stabilized on this sit/RfE.
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Figure 10: Silenced chromatin assembly on the 2 sidesldMR-E

(A) Locations of amplicons for PCR. Distances are relativeéNiR-E (B) Association
of Sir2p with regions at equivalent distances on either sitiMR-E following
induction ofSIR3in strain LRY0750. (C) Relative level of acetylation of H4K16 at
regions at equivalent distances on either sidéMR-E Values normalized first to
internal control, then to the uninduced timpoint.
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Figure 11: H3 levels on 2 sides diMR-E following induction of SIR3

Relative level of histone H3 at equivalent distances on either sldBIBFE. Values
normalized as in figure 10C.
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Figure 12: Steady-state levels of Sir2p on 2 sidesidMR-E

Association of Sir2p with regions at equivalent distances on either sR{E in a
strain expressing endogenous levels of Sir3p (LRY1007).
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HMR-I accelerated accumulation of Sir2p at HMR

Two features that could contribute to the difference in rates of assembly on the
two sides oHMR-E are the asymmetry of théMR-E silencer itself and the presence of
theHMR-I silencer on the favored sideldMR-E TheHMR-I silencer does not recruit
Sir proteins (Rusche et al. 2002) or contribute to the steady-state silenEiMiRai
(Rivier et al. 1999)HMR-I does, however, collaborate wiHHMR-Eto silence a reporter
gene (Rivier et al. 1999) and diminishes the anti-silencing activity aEbatements
inserted between theMR-E silencer and reporter genes (Donze et al. 1999). To
determine whethddMR-I influences the rate of spreading, | assayed the rates of
transcriptional repression and Sir2p accumulation with and withoditktfe-1 silencer.
In the absence tiMR-I, repression oHMRal mRNA was slightly but consistently
delayed, although mRNA levels were comparable to wild-type levels 24 hours after
induction (Figure 13). As in the presence of MR- silencer, recruitment of Sir2p to
HMR occurred more or less simultaneously throughtR (Figure 14B), although it
was slightly delayed compared to assembly in the presend®lRfl (Figure 14C).
These data indicate that, althoudMR-E alone is sufficient to silenddMR, HMR-|

accelerates the accumulation of the Sir proteins.
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Quantification oHMRal mRNA in strains containing wild-typeMR (LRY0750) or
lacking theHMR-I silencer (LRY1781) at indicated times following inductiorStiR3

The y-axis representsMRal mRNA normalized first teACT1and then to the levels
prior to induction ofSIR3
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Figure 14: Association of Sir2p withHMR in the presence and absence b6fMR-I

(A) Locations of amplicons for PCR. (B) Association of Sir2p with threeoreggof
HMR following induction ofSIR3in a strain in which theIMR-I silencer has been
deleted (LRY1781). (C) The association of Sir2p with a region 2 kb fromrdNMR-E
silencer in the presence or absence oHNHR-| silencer.
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Spreading of Sir2p at telomere VI-R was significantly slower

Thus far | have demonstrated that variation exists in the rates at whidhn the S
complex accumulates on the telomere and centromere sitiddR{E and that these
rates are influenced by neighboring silencers. Importantly, asg@otlrred more
rapidly on the side diMR-Ethat is more strongly silenced. SilencingHMR is known
to be more resistant to disruption by genetic mutations than silencingeatauth At the
other end of the spectrum, telomeric silencing is easily perturbed by siatiams. To
determine whether the rate of assembly of Sir proteins correlates witnethgtls of
silencing, | examined the association of Sir2p with telomere VI-R. The obogius
difference between the mechanisms of silencing at telomerd4MRds the recruitment
step. The Sir complex is recruited to telomeres via an array of Raplp bindiragsites
opposed to a compact cluster of ORC, Raplp, and Abflp binding sites. Additionally,
what role, if any, Sirlp plays in recruiting the Sir complex to telomereains
incompletely understood (Aparicio et al. 1991; Pryde and Louis 1999; Mondoux and
Zakian 2007). In contrast, there are no known differences in the mechanisms of spreading
at telomeres andMR.

To directly compare rates of spreading at the two loci, the association of Sir2p
was assessed at distances along telomere VI-R comparable to thoseedxahiMR
using the same chromatin IP samples analyzed previously (Figure 15A.addlBone
open reading fram&,FRO57 is located within 4 kilobases of telomere VI-R, and it is
silenced (Vega-Palas et al. 2000). Remarkably, the accumulation of Sir2p was
significantly slower at the telomere, taking more than 7.5 hours to develop cdnpare
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less than 1.5 hours EBMR. The slower rate of spreading at the telomere could not be
attributed to differences in initial recruitment, as both silencers achieagitnm levels

of Sir2p within 90 minutes ddIR3induction (Figure 15, compare A and B). In fact, in
terms of total Sir2p enrichment, recruitment was slightly greater &lbmere than at
HMR. Therefore, despite similar levels of recruitment, the Sir complex was upable
spread across sub-telomeric chromatin with the same efficiency as obgd¢H. dn
addition, Sir2p accumulated at sites closer to the telomere earlier thees ahsre

distant from the telomere. These results are consistent with linear propagfatie Sir
complex along chromosomes as predicted by the sequential deacetylatiorantbdel
further highlight the unique nature of Sir protein assembiMR. Additionally, the rate
of H4K16 deacetylation mirrored that of Sir2p accumulation at the telomerad€HiGu

and no significant changes in total histone H3 levels were observed (data not shown).
Finally, | assessed the steady-state levels of Sir2p at 1 kilobase ekstaomoHMR-E

and telomere VI-R under endogenous levels of Sir3p (Figure 17). Similar to my
observations at the centromere sidéiMR-E (Figure 12), Sir2p levels were lower at the
telomere compared tdMR (Figure 17). From these data | infer that features oH®
locus promote the assembly of Sir proteins in ways that do not occur at telomere VI-R
Furthermore, the presence of a second silendékM& is not the sole contributor to the
more rapid association of Sir proteins with HidR locus, because assembly of silenced

chromatin is significantly faster at thenr- | locus compared to telomere VI-R.
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Figure 15: Spreading, but not recruitment, is slower at telomere VI-Rhan HMR

(A) Sir2p association with telomere VI-R following inductionSiR3in strain
LRYO0750. Distances were measured from the end of the telomeric repeat$(TG
and accurate to about 170 bases (see lower diagram). (B) Sir2p associdMi at
assessed by PCR using the same samples as in A.
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Figure 16: Deacetylation of H4K16 occurs concomitantly with Sir2p assembly at
telomere VI-R

Association of Sir2p and acetylation of histone H4K16 at a region 1 kb away from the
end of telomere VI-R. Enrichment levels for acetylated H4K16 were naeadaio an
internal control and to the levels prior to inductiorSeR3

Figure 17: Steady-state levels of Sir2p are higher at regions adjacenttvViR
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(Figure 17 continued) Association of Sir2p with regions at equivalent distances from
theHMR-E and telomere VI-R silencers at steady-state in a strain (LRY1007)
expressing endogenous levels of Sir3p.

The HMR-E silencer promotes spreading of the Sir complex at telomere VI-R

Two models can explain the slower spreading of Sir proteins at the telomere
compared ttHMR. TheHMR-E silencer may be more effective at promoting the
spreading process. Alternatively, sub-telomeric chromatin maysbg&Fmissive to
spreading. In support of the first moddM silencers have been shown to favor the
assembly of the Sir complex in a particular direction by positioning adjacdebeames
(Zou et al. 2006a). In support of the second model, sub-telomeric silencing is ofeen mor
sensitive to the anti-silencing activity of euchromatin-associateghees such as the
histone acetyltransferase Sas2p (Kimura et al. 2002; Suka et al. 2002; KaydonKtta
and Struhl 2005; Shia et al. 2006). It is therefore plausible that these enzymeseare m
active at sub-telomeric chromatin, making the telomere more restrictsgreading. To
distinguish between these two models, a 431 base fragment containiig &
silencer was integrated at telomere VI-R adjacent to the core-X sequéena control,
the same size fragment containing a portion of the silencing né&Rilopen reading
frame was integrated at the same site (Figure 18). Parallel mvgpesi were conducted to
follow the rates of Sir2p accumulation in these two strains.

To verify that the transposed silencer was functional, the ability of the tetome
HMR-Eto recruit Sir proteins was tested. Maximum levels of Sir2p were acaimagli

within 90 minutes (Figure 19A), and the level of enrichment of Sir2p at teloMBiiR-
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E was comparable to that observed at the n&tM& locus (Figure 19B). Therefore, the
HMR-Esilencer was functional in its new location. Next, the rates at which Sir2p
accumulated at distances of 1 and 2 kilobases from the telddMRcE silencer were
assayed. IHMR-E promotes spreading, then Sir2p should accumulate rapidly, as at
HMR. In contrast, if telomeric chromatin is more restrictive to the Sir comfiier
spreading would occur at the same rate as observed at the native telomenes \Rera
selected at equivalent distances (1 and 2 kb) from the silencers in the twannhteg
constructs. Upon induction &R3 Sir2p accumulated more rapidly at positions 1 and 2
kilobases from the telomerldMR-E compared to the stuffer fragment (Figure 19B and
C), although the rate of accumulation was still slower than that obserkddRatFor
example, at the modified telomere, Sir2p levels 2 kb away from the silencer dpproac
maximum levles around 270 minutes, whered$MR, Sir2p levels reach a plateau
within 90 (compare Figures 9B and 19C). It is likely that the exclusion of B&-
specific components, such as tiEIR-1 silencer, accounts for the slightly slower rate of
spreading. | cannot, however, rule out that chromatin context also plays a role in
restricting the spread of silenced chromatin at telomere VI-R. Nmless, these data
clearly demonstrate that tiHMR-E silencer does more than just recruit Sir proteins to
the chromosome, but also participates in promoting their association with adjacent

chromatin.
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Figure 18: Schematics of modified telomeres on chromosome VI-R

431 bp fragments of DNA containing either tH®IR-E silencer or a silencing neutral
stuffer sequence were inserted adjacent to telomere VI-R. Barsegplecations of

primers for PCR analysis. Distances are relative to adjacent sjleitber telomere
VI-R or the translocateHMR-E
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Figure 19: Integration of HMR-E accelerates accumulation of Sir2p
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(Figure 19 continued) Sir2p associated-DNA was isolated by chromatind®ifaj
induction ofSIR3in strains with modified telomeres. The genotypes sefe
TELVIR::STHLRY2019) andsir3 TELVIR::HMR-E(LRY2020), each with a
silencing neutral stuffer sequence or lMdR-E silencer, respectively. Both strains
were transformed with a plasmid containPgh -SIR3(pJR517). (A) Accumulation
of Sir2p at the silencer as determined by quantification of coprecipitated DIRA w
primers located immediately adjacent to the telomeric repeat&iovIR::STF
(LRY?2019), or next to thelIMR-Esilencer folTELVIR::HMR-E(LRY2020). (B-C)
Accumulation of Sir2p at distances of approximately 1 kb (B) and 2 kb (C) from
respective silencel

Sir protein turnover was similar at HMR and telomere VI-R

To explore howHMR-E promotes the assembly of silenced chromatin
independently of recruitment, | first considered whether the silenceemndés the rate at
which Sir proteins dissociate from chromatin. Silenced chromatin reverts tawan act
state upon removal of adjacent silencers, making it evident that silenced thriommes
over with some frequency (Cheng and Gartenberg 2000). Therefore, the observed rate of
Sir protein assembly on chromatin must be a function of the rates of association and
dissociationHMR-E may function to reduce the frequency of Sir protein turnover in a
manner that is not shared by the telomere silencer. To test this hypdtheBised the
expression of myc-taggeflR3in the presence of untagged endogerii3and
followed the incorporation of newly expressed Sir3p-mydMR and telomere VI-R by
chromatin IP. IHMR-E diminishes the rate of Sir protein displacement, then Sir3p-myc
should associate witHMR at a slower rate than at the telomere. However, incorporation
of Sir3p-myc occurred rapidly after induction and no significant differences we

observed aHMR compared to telomere VI-R (Figure 20). These data suggest that Sir
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protein turnover is equally rapid at both locations. Thus, it is unlikely that the ralbeist r
of Sir2p association ne&fMR-Eis due to a significant difference in the rate of

dissociation.

Figure 20: Rates of Sir3p turnover are similar atHMR and telomere VI-R

Sir3p-myc associated DNA was isolated by chromatin IP at the ieditiates
following induction of Sir3p-myc from a plasmid (pLR577) ihrar- | strain
expressing endogenous levels of untagged Sir3p on the chromosome (LRY2165).
Enrichment of Sir3p-myc was analyzed at regions 1 kb #HdR-EatHMR, and 1

kb from telomere VI-R.

HMR-E may promote nonlinear spreading of Sir proteins

Another explanation for the ability 8#fMR-Eto enhance the assembly of silenced
chromatin is that the spreading of Sir proteins is not strictly lingddM&. According to
the working model of step-wise spreading by sequential deacetylation, Sinparte

first recruited to a silencer, then deacetylate an adjacent nucleosomeat&ims then
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occupy the deacetylated nucleosome and repeat the process. Based on this model,
sequences close to the silencer should become occupied by Sir proteins befor@sequen
more distal to the silencer. The data for silenced chromatin assembbnatre VI-R
were consistent with this model (Figure 15A). In contrast, on the telomergnaitcide
of HMR-E, the association of Sir2p occurred simultaneously across more than 2 kilobases
(Figure 15B).

To test the hypothesis thdiMR-E promotes non-linear spreading of Sir proteins,
| utilized a catalytically inactive allele &IR2 The mutant Sir2-N345Ap (Imai et al.
2000) is predicted to be structurally intact (Min et al. 2001) and is incorporated into the
Sir protein complex (Armstrong et al. 2002). Once recruited to the silencer, tamprot
cannot deacetylate histones and the Sir complex does not spread (Armstro29@2;al
Hoppe et al. 2002; Rusche et al. 2002). Based on the model of step-wise spreading,
incorporation of Sir2-N345Ap into silenced chromatin during assembly would act as a
chain terminator and prevent further spreading. In support of this predsit@®N345A
has been shown to exert a dominant negative effect on silencing at the trurioatecete
VII-L when expressed alongside wild-typ#R2(Armstrong et al. 2002). Therefore, if
silenced chromatin assembly is lineaHMR, thensir2-N345Awould also be expected
to have a dominant negative effect. However, if spreading at this locus is ctbt stri
linear, then silencing might be insensitivestt?-N345Aco-expressed with wild-type
SIR2 To determine the silencing statusH¥R whensir2-N345Ais expressed, mating
assays where performed in whilAT haploids containing the mutant alleles were
mixed with haploids of the opposite mating type and grown on media selective for
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diploids. Only wherHMRal is silent will MAT cells mate and form diploids. As
expected, haploids expressing only wild-tygi&2were proficient for mating whereas
those expressing the mutant were defective (Figure 21). Interestingly, vatth alleles
of SIR2were co-expressed, mating occurred at levels indistinguishable frorypdd
Sir2p (Figure 21). Importantly, resistancesic2-N345Awas also observed in the absence
of HMR-I, indicating that th&iIMR-E silencer alone is capable of insulating R
locus from disruption bgir2-N345A(Figure 21, bottom panel). Thus, in contrast to what
had been reported at telomere VII-L (Armstrong et al. 20662);N345Adoes not have a
dominant negative phenotypeHitIR. These data argue that assembly of silenced
chromatin is not strictly linear &#MR. Additionally, althougltHMR-I plays a supporting
role, theHMR-E silencer alone is apparently sufficient to promote the non-linear
assembly of Sir proteins BtMR.

To determine the effect of tlsr2-N345Aallele on the assembly of Sir proteins at
HMR and telomere VI-R, the steady-state distributions of total Sir2p and HA-Sir2
N345Ap were assessed at both loci by chromatin IP. Consistent with the madiyg ass
(Figure 21) co-expression sir2-N345Aand wild-typeSIR2had no effect on the
distribution of total Sir2p atMR (Figure 22). Furthermore, in the presence of wild-type
Sir2p, HA-Sir2-N345Ap associated robustly with both tdR-E silencer and a site 1
kilobase from the silencer (Figure 22), indicating that the enzymaticaltyive Sir2p
could be incorporated into the silenced chromatin structure without impeding assémbly o
silenced chromatin. As previously reported (Hoppe et al. 2002; Rusche et al. 2002), the
spreading of silenced chromatin does require some deacetylation, as theiassufciat
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HA-Sir2-N345Ap was limited to the silencer in the absence of wild-type SHigpre

22). In fact, in these conditions the enrichment of Sir2-N345Ap with the silenser wa
reduced (Figure 22). | speculate that under these circumstances thatiassotthe Sir
complex with the silencer is somewhat less stable and there are feiopes available
for chromatin IP. In contrast tdMR, at telomere VI-R, total Sir2p enrichment was
dramatically reduced in the presence of BtB-N345Aand wild-typeSIR2compared to
wild-type SIR2alone (Figure 23). This reduction was presumably due to an inhibitory
effect of the mutant Sir2p, which associated with the telomeric sileniger€R23). Thus,
the incorporation of enzymatically inactive Sir2p into silenced chromatin is more
disruptive to the stability of the structure at telomere VI-R than ithEV#R, consistent

with the model that assembly does not proceed in a strictly linear fashihRat

Figure 21: Silencing ofHMRal is insensitive to co-expression of Sir2-N345Ap and
Sir2p
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(Figure 21 continued) Mating ability was assessed by exposing 10-fold serigirdil
of MAT haploids containing only wild-typ8IR2(LRY1007),sir2 (LRY1068), the
catalytically deasir2-N345Aallele located at theEU2 locus (LRY0800), or both
SIR2andsir2-N345A(LRY0804) toMATa tester haploids (LRY1021). The resulting
diploids were selected on minimal medium. In the lower panel, mating wessadan
MAT haploids lacking theIMR-I silencer and containing either wild-tySéR2
(LRY1154) or bothSIR2andsir2-N345A(LRY1815).

Figure 22: Sir protein levels atHMR were insensitive to co-expression of Sir2-
N345Ap and Sir2p

(A) Relative enrichment of total Sir2p was assayed at three regidiidRiby
chromatin IP in the presence $iR2alone (LRY1007), bot®IR2andsir2-N345A
(LRY0804), orsir2 (LRY1068). (B) HA tagged mutant Sir2-N345Ap levels were
assayed at two regions MR in strains containing only the untagged wild-ty§i&2
(LRY1007), both the wild typ&IR2and the HA-tagge8IR2-N345Anutant
(LRY?2287), and the HA-taggeBllIR2-N345Anutant alone (LRY2288).
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Figure 23: Silencing at telomere VI-R is sensitive to co-expression 8ir2-N345Ap
and Sir2p

(A) Relative enrichment of total Sir2p was assayed at three reditelsraere VI-R

by chromatin IP in the presence&iR2alone (LRY1007), botlsIR2andsir2-N345A
(LRY0804), orsir2 (LRY1068). (B) HA tagged mutant Sir2-N345Ap levels were
assayed at two regions of telomere VI-R in strains containing only the untagded w
type SIR2(LRY1007), both the wild typ&IR2and the HA-tagge8IR2-N345A

mutant (LRY2287), and the HA-tagg&iR2-N345Anutant alone (LRY2288).
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2.4 Discussion

Silencers can promote the assembly of Sir proteins independently of recruitment
The current model for establishment of silenced chromats aerevisiae
suggests that the primary role of a silencer is to recruit Sir proteins. €mmoéed to the
chromosome, the Sir complex is thought to spread autonomously. In its simptest for

this model predicts that any silencer proficient at recruiting Sir protendd instigate
identical spreading reactions into any DNA environment, assuming no barmang|es
present. In my analysis of silenced chromatin assemibiivii®, | found that following
recruitment, Sir2p associated nearly simultaneously with sequenceshthubtige locus,
even in the absence of thiIR-1 silencer. A difference in the accumulation rate was
only observed at 4 kb from the silencer, which is beyondRN&™ barrier (Figure 15).
The rate of Sir2p association observetiBsiR raised the question of whether this rapid
spreading is in fact a general property of the Sir complex, as mostdaleains lack a
barrier to block such efficient spreading. To address this question, | comparatethefr
spreading at three different locations: the centromere and telomerg $ates of the
HMR-E silencer, and the sub-telomeric region on the right arm of chromosome VI. Three
distinct spreading rates were observed at these locations, despite the abkeowa of
barrier elements in the regions examined. One model to explain this olusersdhat
one silencer’s ability to outcompete another silencer for limited pools pf&gins
might generate different rates of spreading. However, this model does not explain
data, as different spreading rates were observed on either side of thelsaoee. si
Furthermore, the two silencers analyzZd¥)R-E and telomere VI-R, had similar
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recruitment rates and levels of Sir2p association. | also considered tHalpp$sat
certain genomic locations may be less permissive to spreading. Hovwmegration of
theHMR-E silencer into the sub-telomere, where spreading was initially slow,
accelerated spreading, arguing that the silencer itself wascalatigterminant for the
rate of Sir protein assembly.

The ability of theHMR-E silencer, assisted by ti#MR-I silencer, to promote the
assembly of silenced chromatin may be crucial for maintaining SirpsceHMR when
Sir3p is expressed at its normal levels. In this case, there is IBpsl3iobase outside
of theHMR domain and at telomere VI-R than witttiMR (Figures 12 and 17).
Consistent with this interpretation, Cheng and Gartenberg (2000) demonstrated that
silenced chromatin could not be stably maintained in the absence of silencersl€elims
maintenance was not restricted to re-establishment on newly synthesipdatés, as the
silenced state remained unstable in non-cycling cells (Cheng and Gegt26b8). What
was not clear from the previous study but is demonstrated in this report is thiribersi

contributes to the maintenance of silenced chromatin in a manner beyond recruitment.

Association of Sir proteins is not restricted by the cell cycle

An early study on the establishment of silencin§icerevisia@sing a
temperature sensitivar3 allele concluded that establishment required passage through
S-phase (Miller and Nasmyth 1984). Twenty-four years later, the nature afthcycle
requirement remains elusive. To date, evidence in support of a cell cycle mesntifer
silencing has been based on gene expression data, and no such requirement has been
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described for spreading of Sir proteins. In fact, Sir proteins are stillited toHMR in
arrested cultures, suggesting that the cell cycle requirement ed@fter association of
Sir proteins (Kirchmaier and Rine 2006).

| assayed the accumulation of Sir2p attiRal promoter in asynchronous
cultures following induction o8IR3and discovered that the protein achieved maximum
levels within 60 to 90 minutes. The experimental population doubling time was nearly
120 minutes, and therefore spreading of Sir2gMR occurred well within one
generation. If passage through a specific point in the cell cycle were detprire
association of Sir2p, then accumulation of Sir2p on the DNA would be expected to occur
throughout the first generation, reflecting the distribution of cells at diffstages of the
cell cycle. These results argue that whatever the cell cycle regutéon silencing may
be, it has a minimal effect on the association of Sir proteins.

A previous study using a similar inducit8¢R3gene reported that features of
silenced chromatin, including association of Sir3p and repressidMBa1, required
several generations to mature fully (Katan-Khaykovich and Struhl 2005). Instomtra
did not observe significant changes in the amount of Sir2p associatddMRIafter the
first cell doubling. It is not clear whether Sir2p behaves differently th&@p $r whether
other differences account for this discrepancy. A second difference betwéew the
studies is that the silencing @MRal occurred more rapidly in my hands. This
difference could result from the different genetic contexts of the twerarents. The
previous study utilized an inducible taggeliR3construct, which differs in sequence at
15 amino acids from the “standard” yeast strain (M. Gartenberg, personal

83



communication), expressed in yeast cells that have several genetiertiéie with my
strain, including a recombinakiMR with RecR recognition sequences next to the
silencers and deletions of tMAT, HML, andBAR1loci (Cheng and Gartenberg 2000;

Katan-Khaykovich and Struhl 2005).

Accumulation of Sir2p at HMR results in a reduction of RNA polymerase Il

Although the properties of silenced chromatin are relatively well understood, the
mechanism by which it represses transcription has been surprisingly cositbve
Evidence for two different models of repression has been presented in the étefidtar
first model suggests that silenced chromatin inhibits recruitment of RNAnpoases to
silenced promoters. In support of this model, previous studies demonstrated that Pol Il
levels at the promoters of botiU&RA3reporter gene located at tHMR locus (Chen and
Widom 2005) and nativelMRal were significantly higher in the absence than in the
presence of Sir proteins (Chen and Widom 2005; Li et al. 2006). However, an alternative
model suggests that transcriptional repression occurs downstream of Palithrent.
Consistent with this second model, another study provided evidence that promoters
within silenced chromatin associate with proteins of the preinitiation compI€y, (
including Pol Il, but not proteins involved in elongation and mRNA capping (Gao and
Gross 2008). Additionally, genome-wide analysis of Pol Il levels revealeddhee
polymerases are present at the silent mating type cassettes étedtia. 2006). In this

study, | observed a precipitous drop in total Rpb1p-myc, the large subunit of Pol II,
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accompanying the onset of silencing. Thus, my results are more consiskeatmotel

in which silenced chromatin displaces Pol L.

Mechanisms by which silencers promote Sir protein-chromatin interactions

The discovery that thdMR-E silencer can promote spreading of Sir proteins in a
manner beyond the recruitment of Sir proteins suggests that it has the alphbyrtote
the association of Sir proteins with distant nucleosomes, either directly @cihgi The
mechanism by which the silencer achieves this effect is unknown. One pgstsithidt
silencers may prime the chromatin for spreading. A prior study found that the
organization of protein binding sites at the silencer was important for positioning the
adjacent nucleosomes to promote spreading in one direction over the other (Zou et al.
2006a). AHMR-E, for example, positioning of the ORC and Abflp binding sites results
in a nucleosome arrangement that favors silencing on the Abflp side of the gifencer
et al. 2006a). My data clearly demonstrate a bias for assembly of Sir2p on the idbflp s
of HMR-E consistent with this modeDn the other hand, while a localized arrangement
of nucleosomes may improve the probability that spreading will engage incalaart
direction, it is unclear how such an arrangement promotes the assembly @&fsilenc
chromatin at more than a kilobase distance.

Another model is thadMR-E promotes a higher order structure that favors
assembly of silenced chromatin. For example, recent evidence indicatésraation
between the ends of th&MR cassette (Valenzuela et al. 2008) that could represent a loop
or otherwise condensed structure. Such a higher order structure could bring-silence
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bound Sir2p into the proximity of multiple nucleosomes, allowing it to deacetiilede t
nucleosomes without first spreading (Figure 24A). In this case, Sirmpsot@uld likely
saturate the entire locus uniformly, as the occupancy status of one nu@emsald no
longer be dependent on the occupancy status of nucleosomes closer to the silencer
Furthermore, a higher order chromatin structutdMR might stabilize the Sir proteins
by enabling them to make more interactions with each other and the silencer binding
proteins than possible on an extended linear template. In contrast, the lack of such a
structure at the telomere might explain the slower, directional asseim®bilyproteins at
this locus (Figure 24B). This model is consistent with the associatiari2pf &curring
simultaneously throughout théMR locus and the insensitivity 6fMR to the co-
expression of catalytically inactive Sir2-N345Ap and wild-type Sir@ferestingly,
HMR-E alone was sufficient to promote rapid Sir protein assembly both at the telomere
and atHMR in the absence of théMR-I silencer, suggesting thetMR-E by itself can
facilitate higher order chromatin structures. HoweverHNHR-I silencer is likely to

enhance the formation of such structures.
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Figure 24: Models for silencer-promoted nonlinear Sir protein spreding
(A) TheHMR-E silencer may promote the assembly of silenced chromatin in a non-
linear fashion. Higher-order chromatin structures such as loops or clustering of
nucleosomes could enable silencer-bound Sir proteins to associate simultanebusly wi
multiple nucleosomes along the chromosome. (B) At telomere VI-R, the lalgsgm

Sir proteins is consistent with the sequential deacetylation model, in whicletineesi
recruits Sir proteins, which then spread in a linear fashion.

A role for silencers in determining silenced chromatin domains

To date, much of the research on how the spreading of silenced chromatin is
restricted to the appropriate locations has focused on elucidating mechayisimstb
euchromatic factors oppose encroachment of silenced chromatin. Nevsrtheles
eliminating these euchromatic factors or increasing the amount ofo®ins primarily
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extends normally silenced loci rather than causing promiscuous occupation geit@me-w
(Strahl-Bolsinger et al. 1997; Kimura et al. 2002; Suka et al. 2002; Shia et al. 2006). The
sequestration of Sir proteins to a small fraction of the genome is interestigigt ioflthe

fact that each of the silencer binding proteins, ORC, Rap1p, and Abflp, are found
throughout the genome and yet only function as silencétMadnd telomeric sites. One
explanation for continued restriction of silenced chromatin in the absence of anti-
silencers is that redundant mechanisms are at work. A prior study desehstat

deleting both the methyltransfera&SET1and the histone variahiTZ1results in the
SIR2dependent repression of genes more than 100 kb away from normally silent
domains (Venkatasubrahmanyam et al. 2007). However, Sir3p enrichment atevbse
repressed genes was undetectable by chromatin IP, suggestingdbattiasswas
ephemeral, a characteristic inconsistent with uninhibited spreading. Thosneve
permissive environment, the Sir complex appears unable to assemble stablantgng-r
structures at new locations.

Here | have presented evidence suggesting that a significant impedintent to t
spreading of silenced chromatin is its own inherent instability. The Sir coroghex
physically interact with nucleosomes, but, in the absence of a reinforlg@ngesi, this
interaction is limited. | have also demonstrated that the composition of eesiteatters;
simply bringing Sir protein to the DNA, as may happen at various ORC, Rap1p, or Abflp
sites in the genome, is insufficient to instigate consequential spreadictgpns. These
observations magnify the role that silencers play in restricting silesicedatin to
discrete loci. An efficient way to prevent the accidental assemblyesicetl chromatin
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in the wrong location is for such chromatin to be unstable and unable to persist unless
stabilized by a silencer. Thus, rather than restricting silenced chnooyaactively
excluding it from most of the genome, the main mechanism of regulation may be the
promotion of its assembly at a few appropriate loci. It is intriguing tousaiecon the
biological ramifications of using silencers to differentially regailsitenced chromatin
domains. For example, perhaps the employment of spreading deficient silaniter
telomeres spares the organism from having to strategically position bounchaentie

In contrast, utilization of a strong silencer, assisting silencer, and bguratabination
would be beneficial #8dMR, where complete silencing BiMRal is critical to haploid

cell identity.
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3. Regulatory sequences contribute to architecturef silenced
chromatin at HMR

3.1 Introduction

At the silent mating-type loci, silenced chromatin maintains haploid celliigent
by preventing the expression of extra copies of the mating-type genes. |digsdi
chromatin also protectdMR andHML from cutting by the HO endonuclease that
triggers mating-type switching (reviewed in Haber 1998; Rusche et al. 2008).0[€ of
silenced chromatin at sub-telomeric domains is less well understood, although it is
speculated to contribute to the stability of the ends of the chromosomes. These two
regions of silenced chromatin demonstrate different constructions ofesgemdich
likely influence the regulation of silencing and mediate levels of Sir proteatsre
appropriate to the specific locations.

To explore how silencers shape silenced chromatin, | have now examined the
distributions of silencing proteins HIVIR in the presence and absence of three known
regulatory sequences — two silencers and a boundary element. As discussed in the
introduction,theHMR-E silencer is composed of binding sites for ORC, Rapl1p, and
Abflp, and is required for silencingldMR. A second silenceHHMR-|, is not required
for the silencing oHMRal, although it does contribute to the silencing of a reporter gene
located in the place ¢iMRal (Rivier et al. 1999). LikédMR-E HMR-I has binding
sites for ORC and Abflp. HowevétMR-I does not have a binding site for Raplp and
cannot recruit Sir proteins to DNA on its own (Rusche et al. 2002). A third important
element aHMR is a tRNA™ gene located approximately 1 kilobase beyond oFi&-
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| silencer. This gene acts as a boundary that blocks the spread of silencedichroma
(Donze et al. 1999; Donze and Kamakaka 2001; Oki and Kamakaka 2005) and requires
the recruitment of the RNA polymerase Ill complex for this function (Donze and
Kamakaka 2001). Additionally, the tRNXis important in establishing sister chromatid
cohesion aHMR (Dubey and Gartenberg 2007), which may also function in the
regulation of silenced chromatin (Lau et al. 2002; Suter et al. 2004). ThiHViReE
andHMR-1 silencers together with the tRNIX boundary are thought to shape a domain

of silenced chromatin d{MR.

In this study, | analyzed the contributions of each of these regulatory eleiments
the distribution of Sir proteins and the known biological functions of silenciHiyi&.
Consistent with my previous results, | discovered thaHM&-E silencer by itself
promotes silenced chromatin more efficiently over a region of several kiftbbase
compared to a telomeric repeat. Additionally, | discovered thatikhie-E silencer alone
was sufficient to maintain high levels of Sir proteins and block transcription efitie
locus. Additionally, theHMR-I silencer boosts the level of Sir protein$iMR and
modestly extends the domain of silenced chromatin. Intriguingly, | also discbaeole
for the tRNA™ in promoting Sir protein association with tH&IR locus under

conditions of weakened silencing.
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3.2 Materials and methods

Yeast strains and plasmids

Yeast strains used in this study were derived from W303-1b. The following
alleles were described previoustyr2 ::TRPlandsir4 ::HIS3 (Rusche and Rine 2001),
LEUZ2::sir2-N345A(Imai et al. 2000; Armstrong et al. 200Bmr- E (silencer deletion
358-223; YAB71)Brand et al. 1987), tRNA™ (Donze et al. 1999), antELVI-
R::StufferandTELVI-R::HMR-E(Chapter 2.2).

To create theIMR- tRNA™ allele used in this study, a previously described

tRNA™ deletion was amplified from ROY1681 (Donze et al. 1999) genomic DNA by

PCR with high fidelityPfu Turbo DNA polymerase (Stratagene) using primer sequences
5'- gcagcttactcccaagagtge and 5'- gcaagg attgataatgtggtag. The BdiRtpwas
digested with Xhol and Ndel and cloned into a plasmid bearing the EcoRI-HindllI
fragment oHMR, lacking both théedMR-I silencer and a Tyl LTR, in a pUC18 vector
backbone (pJR1270) to generate pLR0575. To replace the nmi#giRgl silencer and
Tyl LTR with wild-type sequences, LRY1007 genomic DNA was amplified b PC
using primer sequences 5’- gatgtgtttgtacatttggc and 5’- tcgacdticggatlhe PCR
product was digested with Mfel and Pstl and cloned into pLR0575 to create pLR0O667.

To create thémr- | tRNA™ construct, mutagenesis was performed on
pLRO667 using primers 5'- ctttctactgcgataaagttattatttagaitéamgryaaaatttgtcaacgaagtta
gagaaag and 5’-ctttctctaacttcgttgac aaaittgdgtaatctaaataataactttatcgcagtagaaag,
inserting a Nhel site (bold letters) in place of HéR-I silencer, to generate pLR0683.
The 305 base-pair deletion ldMR-1 was filled with the same size fragment from the
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TRP1open reading frame DNA by amplifying LRY1007 genomic DNA using primer
sequences 5’- cacgpitag@ctccgaaatacttggttg gc and 5'- gagfctagaticcaacccagtcaga
aatc, which contain Nhel sites (bold letters). The PCR product was digedtddhsit
and cloned into plasmid pLR0683 to generate pLR0690.

Finally, to create themr- | construct, pLR0690 was digested with Mfel and Pstl
and the resulting fragment containing thEIR-1 silencer deletion as well as the Tyl LTR
was cloned into pLR0689, which contains the EcoRI-Ndel fragmeAMiR including
the tRNA™ gene in a pUC18 vector backbone, to generate pLRO691.

To integrate the mutamtMR alleles into their native locus in the yeast genome,
plasmids pLR0667, pLR0690, and pLR0691 were digested with EcoRI and Ndel and
used to transform a yeast strain in whittdR was replaced by RA3(LRY2177).
Approximately 10 optical density equivalents of transformed cells were resudpande
50 mL of YPD and allowed to recover overnight at 30°C. To select for integrants in
which theURA3marker was lost, 2 optical density equivalents of cells were plated
directly onto medium containing 5’-FOA. Correct integratiotdMR mutant alleles was
confirmed by PCR and southern blotting.

The plasmid pJR831 contains the HO endonuclease gene under the control of the
GAL1promoter in a YCp50 vector backbone and was generated in the laboratory of

Jasper Rine (UC Berkeley).
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Chromatin immunoprecipitation

Chromatin immunoprecipitations were performed as described in Chapter 2
(section 2.2), using 3 pl of rabbit polyclonal antiserum to recombinant LacZ@&ir2p
LacZ-Sir3p (rabbits 2931 and 2934, respectively; gifts from J. Rine, UC Berkeley). T
rabbit antiserum for LacZ-Sir2p used in this study (rabbit 2931) was diffecenttirat
used in Chapter 2 (rabbit 2932). Relative IP values represent the ratio of theogusry |
to PHO5or a silencer, as indicated. Reported values represent averages of 2 to 6

independent immunoprecipitations analyzed in at least 3 separate PCR reactions.

Reverse transcriptase PCR

RNA was isolated from logarithmically growing cells via the hot phenol method
(Schmitt et al. 1990). To remove contaminating DNA, RNA was treated with rDINase
using a DNA-free kit (Ambion). RNA was converted to cDNA using M-MLV Reverse
Transcriptase (Invitrogen) as previously described (Hickman and Rusche 2QBhewi
exception that 390 ng of DNase-treated RNA was used in each reaction. Thegesult
cDNA was quantified by real-time PCR using genomic DNA isolated tB¥i1007 for
the standard curve. Transcript levels of query genes were normalized tofuoeipta
levels of the control gemMdTG1 Reported values represent the averages of 4 independent

RNA samples, each analyzed in duplicate PCR reactions.

Mating assay

Mating assays were performed as described in Chapter 2 (section 2.2).
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HO endonuclease cleavage assay

For experiments testing DNA cutting by the HO endonuclease, cellggnmiea
in selective, supplemented medium lacking uracil (CSM, MP Biomedicals) in 2%
raffinose. Cells were brought to an gpof approximately 0.8 (+/- 0.1), then arrested in
S-phase by the addition of hydroxyurea (HU, US Biological) directly to #eium at a
final concentration of 200 mM for 4 hours. For the inductioR&f ;-HO endonuclease,
galactose was added to the medium at a final concentration of 2%. Cells wertedait
various times after the addition of galactose.

To detect cleavage by HO-endonuclease, genomic DNA was isolated from cells
by phenol extraction. Approximately 39 to 45 pg of genomic DNA was digested
overnight at 37°C with Hindlll at a concentration of 2 units per pg DNA. DNAvieads
were separated on 0.7% agarose gels, depurinated in 0.25 M HCI for 8 minutes,
denatured in 0.5 M NaOH and 1 M NacCl for 30 minutes, and neutralized in 0.5 M Tris
(pH 7.4) and 3 M NaCl for 30 minutes. DNA was transferred to Zeta Probe nylon
membranes (Bio-Rad) by capillary action. For sequence specific hytiodizRNA
probes were generated by PCR using total yeast genomic DNA as atterRpbbes

were labeled with [-*3P] dCTP using the RediPrime Il DNA labeling kit (Amersham).
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3.3 Results
HMR-E increases the association of Sir proteins within a region of several kilobases
TheHMR-E silencer promotes the establishment of silenced chromatin over
several kilobases more rapidly than does the telomeric repeat at chromosBmeha-
ability of HMR-Edoes not depend on secondary sileit/iR-I. | postulated that the
increased rate of assembly reflected the ability oHkER-E silencer to promote the
association of Sir proteins with nucleosomes over a region of a few kilobasesaddel
predicts that at steady-state, the enrichment of Sir proteins should becel\sites near
HMR-E compared to sites near telomere VI-R. To test this prediction, | compared S
protein levels at equivalent distances fromiiR-E and telomeric silencers by
chromatin immunoprecipitation. To eliminate the effectBIbfR-1 and the boundary
element tRNA", these elements were deleted (Figure 25A). Similar levels of Sir3p
associated with the two different silencer sequences (Figure 25Cpngestently higher
levels of Sir3p were associated with sites 1, 2, or 3 kilobasesHMR+E compared to
sites at similar distances from the telomeric repeats. In theot&p, a significantly
higher enrichment of protein was detected at the telomeric repeat congp#reHMR-
E silencer (Figure 25B). Nevertheless, Sir2p levels at locations 1 kilobase @amay
from the silencers were comparabléddR and at the sub-telomere. These results
indicate that although the telomeric repeat is as effectitiViR-E (if not more so) at
recruiting Sir proteins to chromatin, the telomeric repeat is lesseeffiat promoting the
spreading of Sir proteins. To facilitate the comparison of the two sileratgligies to
promote the spreading of silenced chromatin, Sir protein levels were normalibed t
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respective silencer sequences (Figure 26). For both Sir2p and Sir3p, the rateagalec
was more gradual when silenced chromatin was initiatedNbiR-E compared to
telomere VI-R.

One possible explanation for the difference in the distribution of Sir proteins
adjacent to the two silencer sequences is genomic context. To deterkiiR-E also
enhances the association of Sir proteins with neighboring nucleosomes in thx¢ @bnte
telomere VI-R, | performed chromatin IP in a strain that containslMB-E silencer
integrated adjacent to telomere VI-R and a control strain with an equisatedtpiece
of silencing-neutral stuffer DNA (Figure 27A). As at tH¥R locus, theHMR-E silencer
at telomere VI-R maintained higher levels of Sir proteins than are fouhd aative
telomere (Figure 27B and C). Importantly, the relative levels of Sir2p aBd &d not
differ significantly wherHMR-Ewas at the telomere 6tMR, indicating that genomic
context made little difference to the stabilization of silenced chromatitiVify-E
(compare Figure 26A and B to Figure 27B and C). | conclude th&tNte-E silencer
promotes the formation of silenced chromatin more efficiently over arregiseveral

kilobases compared to the telomeric repeat at telomere VI-R.
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Figure 25: Sir proteins are maintained at higher levels aHMR than telomere VI-R
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(Figure 25 continued) (A) Diagrams of thi®&/IR and telomere VI-R loci analyzed in
chromatin IP experiments. The black bars indicate locations of amplicons used in PC
analysis. Thé&dMR locus contains a 305 base pair deletion oHNR-I silencer,

which is filled in with an equivalent number of base pairs of stuffer DNA (STF) from
the TRP1lopen reading frame, and a previously described 85 base pair deletion of the
tRNA™ gene (Donze et al. 1999). In addition, a 448 basepair Tyl long-terminal
repeat sequence located betweerHhtR-I silencer and the tRNA" gene, which is
missing in most modifietHMR loci (Rusche et al. 2002), was restored. (B)

Association of Sir2p with telomere VI-R and a mutdiMR locus lacking théiMR-I
silencer and tRNA" gene. DNA coprecipitated with Sir2p from strain LRY2309 was
analyzed by quantitative real-time PCR using the amplicons shown in A. Values
represent the average of 5 independent immunoprecipitations and are normalized to a
control locus PHOY).
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Figure 26: HMR-E promotes higher levels of Sir protein association

The relative enrichments of Sir2p (A) and Sir3p (B) with telomere VI-R and the
modified HMR locus shown in Figure 25 were normalized to the adjacent silencers.
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Figure 27: A transposedHMR-E increases the association of Sir proteins at telomere
VI-R
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(Figure 27 continued) (A) Diagrams of modified telomere VI-R loci analyzed by
chromatin IP. Either the entileMR-E silencer or a fragment of tilRP1ORF was
integrated into telomere VI-R. Black bars represent the locations of amplisedgo
analyze DNA isolated by chromatin IP. The approximate distances fi@siléncers
are given. (B) Relative association of Sir2p with modified telomere VI-R loc
Chromatin IP experiments were performed in strains LRY2150 and LRY2148, which
contain 431 bases of thMR-E silencer TELVI-R::HMR-B and an equal sized piece
of DNA containing stuffer DNATELVI-R::STH, respectively. Sir2p-associated DNA
was quantified by real-time PCR at the indicated locations. Data weygzanals in
Figure 26 and represent the averages of 2 independent immunoprecipitation
experiments and at least 4 PCR reactions. (C) Relative association oivBir3p
modified telomere VI-R loci. Sir3p-associated DNA was isolated in the same
experiments and analyzed as in B.

The HMR-I silencer boosts Sir protein association within HMR

As shown above;IMR-Eon its own is able to recruit Sir proteins and promote
their distribution over several kilobases. However, two additional elent¢bR-] and
tRNA™) are present MR and act in conjunction withMR-E To examine how these
elements contribute to the distribution of Sir proteindMR, | compared the
distributions of Sir2p and Sir3p at wild-typtVMR with modified loci in which thédMR-|
silencer and tRNA" boundary were deleted individually and in combination (Figure
28A).

TheHMR-I silencer contains binding sites for ORC and Abflp, both of which
interact with Sir proteins and are predicted to stabilize the associatio& Sirtcomplex
with chromatin. HowevelklIMR-1 cannot recruit the Sir complex on its own and is not
required for silencing diiMRal (Rivier et al. 1999; Rusche et al. 200R) determine

howHMR-I contributes to the distribution of Sir proteind-MIR, the relative
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enrichments of Sir2p and Sir3p were examined by chromatin IP in the presence and
absence oAMR-I. The loss oHMR-I resulted in a considerable (two-fold) reduction of
Sir2p and Sir3p in the immediate vicinity of tHMR-I silencer (2 kb) and more modest
decreases at the other sites (Figure 28B and C). TherefokitRd silencer has a
stabilizing effect on Sir proteins throughdtiR.

The tRNA™ gene acts as a boundary (Donze et al. 1999; Donze and Kamakaka
2001; Oki and Kamakaka 2005) and could shape the distribution of Sir proteins in two
ways. First, the tRNA" gene could prevent the Sir proteins from spreading into the
telomere-proximal side of the locus. However, there is little spreading atbsence (Oki
and Kamakaka 2005). In addition, the tRNAyene could maintain high levels of Sir
proteins within theHMR cassette by preventing euchromatin from encroaching into the
locus. For example, targeted histone acetyltransferases have been shown to modify
histones across several kilobases (Vignali et al. 2000; Yu et al. 2006) and have been
proposed to engage in a spreading reaction analogous to that of Sir proteinsZ8okger
Yu et al. 2006). To determine how the tRN”gene shapes the distribution of Sir
proteins aHMR, DNA associated with Sir2p and Sir3p was isolated by chromatin IP in
the absence of the tRNX gene. Sir2p and Sir3p levels were comparable to wild-type
within theHMR cassette (Figure 28B and C). As expected, slightly higher levels of Sir
proteins were observed at a site on the telomere-proximal side of thé tRj&Ae (4
kilobases fronHMR-E), consistent with the reported boundary activity of the tRNA
gene (Figure 28B and C; also see ahead to Figure 31). These results thdicduie
tRNA™ gene is not critical for maintaining the association of Sir proteik$/4R.
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It remained possible that the potential ability of the tRN&ene to block the
encroachment of euchromatin was more important in the absenceHiViiRe silencer,
which stabilizes Sir proteins. Therefore, chromatin IP was performediinsstacking
both elements. Under these conditions, there was no significant reduction in Sir protein
levels compared to the single deletiorHMR-I (Figure 28B and C). Therefore, even
without the stabilizing effect dIMR-I, the tRNA™ gene is not needed to maintain high
levels of Sir protein withitHMR. | conclude from these results that HieIR-I silencer,
but not the tRNA™ gene, is important for maintaining high levels of Sir proteir$MR.

TheHMR-Esilencer has been proposed to act in a directional manner (Zou et al.
2006a; Zou et al. 2006b). Consistent with this proposal, in the absence of bdiRkEe
silencer and the tRNA" gene, Sir protein levels were distributed asymmetrically, being
higher on the telomere-proximal sideHi¥IR-E (Figure 28B and C, compare (-)1 kb and
1 kb locations). Therefore, th#MR-Esilencer does act directionally to promote the

assembly of Sir proteins within th#VIR cassette.
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Figure 28: TheHMR-I silencer boosts Sir protein levels withiHMR
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(Figure 28 continued) (A) Diagram of the wild-tyd®IR locus. Black bars represent
locations of PCR amplicons. (B) Association of Sir2p witfiR in the presence and
absence of regulatory elements. Sir2p-associated DNA was isolatbddoyatin 1P

in strains with the following genotypes: wild-typ#R (LRY1007),HMR- tRNA™
(LRY2302),hmr- | (LRY2315), anchmr- | tRNA™ (LRY2309). Values represent
the averages of at least 3 independent immunoprecipitation experimentssRReiser
and relative distances were the same for each mutant, with the exceptite thabt
location is 85 bases closer to the silencer in strains lacking thetRgeke. (C)
Association of Sir3p wittHMR in the presence and absence of regulatory elements.
Sir3p-associated DNA was isolated and analyzed as in B.

The elevated levels of Sir protein due to the HMR-I silencer are not required foretempl
silencing of HMR1 mRNA

The decrease in the association of Sir proteins observed in the absence of the
HMR-I silencer suggests that transcriptional silencing may be compromisedean thes
strains. However, quantitative mating assays, which indirectly refeaeddription,
revealed no obvious silencing defect in the absenetMR-I ((Rivier et al. 1999)see
ahead to Figure 37). To detect potential rare transcriptsHigiR, | performed reverse
transcriptase PCR on RNA isolated from strains with and witholtikhie-1 silencer.
Controls revealed th&MRal was transcribed as expected in the absence of silencing in
asir2 strain but that theiIMRal mRNA was undetectable by conventional or real-time
PCR in the presence BIR2(Figure 29 and data not shown). In the absence dfikhie-
| silencer, ndHMRal cDNA was detected either by conventional PCR (Figure 29) or
real-time PCR (data not shown). Two control gehNd¥51andACTY, could be amplified
(Figure 29 and data not shown), indicating that cDNA synthesis was succékagjl.

HMRalremained silenced in the absencéMR-I despite the reduced association of Sir
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proteins with the promoter. Similarly, mtMRal cDNA was observed in strains lacking
the tRNA™ gene alone or in combination with tHMR-I silencer (Figure 29 and data

not shown). In contrasfMRal mRNA was detected in the absence ofHiMR-E

silencer (Figure 29 and Brand et al. 1987). TheretekR-E, but notHMR-I or the

tRNA™ gene, is necessary to silertd®Ral and maintain haploid cell identity, which is
thought to be the critical function of silenced chromatin at the mating typettess
Additionally, these data, along with the chromatin IP results, indicatentbrat Sir

proteins get recruited to wild-typg#MR than are required for silencing of the mating-type

genes.

Figure 29: Transcriptional silencing ofHMRal is maintained in conditions of
reduced Sir protein association

Levels ofHMRal mRNA in the presence and absence of regulatory elements. RNA
was isolated from the same strains described above as walirds atrain with wild-
typeHMR (LRY1068), and two different strains with large (YAB65, 516 bp) and
small (YAB71, 135 bp) deletions of th&MR-E silencer. The mRNA transcripts were
converted to cDNA and the resulting cDNA was amplified by conventional P@B usi
primer sequences specific to the coding regiotdMRal andACT1 The PCR

products were run on 1% agarose gels and visualized by ethidium bromide staining.
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HMR-1 modestly extends the range of Sir protein spreading from HMR

The observation that tHéMR-I silencer stabilizes the association of Sir proteins
in the vicinity of the silencer (Figure 28B and C) raises the possibilitghb&MR-I
silencer enables the Sir proteins to spread significantly farther tderahiromosome. In
this case, a boundary element may be important specificdiyl& as opposed to
telomeres that lack secondary silencers, to block the spreading of silenoettn. To
determine whether theMR-I silencer promotes the assembly of Sir proteins on its
telomere-proximal side, | assessed the levels of Sir proteins on therelpragimal
side ofHMR in the presence and absence of the silencer. WhetiMRe| silencer was
present, a modest enrichment of Sir proteins was observed at the 3 kilobasgsie (F
30B and C), suggesting that tH&R-1 silencer has some ability to extend the range of
silenced chromatin. A slight enrichment of Sir proteins was also observed at the 4
kilobase site beyond the boundary, in the presence but not the abseiMB-o{Figure
30B and C).

To observe the potential spreading of Sir proteins over a greater distance, the
chromatin IP was repeated in the absence of the {ENaundary. Consistent with
previous observations (Oki and Kamakaka 2005), in the absence of th&"tRNA
boundary, Sir2p and Sir3p levels were slightly elevated at the 4 kilobase site, sanfirm
the loss of boundary function (Figure 31A and B). However, Sir proteins were not as
elevated in the absence of HBIR-I silencer (Figure 31A and B, compareHbIR in
Figure 30A and B), indicating that tiVR-1 silencer promotes a modest extension of
the Sir proteins on its telomere-proximal side.
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Interestingly, in the presenceldMR-I, Sir protein levels were also slightly
elevated over background at the 5 and 6 kilobase locations, which reside in the open
reading frame of th&IT1 gene. This observation suggests that the expression of the
GIT1 gene may be altered in the presence but not the absencéHdfiiiesilencer. To
test this possibility, | examined the level@IT1 mMRNA in these strains by RNA
blotting. However, only slight (less than 2-fold) decreasé&slirl expression were
observed in each of the mutants tested (Figure 32). Similar results weneolna
guantitative RT-PCR (data not shown). Therefore, | conclude that the occapiaaal s
of Sir proteins into th&IT1 open reading frame, as may occur in the absence of the

tRNA™ gene, have little impact on the expressiofBHF1
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Figure 30: HMR-I elevates Sir protein levels on telomere-proximal side éfMR

(A) Diagram of the features on the telomere-proximal side afitiR locus. Black
bars represent locations of PCR amplicons and reflect the distancdd MBriz

(B-C) Relative associations of Sir2p (B) and Sir3p (C) with DNA on the temer
proximal side oHMR in the presence and absenc&IdfR-I. Quantitative PCR was
performed on DNA isolated in the same chromatin IP experiments as in Figure 28.
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Figure 31: HMR-I extends the range of Sir protein spreading on the telomere-
proximal side of HMR

Relative associations of Sir2p (A) and Sir3p (B) with DNA on the telomere+pebxi
side of theHMR locus in the absence of the tRNAgene and in the presence or
absence of thelMR-I silencer.
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Figure 32: Expression ofGIT1 was unaffected by regulatory sequences &iMR
Levels of GITL mRNA in the presence and absence of regulatory elements. RNA was
isolated in strains with the indicated modificationslMR, separated on an agarose
gel, and transferred to a nylon membrane. The blot was prob&TfhandACT1

MRNA. The values below each lane reflect the relative leveBd T expression,
normalized first tcACTY, then to the value in wild-type conditioriSNIR).

HMR is resistant to HO endonuclease in the absence of HMR-I

HMR-I clearly enhances the association of Sir proteins MMIR but is not
required for the transcriptional repression of ifdRal gene. Given the evolutionary
conservation oHMR-I across th&accharomyces sensu strisfgecies (Teytelman et al.
2008), one would expect that it has a biological function. In addition to silencing of
mating-type genes, which is critical to maintaining haploid cell identitgcarsl
function of silenced chromatin at thiM loci is to protect DNA from being cut by the
HO endonuclease during mating-type switching (reviewed in Haber 199&revisiae

cells are able to change their mating type by site-directed recombingt®expression
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of the HO endonuclease during G1 of the cell cycle results in the formation of @ doubl
strand break a¥lAT, which is subsequently repaired via recombination withHikie

locus of opposite mating-type (reviewed in Haber 1998). Recombination is fadiltgat
conserved sequences found at all three locatidAS (HML, andHMR) that include the
recognition site for the HO endonuclease (Figure 33A). It is thought that silence
chromatin protects thedM loci from being cut by the HO endonuclease, ensuring that
recombination only occurs BMAT (Klar et al. 1981; Strathern et al. 1982).

The HO recognition site # MR is less than 190 bases from thkIR-1 silencer
(Nickoloff et al. 1986). To address whether the increase in Sir protein associati
mediated by théIMR-I silencer helps prote¢tMR from HO-endonuclease digestion, |
examined the ability of HO to cleave this site in a strain lackibdR-1. | used a
previously described assay in which cut intermediates generated hyetstabilized by
arresting the cells with hydroxyurea (HU) (Connolly et al. 1988). Undsetbenditions,
repair of double-strand DNA breaks by homologous recombination is inhibited by the
DNA replication checkpoint, which is triggered by HU arrest (Alabeal.€2009). After
arrest in HU, HO endonuclease was induced by the addition of galactose to the medium.
Samples were collected at different times following induction, and th#ingsgenomic
DNA was isolated, digested with Hindlll (H), and analyzed by southern blotting us
probes specific tMAT (M) or HMR (R) (Figure 33A). Cleavage of tihATa locus was
detected within 30 minutes of induction of HO (Figure 33B). In contrast, no cutting was
detected at wild-typelMRa, even after four hours of HO induction (Figure 33C). As
expected, in the absence of Sir protehtlglRa was cut with similar kinetics to those
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observed at the unprotect®tATa locus (Figure 33D). To ascertairHMR-1 conveyed
any protection ttiMR, | tested HO-cutting aiMR in the absence ¢iiMR-I. Under

these conditions, cleavage was not observed (Figure 33E). Therefd#d) /e

mediated increase in Sir protein level$idR was not necessary to protect the adjacent

HO recognition sequence from being cut.
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Figure 33: HMR s resistant to HO-endonuclease digestion in the absenceHiViR-

(A) Diagram of the expected DNA fragment sizes generated by HO-erldasec

(HO) and Hindlll (H) digestion a¥lATa andHMRa. Bars below the schematics
represent the locations of the unique DNA probes used for hybridizatid&TdM)
andHMR (R). Bars above the schematics reflect the expected fragment®sizesh
location upon digestion with Hindlll (large bars) and both Hindlll and HO (small
bars). Light gray bands indicaéegene specific sequence. Dark gray bars represent
sequences found BAT, HMR, andHML, which include the recognition sequence for
the HO endonuclease. (B) Timecourse of HO cutting avild@a locus. Samples were
collected from a wild-typ®MATa strain (LRY2467) in asynchronously growing
conditions (Asyn.), after S-phase arrest in HU, and at various times following
induction of HO. Genomic DNA was isolated, digested with Hindlll, and analyzed by
southern blotting. (C-E) Time-courses of HO cutting atHMRa locus in strains of

(C) wild-typeHMR (LRY2379), (D)sir4 (LRY?2482), (E)hmr- | (LRY2384).
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Resistance to compromised deacetylation is specific to one side of HMR-E
TheHMR-I silencer and tRNA" gene are not required to maintain transcriptional
repression, but their presence athtMR locus suggests they have a biological function.
One situation in which the increased association of Sir protelBIREl might be
important is when the Sir2p deacetylase has reduced activity. The deacatyilabeof
Sir2p requires NAD+ (Imai et al. 2000; Landry et al. 2000; Smith et al. 2000) and is
inhibited by nicotinamide (Bitterman et al. 2002). In theory, Sir2p activity loeay
reduced by fluctuations in the intracellular levels of these metaboldasiric reduced
deaceytlase activity, | co-expressed enzymatically inactive ddetype alleles 05I1R2
which should result in approximately 50% activithe HMR locus is unaffected by this
condition, but silenced chromatin at telomere VI-R is disrupted (Figures 21, 22, and 23).
To determine whethédMR-I or the tRNA™ gene contributed to the resistance of
HMR to reduced deacetylase activity, Sir protein leveldMR were assessed by
chromatin IP in the presence of only wild-typER20r bothSIR2andsir2-N345A
Remarkably, expression sir2-N345Aresulted in a profound decrease in Sir protein
enrichment in the absence of the tR\Ayene (Figure 35A). In contrast, a relatively
modest, albeit reproducible, decrease in Sir protein association was observed in the
absence oAMR-I (Figure 34B). In the absence of both HMR-I silencer and the
boundary, a more severe decrease in Sir3p distribution was observed than in eigher sing
mutant, with total Sir3p levels approaching background within 2 to 3 kilobases of the
HMR-E silencer (Figure 35B). As expected, no loss of Sir3p was observed wlar2the
N345Amutant was expressed in a wild-tyd®¥R strain (Figure 34A). Similar
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observations were made for Sir2p (data not shown). Therefore, the' tRjéAe and the
HMR-I silencer together prevent the loss of Sir proteins when deacetylaticlucede

On the centromere-proximal sidetl®MR-E, there are no known regulatory
sequences to promote or block the spread of silenced chromatin. To determine whether
spreading was inhibited on the centromere-proximal sittMRR-E by co-expression of
Sir2p and Sir2-N45Ap, Sir3p levels were compared on the two sidé8IBFE at wild-
typeHMR. As described above, Sir2-N345Ap had no affect on Sir3p or Sir2p levels
within the wild-typeHMR cassette on the telomere-proximal sidelbfR-E (Figure 34A
and data not shown). In contrast, Sir2-N345Ap inhibited the spread of Sir proteins to the
centromere-proximal side 6fMR-E (Figure 36). This depreciation of Sir protein
association occurred despite the fact that similar levels of Sir3p and Siepesruited
to HMR-E (Figure 34A and data not shown), indicating that the spread of silenced
chromatin was specifically inhibited. The sensitivity of silenced chtiona Sir2-
N345Ap on the centromere-proximal sideHWIR-Eis similar to what was observed at
telomere VI-R (Figure 23), as well the on the telomere-proximal sitiVii-Ein the
absence of the additional regulatory elements (Figure 35B). From these Iresaltkide

that resistance to Sir2-N345Ap is facilitatedHiyIR-1 and the tRNA gene.
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Figure 34: TheHMR-I silencer partially helps maintain silenced chromatin aHMR
when Sir2p deacetylase activity is reduced

(A) Sir3p association withiIMR in the presence of either wild-type Sir2p alone
(LRY1007) or Sir2p and catalytically inactive Sir2-N345Ap (LRY0804). (B) Sir3p
association wittHMR- tRNA™ in the presence of Sir2p alone (LRY2302) or Sir2p
and Sir2-N345Ap (LRY2303). Values in A and B represent the averages of at least 3
independent experiments.
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Figure 35: The tRNA™ gene maintains silenced chromatin in conditions of reduced
deacetylation

(A) Sir3p association withiIMR- | in the presence of Sir2p alone (LRY2315) or

Sir2p and Sir2-N345Ap (LRY2316). (B) Sir3p association WiMR- | tRNA™ in
the presence of Sir2p alone (LRY2309) or Sir2p and Sir2-N345Ap (LRY2352).
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Figure 36: Silenced chromatin is sensitive to reduced Sir2p destglation on the
centromere-proximal side ofHMR-E

The relative associations of Sir2p and Sir3p with a position 1 kb on the centromere-
proximal side oHMR-E at wild-typeHMR in the presence (LRY1007) and absence of
sir2-N345A(LRY0804).

The HMR-I silencer and tRNA gene cooperate to maintain silencing when
deacetylation is reduced

To determine whether the reduction in Sir proteins associatedhmith |

tRNA™ under conditions of reduced deacetylase activity impacts silenchiyiBal,
transcription was assessed in several ways. First, a mating assegnaastedOnly
whenHMRalis silenced willMAT strains mate and form diploidgd AT haploids
containing different combinations BIMR andSIR?2alleles were mixed with haploids of
the opposite mating type and plated onto medium selective for diploids. Neither the
deletion of theHMR-I silencer nor the tRNA" gene alone resulted in a detectable defect
in mating (Figure 37). However, in the absence of bt#R-1 and tRNA™, an
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approximately 10-fold defect in mating was observed in the presence of Sir2-pl345A

(Figure 37, bottom row), indicating that in 90% of the cells, endilgRal mRNA is

present to disrupt mating. To detétiiRal directly, cDNA was prepared from each of

the mutant strains and quantified by real-time PCR. Consistent with the rassizg

HMRal transcripts were not detected in strains with wild-type or mutant fRabeles

of HMR (Figure 38A).In the absence dtdMR-I, a slight derepression BiMRal

occurred, although the levelstdMRal were approximately 1% of those irsig2 strain

(Figure 38B). In the absence of bttMR-1 and tRNA™, HMRal was also slightly

derepressed. In this castlIRal levels were at approximately 7% of those ®ira

strain (Figure 38B). Therefore, thiMR-I silencer and tRNA" gene atHMR do play a

role in promoting the spread of silenced chromatin when deacetylation is compromised.
Silencing at telomeres is known to be inhibited by the co-expression of Sir2-

N345Ap and Sir2p (Armstrong et al. 2002). To compare the abilities of a telomezat rep

andHMR-Eto maintain transcriptional silencing in the presence of Sir2-N345Ap, |

measured the level FRO57WmRNA. Coincidentally, the promoter ¥FR057wis

located at a nearly identical distance from the telomeric silentédlpbase) as is the

promoter oHMRal is fromHMR-E YFRO57wwas derepressed at a nearly 3-fold greater

level thanHMRal in the absence of botiMR-1 and the tRNA™ gene (Figure 38B). One

possible explanation for this result is that the promotétRal is weaker and more

easily silenced than the promoterYd¥R057w To test this possibility, | directly

compared the transcript levels of the two genes in the absence of silencsiin a

strain. Under these conditiort$lMRal levels were more than 7-fold greater than
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YFRO57windicating that th&¢ FRO57wpromoter is actually weaker than the promoter of
HMRal (Figure 38C). It is important to note tHéfMRal mRNA has a relatively short
half-life of less than 4 minutes (Miller 1984). Therefore, it is unlikely that thledni

levels ofHMRal mRNA are attributable to post-transcriptional stabilitgonclude from
these data that, although tH&IR-I silencer and tRNA" gene are critical for complete
insulation of silenced chromatin MR, theHMR-E silencer conveys additional

resistance to Sir2-N345Ap HIMR over the telomere VI-R sequence.

Figure 37: HMR-I and the tRNA™ gene both contribute to silencing oHMRa1
when deacetylation is reduced

Mating ability was assessed in the same strains described in Figures 33 ad &, a
as aMAT sir2 strain (LRY1068).
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Figure 38: HMR-E promotes higher levels of gene silencing in presence of Sir2-
N345Ap compared to telomere VI-R
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(Figure 38 continued) (A) Levels 6fMRal andYFRO57wn the presence of Sir2-
N345Ap. RNA was isolated from the strains described in Figures 33 and 34 bearing
the indicatedHMR alleles and botlsIR2andsir2-N345A The mRNA transcripts were
converted to cDNA and quantified by real-time PCR using primers spemifind
HMRal andYFRO57wgenesRNA from the strain with wild-typ&lMR was used to
guantify YFRO57wranscripts. Transcript levels were normalized first to an internal
control geneN'TG]) and then to the level of RNA insx2 strain (LRY1068). The
values from 4 independent RNA preparations are plotted as individual data points
(circles). (B) Relative levels diMRal andYFRO57wWmRNAs were quantified in
strains with wild-typeSIR2(LRY1007) andsir2 (LRY1068). Transcript levels are
shown relative to the control ge¢TG1). Data from 4 independent RNA isolations
are plotted as in A.
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3.4 Discussion

HMR-E increases the association of Sir protein over several kilobases

Historically, it has been thought that silencers act by recruiting sigpcoteins
to a particular site in the genome and that the spreading of silencing probeigshed
chromosome occurs independently of the silencer. However, | found théittReE
silencer acts by a process other than recruitment to enable the rapidiestabtiof
silenced chromatin over several kilobases (Chapter 2). These initial $aalised on
the establishment of silencing following the induction of high levels of Sir3p, and it wa
important to investigate hoWMR-E and other silencers shape the steady-state
distribution of Sir proteins expressed at endogenous levels. This chaptdresescr
experiments revealing thBeMR-E maintains Sir proteins at higher levels over several
kilobases than does the telomeric repeat at chromosome VI-R. This inceaasext Sir
proteins is observed both wheiMR-Eis in its native location diMR (Figures 25 and
26) and when it is translocated to telomere VI-R (Figure 27). Moreover, theceghan
association of Sir proteins is observed in the absence of the auxiliary sHiBel
(Figures 26 and 27), indicating tHdMR-E achieves this increase on its own. Finally, |
found that the association of Sir proteins is enhanced on one $ifiéRY{E compared to
the other (Figure 28) and that tH&R-I silencer does not similarly increase the
association of Sir proteins (Figures 28 and 30, 3 and 4 kb amplicons). Therefore, in
addition to accelerating the rate of Sir protein assembly;Ikh-E silencer also
increases the steady-state association of Sir proteins over severalddlobas
directional manner.
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HMR-limpacts Sir protein levels at HMR but does not affect transcriptional silencing

The sequence t{MR-1is much more conserved among related species of yeast
than are the regions that flank the silencer (Teytelman et al. 2008), sugtjesstihglR-|
has a biological function that positively impacts the fitness of a yeashckéeping
with this hypothesis, | found that tiMR-I silencer does elevate the levels of Sir
proteins within theHMR cassette and helps maintain the Sir proteiffiR when
deacetylase activity is reduced (Figure 34B). However, | and otherddumckthat,
despite the reduced association of Sir proteins in the abseHdFRM, transcriptional
silencing remained effective (Figure 29, (Brand et al. 1987)). In fact, evemditions
of reduced deacetylase activity, the lossibfR-I led to only the slightest derepression
of transcription (Figures 37 and 38). Similarly, | found tHMR remained protected
from cleavage by the HO endonuclease in the absend®BEl (Figure 33E). Thus, it
remains unclear how the increased association of Sir proteinsivifhdue toHMR-I
contributes to the biological function of this silencer. One possibility iHNHR-|
protects the locus against loss of silencing under suboptimal conditions, such as a
reduction in deacetylase activity. In contrast to laboratory conditiong, ipezature are
subject to varying levels of nutrients. Consequently, the activity of Sir2p, wdgcires
NAD®, may fluctuate, thereby driving the evolution of mechanisms for maintaining
silenced chromatin &iMR when NAD' is limiting.

One striking observation of this study is that iR cassette appears to recruit
more Sir proteins than are necessary to maintain silencing. In fact, ipéoset
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repression remains strong when the association of Sir proteins wéf phemoter is
reduced to one quarter of the maximum observed aibR-E silencer (Figure 35). This
observation suggests that Sir proteins may not prevent transcription by phlysicall
blocking access of RNA polymerase to the promoter, as was originally pcbgostead,
Sir proteins may generate modifications of histones that persist even wipeot&ns
dissociate from the promoter. Alternatively, Sir proteins associated witiiéhees may

act from a distance to repress transcription.

The tRNA" gene plays both positive and negative roles in the regulation of silencing
The tRNA™ gene aHMR is notable as one of the few defined boundary elements

that functions at its endogenous locatioisircerevisiaetRNA genes have also been

shown to separate heterochromatin from euchromatin at centrom&gsambéScott

et al. 2006; Scott et al. 2007) and to block upstream activator sequences from acting on

promoters irS. cerevisiaéSimms et al. 2008), indicating that these genes may have

conserved functions in partitioning domains of chromatin. However, my analysitsrevea

that, although the tRNA" gene does block the spread of Sir proteins, it probably is not

the major mechanism controlling the extension of silencing chromatin. In teecabsf

the tRNA™ gene, Sir2p and Sir3p were only marginally enriched on the telomere-

proximal side oHMR and the expression &fIT1 was reduced by less than 2-fold

(Figures 31 and 32). Therefore, it appears that silenced chromatin naturaltg deer a

distance of one or two kilobases even without encountering a specific boundary element
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The tRNA gene thus serves as a backup mechanism to check the spreading of silenced
chromatin in the few instances in which it extends beyond its usual limit.

| also found that the tRNA" gene helped maintain Sir proteins within HiéR
cassette when Sir2p activity was compromised (Figure 35A), although it hackobosff
the distributions of Sir2p or Sir3p in the presence of wild-§R2(Figure 28B and C).

At least two mechanisms could account for this role of the tRNgene in promoting the
association of Sir proteins withMR. One possibility is that the tRNA gene blocks the
spread of euchromatin, and in particular acetyltransferases, into the gileces. It has

been suggested that acetyltransferases participate in a spreaaitgr similar to that of

Sir proteins (Bulger 2005). For example, acetyltransferases target@artiocalar

sequence can acetylate histones over several kilobases (Vignali et aly Q@0 @&|.

2006), and this long-range acetylation is disrupted by nucleosome excluding sequences
(Yu et al. 2006). Thus, the tRNX gene may block the spread of euchromatin fiR.

This effect may be particularly pronounced in the absenediR-1, which helps to

stabilize Sir proteins, as | observed (Figure 28).

A second possibility is that the ability of the tRNI‘ﬁgene to recruit cohesins may
stabilize silenced chromatin when deacetylation is reduced. ThefRejghe adjacent to
HMR s reported to promote the association of cohesion proteins with the siteéktéed
locus (Dubey and Gartenberg 2007). The loss of cohesins has no impact on silencing of
HMRal (Chang et al. 2005), although as | have shown, the recruitment of Sir proteins to

HMR can be significantly impaired and not affeti¥lRal expression.
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Dynamic relationship between positive and negative regulators of silenced chromatin
The discovery of a positive role for a tRNA boundary element in the regulation of
silenced chromatin suggests a dynamic relationship between silenced aed acti
chromatin. Intriguingly, these phenotypes were only observed in the context of reduced
Sir2p activity. Under normal conditiotdMR-E alone is strong enough to silence
HMRal, maintain haploid cell identity, and protect against HO endonuclease cleavage.
Why then, is it necessary to have an auxiliary silencer to boost Sir proteadisgrand
a boundary to block the subsequent spreading? | suggest that my experiments with
reduced Sir2p deacetylase activity may provide some clues. In contrasttto mos
experimental growth conditions, in nature yeast are likely subjectedategrariation in
environmental conditions. The direct link between Sir2p activity and metabolisnmssugge
that there may have been selective pressure to evolve insulating mecHanisms
maintaining silenced chromatinldMR in stress conditions. Indeed, in oxidative stress
conditions, silencing éddMR is improved upon overexpression of Sir2p (Oberdoerffer et
al. 2008). It may be inferred that the natural boost in Sir protein levels conveyed by
HMR-I (and in some cases the tRRNAgene) would likely have a similar effect.
Furthermore, the apparent overabundance of Sir proteHilglRtmay mitigate the loss of
Sir protein enrichment at silenced loci that occurs during ageing (Dah@608), thus
delaying the onset of sterility in older cells. Currently, it is unclear hewdynamics of

positive and negative regulators of silenced chromatin are affected by stlesgetng
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4. ldentification of HMR-E associated proteins that mediate
efficient silencing

4.1 Introduction

In S. cerevisiagthe current model for silenced chromatin assembly implies that
silencers serve as simple recruitment centers for Sir proteins.dhaogdo this model,
silencers that are equally proficient at recruiting Sir proteins adiqted to promote
equal spreading reactions. The telomeric repeat sequences at the end of cheoxfiesom
R recruit Sir proteins at similar levels and with similar kineticsllsdR-E. However,

HMR-E promotes the assembly of Sir proteins onto nucleosomes much more rapidly than
telomere VI-R. Th&HMR-Esilencer also promoted this rapid assembly reaction in the
context of the telomere. Therefore, the establishment of silenced chr@ppéars to be

more complex than the model of simple recruitment and spreading suggests. The
properties oHMR-Ethat distinguish it from the telomeric silencer in terms of silencing
efficiency remain incompletely understood.

TheHMR-Esilencer is the only silencer in yeast that includes binding sites for all
three known Sir complex recruiting proteins, ORC, Raplp, and Abflp. These binding
sites were originally identified by mutational analysi+idMR on plasmids. In these
studies, mutations that disrupte®Ral silencing were mapped to sequences within
HMR-E (Abraham et al. 1984). Subsequent studies further characterized the silehcer
identified three minimal sequences that facilitated repressibividtal(Brand et al.

1987), which were later identified as binding sites for the ORC, Raplp, and Abflp
(Rusche et al. 2003). These studies investigated silenciilyiBA1 expression at
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steady-state in normal growth conditions. However, | discovered that nnge®ins
get recruited t¢tHMR than are necessary to silerid®lRal gene expression (Chapter 3).
Therefore, these early experiments may have missed propenti®4RE that boost the
efficiency of silencing beyond what is necessary to silence theysséateé expression of
HMRal. Thus, it is unclear if these specific consensus sequences are importaat for t
relatively high efficiency oHMR-E

In this study, | dissected th#MR-E silencer to determine which components are
essential for the robust silencing observeHMR. | discovered that a minimaMR-E
silencer, which contains only the consensus sequences for the known silencer binding
proteins, was sufficient to mediate high level$iMR silencing in both wild-type
conditions and conditions of compromised Sir2p activity. Furthermore, a synthetic
silencer that contains different binding sites for ORC, Raplp, and Abflp, effgctivel
silencesHMRalin normal conditions but fails to silence the locus in conditions of
reduced Sir2p activity. Experiments with hybrid silencers containing €lifter
combinations of consensus sequences from wild#{M&-E and the synthetic silencer
revealed that the ACS 6fMR-E contributes to the high efficiency of thMR-E
silencer. Finally, | discovered that the rateHdfiRal silencing is dramatically reduced in
the absence of Sirlp, which is recruitedHtdR-E through interactions with the ORC
bound to the ACS diMR-E Sirlp is not thought to localize to the telomeric repeat
sequences or contribute substantially to TPE at telomere VI-R (Mondoux and Zakia
2007). Thus, Sirlp may represent a potential factor that distinguishes the luigimeyfi
HMR-Esilencer from the lower efficiency telomere VI-R silencer.
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4.2 Materials and methods

Yeast strains and plasmids

Strains used in this study were derived from W3031-b. The following alleles were
described previoushhmr-E | (Rivier et al. 1999)|.LEU2::sir2-N345A(Imai et al. 2000;
Armstrong et al. 2002jymr-e(ss) | (McNally and Rine 1991; Fox et al. 1995mr-
e(E*“Yss) | andhmr-e(s§“JE) | (Palacios DeBeer et al. 2008)r1 ::LEU2,
sir2 ::TRP1, sir3 ::TRP1, andsir3 ::LEU 2 (Rusche and Rine 2001; Rusche et al.
2002). To create themr-e(138bp) | allele, a plasmid containing the minintahr-e
(138bp)(pJR638; McNally and Rine 1991) was digested with Mlul and Mfel. The
resultinghmr-e(138bpfragment was ligated into the same sites of the plasmid pLR0689,
which contains the EcoRI-Ndel sequencéwir- |1 in a pUC18 vector backbone, to
generate pLR0720.

To integrate the mutahimr-e(138bp) | allele into its native locus in the yeast
genome, plasmid pLR0720 was digested with EcoRI and Ndel and used to transform a
yeast strain in whichiMR was replaced bWRA3(LRY2177). Approximately 10 optical
density equivalents of transformed cells were resuspended in 50 mL of YPD arebtlallow
to recover overnight at 30°C. To select for integrants in whicBR®3marker was lost,

2 optical density equivalents of cells were plated directly onto medium cogf&ini
FOA. Correct integration dimr-e(138bp) | was confirmed by PCR and southern

blotting.
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Mating assays

Mating assays were performed as described in Chapter 2 (section 2.2).

Silencing timecourses

All cultures were grown in selective, supplemented media lacking uracietd se
for the plasmid (CSM; MP Biomedicals), and maintained in logarithmic growth
throughout the timecourses. For the inductioR & -SIR3 cultures pregrown in 2%
raffinose were brought to an optical density at 600 nm of approximately 1.0 (+&n0l.1)
then induced by the addition of galactose to a final concentration of 2%. At each
timepoint, approximately 15 mL of cells were collected, from which total RN& wa

isolated via the hot phenol method (Schmitt et al. 1990).

RNA blotting

RNA blots were performed as described in Chapter 2 (section 2.2).
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4.3 Results

A minimal HMR-E silencer maintains efficient mating in conditions of comprdmise
Sir2p activity

To investigate the properties dMR-Ethat mediate high efficiency silencing at
HMR, two possible models were addressed. The current model suggests that tiee specif
binding sequences for ORC, Raplp, and AbfIdMR-Eare solely responsible for the
full function of the silencer. A second model was considered whereby the sequences
flanking HMR-E also contribute to silencéunction. It was reasoned that these sequences
may boost the efficiency ?iMR-E, which may be important in conditions of weakened
silencing. In support of the second model, the positions of the nucleosomes adjacent to
HMR-E help determine the directionality of the silencer (Zou et al. 2006a). Thus, the
sequences flankingMR-Emay help position nhucleosomes in a manner that is favorable
for loading Sir proteins onto nucleosomes. Alternatively, these sequences may harbor
binding sites for unknown factors that promote the formation of higher order chromatin
structures.

To determine if the sequences flankHIR-E contribute to the silencer’'s
function, a minimaHMR-E silencer was constructed that contains the natural consensus
sequences for silencer binding proteinsl&tR-E, but lacks approximately 650 bases of
surrounding DNA. This silencer was tested for mating efficiency in wild-tgpelitions
and in the presence of both Sir2p and the catalytically inactive sir2-N345Ap, which is
predicted to result in a reduction of Sir2p deacetylase activity. To elimh@te t

possibility thatHMR-I might mask differences between the wild-type and minimal
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silencersHMR-I was deleted. In these conditions Sir protein levels are slightly reduced
atHMR, but mating levels are unaffected (Figures 34B and 3 hreeel). If the

current model is correct, then the strain containing the minimal silencedshatg with

the same efficiency as wild-typ#MR-Ein conditions of weakened Sir2p deacetylation.
On the other hand, if additional sequences surrourtdMB-E facilitate the high

efficiency of the silencer, then mating in the strain containing the mirsihealcer should

be reduced compared to wild-type in these conditions. Consistent with current model of
HMR-E, yeast strains containing the mininkIR-E silencer were able to mate at wild-
type levels in conditions of compromised Sir2p activity (Figure 39, compare to middle
panel of Figure 40). Therefore, the known silencer binding proteins sequehriddR &

are sufficient to maintain silencingldMR in suboptimal conditions.
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Figure 39: A minimal HMR-E silencer was insensitive to conditions of reduced Sir2p
activity
Silencing was assayed by mating in strains with a modtid@R allele that lacks the
HMR-I silencer and contains a minimtdMR-E silencer. The minimaiMR-E
silencer retains the wild-tydeMR-E silencer sequences but lacks approximately 650
bases of flanking DNA. Mating ability was assessed as in Figure 21 imsstrai

containing the modifietHMR allele in the presence of wild-ty[®#R2(LRY2321) or
both SIR2andsir2-N345A(LRY2322).

A synthetic silencer in place of HMR-E was sensitive to conditions of compromiyed Si
activity

To explore the importance of the specific silencer protein consensus sequfences
HMR-Eto the efficiency of silencing & MR, mating was assayed in strains containing a
previously described synthetic silencer (McNally and Rine 1991) in pladMB-E
This synthetic silencer was modeled after the nadiVdR-E silencer, with several key
differences (Figure 40A). First, the synthetic silencer contains conssgpusnces for
ORC (ARS nsensus &juence), Raplp, and Abflp that are different from those at
wild-type HMR-E Second, although the spacing of the silencer protein binding
sequences is the same abIBtR-E, the linking sequences are different. Finally, the

silencer flanking DNA sequences are deleted as described above. Desggte th

136



differences, the synthetic silencer bimdwitro to the same proteins BVIR-E (ORC,
Raplp and Abflp) (McNally and Rine 1991; Palacios DeBeer et al. 2003).

To test the efficiency of silencing strains containing the synthetic silencer,
mating assays were performed in conditions of compromised Sir2p activitypasted,
in strains containing wild-typelMR-E, mating efficiency was unaffected in conditions of
compromised Sir2p activity (Figure 40B, middle pankl strains containing the
synthetic silencer, mating levels were slightly reduced compareddeaypéHMR-E in
conditions of full Sir2p deacetylase activity (Figure 40B, compare matiS{RBstrains
of middle and bottom panels). Thus, the synthetic silencer is less efficient thaypeil
HMR-E even in conditions that are optimal for silencing. Nonetheless, significaimgmat
was observed in the synthetic silencer strain, as previously reported (MaNdlRine
1991). In conditions of compromised Sir2p activity, mating in the synthetic silenaier s
was reduced by as much as five orders of magnitude (Figure 40B, bottom panel),
indicative of a near complete losshfRal silencing. Therefore, the specific silencer

protein consensus sequenceblEliR-E are critical to the efficiency of the silencer.
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Figure 40: A synthetic silencer was sensitive to conditions of reded Sir2p activity

(A) Schematic of wild-typ&MR-E (top) and a synthetic silencer (bottom). The
synthetic silencer was described previously (McNally and Rine 1991) andnsontai
binding sites for ORC, Raplp, and Abflp (gray boxes) that are different from those at
HMR-E (black boxes). The synthetic silencer also has different sequencesmhétee
silencer protein binding sites (gray line) and lacks roughly 650 bases ohfianki
DNA. (B) Mating ability was assessedMAT strains as described in Figure 21.
Mating was assayed in strains with wild-tyg®R andSIR2(LRY1007) orsir2
(LRY1068) (top panel), in strains lackihMR-1 with wild-type HMR-EandSIR2
alone (DRY0450) o6IR2andsir2-N345A(LRY1815) (middle panel), and in strains
lacking theHMR-I silencer with the synthetic silencer édldR2alone (JRY4473) or
SIR2andsir2-N345A(LRY0894)
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The ACS of HMR-E boosts the efficiency of silencing in conditions of compromised Sir2p
activity

To determine whether specific sequences within the mirifivdR-E silencer are
of particular importance for efficient silencingliR, mating was assayed in strains that
contain two previously described hybHiMR-E silencers with different combinations of
wild-type HMR-E and synthetic silencer sequences (Palacios DeBeer et al. 2003). One of
these hybrid silencers contains the wild-type Af# HMR-Ein conjunction with the
Raplp and Abflp consensus sequences from the synthetic s{lemcexE"“7s9). The
second hybrid silencer contains the Afd@n the synthetic silencer alongside the Raplp
and Abflp consensus sequences fHMR-E (hmr-e(s§“JE)). The mating ability of
strains containing these hybrid silencers was tested in conditions of full andoooisgut
Sir2p activity. Three possible outcomes were considered for mating in conditions of
compromised Sir2p activity. First, if the Raplp and Abflp consensus sequehiidR of
E are important to the efficiency 6fMR-E, then mating in the strains containing the
hmr-E*“s9 silencer should be compromised. Second, if the AGEMR-E is
important, then strains containing ther-e(s§“JE) hybrid silencer should mate at
reduced levels. Finally, if the efficiency BMR-Erequires both the wild-type ACS as
well as the wild-type Raplp and Abflp consensus sequences, then both hybrid silencer
strains should mate at reduced levels. In the strains containihgith&E"“Ys9 hybrid
silencer, mating was equally effective in the presence of Sir2p alone oritf#yragd
Sir2-N345Ap (Figure 41A), suggesting that the Raplp and Abflp consensus sequences
from wild-typeHMR-Eand the synthetic silencer are interchangeable for mediating high

levels of silencing in conditions of weakened Sir2p activity. In contrastngiatas
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partially reduced in strains containing thar-e(s§“JE) silencer upon co-expression of
Sir2p and sir2-N345Ap (Figure 41B), indicating that the ACS sequendBIBFE plays
an important role. The loss of mating efficiency in this strain was lesseseompared to
the synthetic silencer (compare Figure 41B to 40B). Therefore, the fibssdmains
that the Raplp and Abflp consensus sequencesHMRYE may also compensate for
the loss of efficiency in the presence of the synthetic ACS. However, upomsiegue
analysis, it was discovered that this silencer actually contains two sgrditencer ACS
sequences in tandem (Figure 41B, see schematic). Thus, it is unclear whelReglpe
and Abflp binding sites frolHMR-Ewere responsible for the partial mating phenotype
observed in the hybrid silencer strain, or if the presence of two syntheticesiACS
sequences mitigates the defect in mating efficiency. Neverthélese results indicate

that the ACS oHMR-Eis an important determinant of the high efficiency of the silencer.
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Figure 41: The ACS ofHMR-E improves the efficiency of silencing in conditions of
compromised Sir2p activity

Silencing was assayed by mating in strains with modHiBtR alleles that lackIMR-
| and contain previously described hyhHR-E silencers (Palacios DeBeer et al.
2003). (A) Mating in strains with a hybrid silencer that contains the AGBR-E in
conjunction with the Raplp and Abflp binding sites from the synthetic silencer.
Mating was assessed as described in Figure 21 in strains with wil&lftge
(CFY1211) or botlSIR2andsir2-N345A(LRY2366). (B) Mating in strains with a
hybrid silencer that contains 2 ACS sequences from the synthetic silencer in
combination with the Raplp and Abflp binding sites fioMR-E Mating was
assessed in the presenc&stR2(CFY1209) or bottSIR2andsir2-N345A(LRY2365)

SIR1 accelerated the rate of HMRsilencing
The role of the ACS aiMR-Eis to recruit ORC, which in turn brings Sirlp to
the silencer. Orclp binds to Sirlp, which facilitates the recruitment of Siriybo(@nd

Sternglanz 1996) . Sirlp is known to improve the efficiency of silencing. In expgsime
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that tethered Sirlp to the telomere, silencing of a reporter gene was impydl@ddid
(Chien et al. 1993). In a prior study, the ACS of the synthetic silencerhagscterized
as having reduced affinity for ORC compared to the AGSMR-E (Palacios DeBeer et
al. 2003). Consequently, the synthetic silencer is less effective at megiSitiLp
(Palacios DeBeer et al. 2003). In strains with wild-tid&R, Sirlp is not required to
retain significant levels of mating (Rine et al. 1979 and Figure 42). HowexHp,i8ay
be important to promote the relatively rapid onset of silencing observédRtTo
determine if the loss of Sirlp results in a reduced rate of silenciiigiBf the
establishment afiIMRal silencing was assayed following the inductiorB&R3in the
presence and absence of Sirlp. Remarkably, in the absence of Sirlp, high levels of
HMRal mRNA were still detected after 6 hoursiR3induction (Figure 43). In
contrast, in the presence of SirHMRal transcripts were barely detectable after 2 hours
of induction (Figure 43). Consistent with the steady-state results (Figyrénd 2najority
of HMRal transcripts were eventually silenced in the absence of Sirlp (Figure 43).
Clearly Sirlp accelerates the rate of silencingMR. A remaining question is whether
Sirlp accelerates silencing by enhancing the recruitment of Sir praag¢imsHMR-E, or

if Sirlp also plays a role in promoting the assembly of Sir proteins onto nucleosomes
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Figure 42: Mating in the absence of Sirlp

Mating ability was assessed as described in Figure REAIL strains with genotypes
that are wild-type (LRY1009%ir3 (JRY4605), osirl (JRY4621).

Figure 43: Sirlp accelerated the rate of silencing
RNA was islolated at the indicated times following inductiosB®3in the presence

(LRY?2225) and absence (LRY2227)8IR1 HMRal levels were determined as
described in Figure 3. Values represent the averages of two independent exgerime
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4.4 Discussion
The minimal HMR-E promotes efficient silencing of HMR

Previously, | determined thatMR-E promotes the assembly of silenced
chromatin independently of recruitment. FurthermbiéR-E maintains higher levels of
Sir proteins over a wider range of nucleosomes compared to the telomeredl&fiders
As a result, silencing is highly efficientldMR. Indeed, silencing &iMR is resistant to
mutations that weaken the activity of Sir2p, which is essential for the blyseh®ir
proteins onto nucleosomes. Additionally, more Sir proteins are recruiktld®than are
necessary for the known functions of silenced chromatin at the locusiMRd silencer
contributes to the efficiency of silencingtR. However, thiHMR-E silencer alone
plays an important role as well.

The properties ofiMR-Ethat are required to silenééMRal gene expression
have long been known. This silencer binds to the ORC, Raplp, and Abflp, which in turn
recruit the Sir protein complex and sileii¢®Ral. However, it is unknown if these
sequences are also the minimal requirements for the high efficiehtyR{E mediated
silencing. Therefore, it was important to investigate the propertidMét-E that
contribute to silencing beyond what is necessary to sildivigal expression in wild-
type conditions. | explored the abilities of modifieR-E silencers to silencdMRal
expression in conditions of weakened Sir2p activity. | determined that the knomcesile
protein consensus sequencesibR-Ewere sufficient to silencelMRal in conditions
that were suboptimal for silencing (Figure 39). Furthermore, the speaifsensus
sequences &MR-Ewere required for silencing in these conditions. In particular,
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replacing the ACS dfMR-Ewith different ACS sequences from a synthetic silencer
resulted in a partial loss of silencing in conditions of compromised Sir2p a¢kuyre
41B).

In conclusion, these studies suggest that the high efficiency biiMiieE
silencer is the result of specific silencer protein binding sequences. S¢msmces
distinguishHMR-Efrom other silencers in the yeast genome and likely contribute to the
unique potency of thelMR-Ein comparison to other silencers. However, it is important
to note that these experiments do not distinguish between potential roles for these
sequences in recruitment of Sir proteins or subsequent assembly onto nuclebsomes.
theory, these sequences may simply increase the probability thabt®ingmwill localize
to the silencer, which would improve the efficiency of silencing. Altérabt, these
sequences may facilitate proper loading of Sir proteins onto nucleosomes.riidterg

between these two possibilities will require further experimentation.

SIR1 accelerated the onset of silencing at HMR

One clear distinction between the inefficient telomere VI-R sileacdrthe
efficientHMR-E silencer is the utilization of the Sirl protein. Sirlp is recruitddNtiR-
E through the ORC bound to the ACS. Sirlp binds to both a BAH domain located in the
N-terminal region of Orclp and to Sir4p, thus cross-linking Sir4p to ORC (Triolo and
Sternglanz 1996). Clearly Sirlp facilitates recruitment of the Sir protanplex.
However, only partial defects in the steady-state silencing lavElSIR are observed in
its absence. To address the potential contribution of Sirlp to the akR&1 silencing,
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| performed RNA timecourses in strains lacking Sirlp. Remarkably, it t@ok& than 24
hours to establish steady-state levels of silencing in the absence of SirlpIthbugha
Sirlp is not necessary to silendMR in steady-state conditions, it is absolutely essential
for the rapid establishment of silencing.

It is highly likely that the dramatically reduced rate of silencindneabsence of
Sirlp is at least partially due to defects in Sir protein recruitment toléimeesi.
However, a remaining question is whether Sirlp also facilitates S@ipresembly onto
nucleosomes. In conclusion, it is important to note that neither the ORC, nor Sirlp appear
to play an important role in TPE at telomere VI-R (Mondoux and Zakian 2007). In fact,
tethering Sirlp to the telomere results in a profound increase in the effickegene
silencing at the telomere (Chien et al. 1993). Therefore, these proteins and their
interacting partners are attractive candidates for future studies diffédrences between

the high efficiencyHMR-E silencer and the low efficiency telomeric silencer.

Potential role for Sirlp in promoting the spread of Sir proteins at HMR

The current model for the assembly of silenced chromatin suggests that @irlp is
recruitment-specific protein. This model is based on the observations that Siatp is
required for maintenance of silenced chromatiHMR and that Sirlp localizes to the
silencers but fails to spread (Pillus and Rine 1989; Rusche et al. 2002). However, a role
for Sirlp in the assembly of silenced chromatin beyond recruitment has not been

thoroughly investigated.
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Recent biochemical studies suggest how Sirlp may promote the assembly of Sir
proteins onto nucleosomes. The C-terminal region of Sirlp contains an ORC-interacti
region (OIR) that binds to the BAH domain of Orclp (Triolo and Sternglanz 1996; Hou
et al. 2009). Intriguingly, a sequence with significant homology to the C-tdr@iRais
located in the N-terminal region of Sirlp (Connelly et al. 2006; Hou et al. 2009). Unlike
the C-terminal OIR, which tightly binds to Orcl1p, the N-terminal OIR-likgam binds
Orclp with significantly reduced affinity (Hou et al. 2009). Expression dpSimutants
lacking the N-terminal domain restore wild-type levels of matingrih strains (Stone
et al. 1991; Connelly et al. 2006), suggesting that Sirlp is still recruited to theesite
the absence of the N-terminal OIR. However, the N-terminus of Sirlp is required for
mating in strains where silencing is weakened by mutations in Sir3p (&tahel991;
Connelly et al. 2006). Therefore, this domain does contribute to the efficiency of
silencing aHMR. One possibility is that the OIR-similar region of the N-terminus of
Sirlp doesn’t bind to the BAH domain of Orclp, but rather binds to the BAH domain of
Sir3 proteins bound to nucleosomes (Figure 44). Indeed, the N-terminal OIR does interact
with Sir3p, albeit weakly, in yeast 2-hybrid experiments and this interaaidd c
potentially be strengthened if Sir3p BAH is also bound to nucleosomes. It is pausibl
that even transient interactions between Sirlp and nucleosome-assoc&fmotsins
may cross-link Sir3p to the silencer and facilitate the formation of highder ohromatin

structures adHMR.
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Figure 44: Potential role for Sirlp in the assembly of Sir3p onto nucleomes
Sirlp interacts with Sir4p (4) and the BAH domain of Orclp (\)MR-E.

Sequences in the N-terminal half of Sirlp may also interact with the BAH dsofi
Sir3 (3) proteins bound to nucleosomes within the silenced chromatin domain.
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5. Conclusions and perspectives
5.1 Silencers dictate the rate of Sir protein asd#ynon chromatin

The current model for establishment of silenced chromat# oerevisiae
suggests that the only role of a silencer is to recruit Sir proteins to the chrom@swee
recruited to the chromosome, the Sir complex spreads along chromatin throligh a se
reinforcing mechanism that is independent of the silencer or genomic contéxt. In i
simplest form, this model predicts that any silencer proficient at regysir proteins
would instigate identical spreading reactions into any DNA environment, agsnm
barrier element is present. Nevertheless, the composition of silenceswately, and
the domains of silenced chromatin that they mediate demonstrate differfitieheies
of silencing.

A focus of this dissertation has been to study how different silencers assemble
silenced chromatin. | used chromatin immunoprecipitation to follow the establisbiment
silenced chromatin at two locations: the end of chromosome VI-R atidRt Sir
proteins are recruited to these two regions by different groups of proteins. At the
telomere, the Sir complex is recruited through an array of Rapl proteinsnithao e
telomeric repeat sequences (Ifz. At HMR, the Sir protein complex is brought to the
locus through a compaEtMR-E silencer that contains single binding sites for the ORC,
Raplp, and Abflp. Importantly, the rates of Sir protein recruitment to the differe
silencer sequences were similar at the two sites. In contrast,élefa&ir protein
assembly onto nucleosomes were profoundly differentiMR, Sir proteins assembled

across more than 3 kilobases in a matter of minutes. On the other hand, aEt&bRer
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Sir protein assembly across similar distances took several hours to déetbprmore,
the enhanced rate of Sir protein assemblMR was only modestly affected by the
second silencer at the loci#MR-I. | considered two possible models to explain these
results: 1) either thelMR-E silencer promotes the association of Sir proteins with distal
nucleosomes in a manner not shared by the telomeric repeats, or 2) silencedirclatoma
the telomere is regulated by more robust anti-silencing mechanismg thisiiRaTo
distinguish between these models, | integratedHt&-E silencer into the context of
telomere VI-R chromatin. ThHdMR-Elocated at telomere VI-R improved the rate of Sir
protein assembly onto chromatin considerably, confirming that anti-silencing
mechanisms were not solely responsible for the dramatic difference atehef silenced
chromatin establishment at the two locations. Since the silencers at thedtiani®c
were equally proficient for the recruitment of Sir proteins, | reasoned thdiftbent

rates of assembly onto chromatin were independent of recruitment. Frometha$s |
concluded that theIMR-E silencer promotes the assembly of Sir proteins onto
chromatin, whereas the telomeric repeat sequences at chromosome VI-R do not.

It has long been know thBEIMR-E is more potent at silencing gene expression
compared to other silencers in yeast. The results of this study imply thmagithe
efficiency ofHMR-Eis related to the silencer’s ability to not only recruit Sir proteins, but
also enhance their association with neighboring nucleosomes. Consistent with this
interpretation, co-expression of both wild-type Sir2p and the catalyticalliniad®ir2-
N345Ap mutant (which is predicted to cause a partial defect in Sir2p histone teesecety
activity) resulted in severe silencing defects at the telomere, YlsEhad no impact on
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silencing aHMR. Sir2p activity is not required for recruitment of the Sir complex to
silencers, but is essential for the subsequent assembly of Sir proteins ontatchrom
(Hoppe et al. 2002; Rusche et al. 2002). Furthermore, the abiNyA®f cells to mate in
conditions of weakened Sir2p activity was unchanged upon deletion ldMRel
silencer. Therefore, thdMR-E silencer alone helps facilitate the persistence of silenced
chromatin in these suboptimal conditions.

In conclusion, | suggest an amendment to the working model of silenced
chromatin assembly (Figure 2). Whereas the telomere VI-R silencawn$othe
predictions of this model well, tHédMR-E silencer promotes both the recruitment of Sir
proteins to the chromosome and catalyzes their subsequent association wittomegeos
The mechanism by which th#&MR-E silencer promotes the assembly of Sir proteins
across several kilobases remains unknown. | hypothesized MR{E promotes the
assembly of Sir proteins onto chromatin through the formation of higher order chromatin
structures, either a regional compaction of chromatin or a loop (see Efufeuch a
higher order structures would be predicted to increase the range of Sir2jy.detivit
instance, silencer-bound Sir2p would be in close proximity to multiple nucleosome
substrates; hence one molecule of Sir2p could deacetylate several nuelepsiomto
spreading. However, further experimentation will be necessary to direstlshts model.
Chromosome Conformation Capture (3C) has recently emerged as a useful tool to probe
for higher order chromatin structures. Consistent with the hypothesis thedr bigler
chromatin structures occur MR, two recent studies using 3C have reported elevated
levels of DNA cross-linking withitHMR (Valenzuela et al. 2008; Miele et al. 2009).
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Curiously, one study showed increased DNA cross-linking between the two ends of
HMR, consistent with the predictions of a chromatin loop (Valenzuela et al. 2008). The
other study concluded that increased cross-linking was limited to a sregiien of
chromatin immediately adjacentHMR-Eon the telomere-proximal side of the silencer,
which is more consistent with the model of chromatin compaction (Miele et al. 2009).
Differentiating between these two models will likely require additional gieements
with strategic placement of restriction endonuclease sites along thle tétMR, which
would allow for the mapping of locations of higher order chromatin with greater
precision. Furthermore, if the hypothesis tHMR-E alone mediates the formation of
higher order chromatin structures is accurate (Figure 24), thétMRE silencer

located at telomere VI-R would also facilitate such structures. Thus, 3@regpts at

the mutant telomeres generated in the study will be useful to exploredtd HMR-E

in the formation of higher order chromatin. Finally, althott¥R-I did not substantially
contribute to the rate of silenced chromatin assemidiMR, it remains possible that

this silencer enhances the compaction of chromatin. Therefore it willjzetant to

perform 3C experiments BBMR in the absence HHMR-I as well.

5.2 Regulators of silencing promote high levels&if protein at HMR

The discovery that thdMR-Esilencer acts by a process other than recruitment to
enable the rapid establishment of silenced chromatin over several kilobases that
the assembly of silenced chromatin is more complex than the original modeptd sim

recruitment and spreading indicated. However, these studies focused on thehestabl
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of silencing following the induction of high levels of Sir3p, which is unlikely to cefle
what happens in nature. Furthermore, changes in the rate of establishment daywt al
result in changes to steady-state silencing (Osborne et al. 2009).ofbgerteivas
important to investigate hoWMR-E and other silencers shape the steady-state
distribution of Sir proteins expressed at endogenous levels. In these expgriment
determined thatMR-E maintains Sir proteins over several kilobases at higher levels
relative to the silencer than does the telomeric repeat at chromosareltis
increased level of Sir proteins was observed both whdR-Ewas in its native location
atHMR and when it was translocated to telomere VI-R. Moreover, the enhanced
association of Sir proteins was observed in the absence of the auxilincgdi®R-I,
indicating thaHMR-E achieves this increase on its own. Therefore, in addition to
accelerating the rate of Sir protein assemblyHNR-E silencer also increases the
steady-state association of Sir proteins over several kilobases inteodakmanner.
Previously, | hypothesized that thR-E silencer might facilitate the formation
of a chromatin loop that spans tH®IR locus. If a discrete domain participates in such a
structure, Sir proteins would be predicted to be evenly distributed throughowdilois. r
However, | observed a gradual decline in Sir protein association as a functiomofelist
from theHMR-E silencer, a result inconsistent with tH®IR-E silencer facilitating the
formation of a stable loop. Instead, transient interactions between siéssmeiated
proteins and nearby nucleosomes may result in the formation of a set of relatedestruc
that enhance the assembly of silenced chromatin in a distance-dependent fdghi
findings that thdHMR-E silencer promotes a more stable silenced chromatin domain and
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mediates some resistance to Sir2-N345Ap, are consistent with this mod8C The
experiments described above will likely provide additional insight into nature of th

chromatin structure dMR.

5.3 Regulators of silencing at HMR promote highenels of Sir protein
than required for known biological functions

In addition to having a robust silenceHMR-E, theHMR locus has a second
auxiliary silencer iMR-I) and a tRNA™ gene that functions as a boundary element to
restrict the spread of silencing. This construction of regulatory elensemighily specific
to HMR. No other location of silenced chromatinSncerevisiagontains a tRNA"
boundary, or a second silencer that fails to recruit Sir proteins, sttiiRd. Neither of
these elements appear to contribute significantly to the rate of Sir preseimily at
HMR. However, it is probable that they have important biological functioH8/R in
certain conditions. To test this hypothesis, | systematically deleted leotlergts and
assayed the levels of Sir protein associatiddMR. Consistent with the predicted
silencer function oHMR-I, Sir protein levels were elevatedHi¥IR in the presence of
the auxiliary silencer. | next tested whether these elevated lev@ismbtein were
important for the known biological roles of silencing#IR. Remarkably, in the
absence of thelMR-I silencerHMRal was completely silenced and tH&IR locus was
resistant to cleavage by the HO-endonuclease. Thus, it remains unclear howetsethc
association of Sir proteins withMR due toHMR-I contributes to the biological function

of this silencer. This result is curious considering the sequertdBIBfl is much more
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conserved among related species of yeast than are the regions théieflaidnicer
(Teytelman et al. 2008), suggesting tHMR-I has a biological function that positively
impacts the fitness of a yeast cell. One possibility isHMIR-1 protects the locus against
loss of silencing under suboptimal conditions, such as a reduction in deacetylase act
In contrast to laboratory conditions, yeast in nature are subject to varyitgdéve
nutrients. Consequently, the activity of Sir2p, which requires NAfay fluctuate,
thereby driving the evolution of mechanisms for maintaining silenced chroat&tMR
when NAD' is limiting. Consistent with this hypothes¥MR-I helped maintain slightly
higher levels of Sir protein association WHIVMR in conditions of weakened Sir2p
deacetylation activity. It will be useful to test silencingddR in different growth
conditions to determine whethdMR- | helps maintain silencing in conditions of
environmental stress.

In contrast ttHMR-I, the tRNA" had no impact on the steady-state levels of Sir
protein atHMR. As expected the tRNA' limited the spread of Sir proteins. However,
even in the absence of the tRNAthe levels of extended Sir protein association were
relatively weak, suggesting the boundary element is not the primary mechhaaism t
restricts Sir proteins diMR. Furthermore, the expression®IT1, which is the next
available gene beyond the tRINAboundary, was only marginally reduced in the
absence of the tRNA" boundary. Therefore, | concluded that capacity of Sir proteins to
spread beyon#iMR was severely limited and that the tRNRboundary is necessary to
block occasional instances of excessive spreading. One striking resudt stixdy was
the discovery that the tRNA gene helped maintain Sir proteins within HiR cassette
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when Sir2p activity was compromised, even though it had no effect on the distributions
of Sir2p or Sir3p in the presence of wild-typER2.0ne possibility is that the tRNA

gene blocks the spread of euchromatin, and in particular acetyltransferasts int
silenced locus. It has been suggested that acetyltransferases pariticgpapreading
reaction similar to that of Sir proteins (Bulger 2005). For example, acetytarases
targeted to a particular sequence can acetylate histones over severatkildhgnali et

al. 2000; Yu et al. 2006), and this long-range acetylation is disrupted by nucleosome
excluding sequences (Yu et al. 2006). Thus, the tRN\gene may block the spread of
euchromatin int¢dMR. This effect may be particularly pronounced in the absence of
HMR-I, which helps to stabilize Sir proteins, as | observed. A second possibility is that
the ability of the tRNA™ gene to recruit cohesins may stabilize silenced chromatin when
deacetylation is reduced. The tRNAgene adjacent tdMR s reported to promote the
association of cohesion proteins with the silend®R locus (Dubey and Gartenberg
2007). The loss of cohesins has no impact on silenciktMital (Chang et al. 2005),
although as shown here, the recruitment of Sir proteirEViBR can be significantly

impaired and not affe¢iMRal expression. An important future study will be to test the
effects of cohesion mutants on silencingd®R in conditions of weakened

deacetylation. On the other hand, if the tRRAunctions to block the spread of HATS,
then replacing the tRNA" deletion site with nucleosome excluding sequences would be

predicted to restore tRNA function in conditions of compromised Sir2p activity.

156



5.4 Dissecting the properties of HMR-E that media#icient silencing

The properties odHMR-E that are important for recruiting the Sir protein complex
and silencing th&iMR locus in steady-state conditions are well known. In particular,
HMR-Erecruits the ORC, Raplp, and AbfHowever, it is unknown if these sequences
are also the minimal requirements for the high efficiendyMR-E mediated silencing.
Therefore, it was important to investigate the properti¢$\dR-Ethat contribute to
silencing beyond what is necessary to sildibtRal expression in wild-type conditions.
| explored the abilities of modifieldMR-E silencers to silenceMRal expression in
conditions of weakened Sir2p activity. | discovered that a minthiR-E silencer,
which contains the wild-type consensus sequences for the silencer bindingspootei
lacks several hundred bases of surrounding DNA, was sufficient to confer mating
strains with compromised Sir2p activity. In contrast, a synti&&-E silencer that
binds ORC, Raplp, and Abflp with different consensus sequences from the minimal
silencer was sensitive to conditions of weakened Sir2p deacetylase attoitgluded
that the silencer binding protein consensus sequences that are spétifiR&are
important for the high efficiency ddMR-E promoted silencing. In experiments using
hybrid silencers with different combinations of consensus sequences from theéisynthe
silencer andHMR-E, silencing aHMR was insensitive to co-expression of Sir2p and
Sir2-N345Ap in strains with a hybrid silencer containing the ACBMR-E On the
other hand, silencing &MR was partially reduced in strains containing a hybrid silencer
with two copies of the ACS sequences from the synthetic silencer. ThetefoneJuded
that the ACS oHMR-Ewas of particular importance. Finally, | discovered that the rate
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of establishment was severely reduced in the absence of Sirlp, which is deoruite
HMR-Ethrough interactions with the ORC bound to the ACS.

The results of this study provide insight into the potential candidates that may
enableHMR-Eto promote the assembly of Sir proteins onto nucleosomes. Neither a role
for an ACS sequence, nor Sirlp in silencing has been described at telomere VI-R. The
apparent absence of these functions at the telomere may account for the toahpara
slow rate of Sir protein assembly. Sirlp is a particularly attractivéidate because it
has the potential to act as a molecular cross-linker. Sirlp gets recrutedsttencer
through direct interactions between the BAH domain of Orclp and the ORC Imtgracti
Region (OIR) on the C-terminal half of Sirlp. Recent studies have shown that Sirlp
contains sequences on its N-terminal half that are homologous to the OIR of the C-
terminus (Connelly et al. 2006; Hou et al. 2009). It is currently unknown if this
homologous region has a biologically relevant interacting partner. One pogssiihat
the OIR-similar region on the N-terminus of Sirlp interacts with the BAH doofa
Sir3p. Itis plausible that even transient interactions between Sirlp and &hBptie
silenced domain may cross-link Sir3 proteins to the silencer and fadihatermation
of higher order chromatin structured-#vIR.

Future studies will be needed to elucidate the mechanisms by WRIBRE
promotes the assembly of Sir proteins onto nucleosomes. To determine whether Sirlp
contributes to spreading as well as recruitment, separation of function nwithnted
to be identified. One approach is to perform an error-prone PCR mutagenesis screen for
Sirlp sequences that disrupt silencing, but not the recruitment of Sir protesredsti i
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possible that other, unidentified factors may be involved. To identify thesesfaator
unbiased, genome-wide screen for mutations that alleviate silenditdRain conditions

of compromised Sir2p activity may be productive. Finally, it has been shown that the
position of the nucleosomes adjacenttdR-E facilitate the directionality of the silencer
(Zou et al. 20064a). It is possible that proper nucleosome positioning may alsat&acilit
the rapid loading of Sir proteins onto chromatin. One way to test this hypotheédis wil
to incorporate nucleosome positioning sequences adjacent to weak silencersrimeeter

if these sequences convidMR-E like assembly reactions.

5.5 New model for the establishment and regulatinsilenced chromatin

The current working model for silenced chromatin assembly suggests that Sir
proteins are recruited to a silencer, then spread linearly across theesbhroenthrough a
self-reinforcing mechanism of sequential deacetylation (Figure 2). discepreading
reaction has been initiated, boundaries and euchromatin restrict it to appropattns
of the genome. One aspect of this model that has been untested is whethentitiyasse
reaction occurs in the same way at all locations and at all silencers. The oéthis
thesis suggest that in fact they do not. | report here that differentesseand likely
different types of chromatin structures, play a significant role in detergithe
mechanism of silenced chromatin assembly at different locations. To dete afrthe
literature on the regulation of silenced chromatin has focused on the role ofreathro
and boundaries in determining the potential for Sir proteins to spread. Undoubtedly, these

anti-silencing mechanisms are important to mitigate the ability of Sieipsoto exceed
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their natural borders. However, the differences in Sir protein assemid\staten here
suggest that in the absence of mechanisms that reinforce the associdte8iof t
complex with nucleosomes over an extended region, Sir proteins are inhereitey irm
their capacity to spread beyond one or two kilobases. Consistent with this iateypret
even in the absence of boundaries and anti-silencing factors, Sir proteinrgeise la
restricted to a small fraction of the genome. The limited capacity far&eins to
spread is likely vital to prevent the formation of silenced chromatin at inapgeopria
locations in the genome, such as at euchromatic sites for ORC, Raplp, or Abflp binding.
The limited capacity for Sir proteins to spread, in combination with variamilitiye
efficiency of silencers to promote spreading, provifieserevisiaavith an adaptable
mechanism for fine tuning the levels of silencing that are appropriatadbrecation. In
conclusion, the results of this research assign new importance to the silencers i
determining the relative size, efficiency, and location of silenced chia@mains in

the cell.
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Appendix

Table 1: Oligonucleotide sequences used

Region Sequence 1 Sequence 2
PHOS5 cttgaacgatgattacgag caagaagtcacgagcatg
NTG1 caaggttcctcgatttagtg gactccagatcagacaagaac
ACT1 cagcgcttgcaccatccc gagcttcatcaccaacgtaggag
YFRO57w caatagcctttcaaagcatac gctttgttacgcttgcacttg
HMRal atggaaagtaatttgactaaagtag Ccaaactcttacttgaagtggag
GIT1 gttgctgacgcttcactac gaagactgctactacagaagtc
HMR (-)1 kb gcaatgactagagaactatcg gatctgaaggttcagtaactc
HMR-E gcaatagatcatgtactaaac ctgcgcttattctcaaacg
HMR 1 kb caatacatctccttatatcaaag caatctcagtacctagaatg
HMR 2 kb gttgatcataagtctcttc ctatgtgtttatacaattgc
HMR 3 kb ctacaatgcaaccccac tcgacgtcggatttgcg
HMR 4 kb gcgcagctatttcaattttgg caattctaacataggatggcag
HMR5 kb cattcgacgcctactacagaac gtaatgctggaccaggtgatatg
HMR 6 kb cattgcgtccggttttgctc gttggaaactctagtcgacac
TEL6RO kb ctgagttcggatcactacacac gatcattgaggatctataatcaac
TEL6R1 kb gtaggaatgcgaaaggatctgtc gtgctaaaggaatccccagagac
TEL6R2 kb gacggaaagagggcagaaag cagcgcacgtttgtttgatg
TEL6R3 kb gagttttgtagtagcgatccgac gtagtgtaaccataagaaatccag
TEL6R4 kb cgtacttagagtaaccatagc cagcaaaataaccactggtgtttaag

TEL::HMR-EO kb
TEL::HMR-E1 kb
TEL::HMR-E2 kb
TEL::HMR-E3 kb

gcaatagatcatgtactaaac
gaccttcataggatgtaagtag
gacggaaagagggcagaaag
gagttttgtagtagcgatccgac

gtggatgcacagttcagag
catatcactaacttctctcagatc
cagcgcacgtttgtttgatg
gtagtgtaaccataagaaatccag

TEL::STF1 kb caatagcctttcaaagcatac gctttgttacgcttgcacttg
TEL::STF2 kb caaattgcaggcaaataaacac gcatgatgatccccaataac
TEL::STF3 kb gacatgaatctcctatcgttc gataaatggacctgtccttc
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