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Abstract

Transcriptional Silencing Dynamics at the Single-Cell Level

by

Erin Asayo Osborne

Doctor of Philosophy in Plant and Microbial Biology

University of California, Berkeley

Professor Jasper Rine, Chair

Single-celled microbes have been the darlings of scientific study for many decades. The
facility with which they can be grown in large batch culture has secured their historic
popularity in biochemical and molecular biology studies. With ease, a researcher can
harvest 107 yeast cells, grind them into a pulp, and survey their collective mRNA
content or protein populations. We have learned much from this practice as any
cursory glance through a textbook on modern biology will attest. But what have we
missed?

In this dissertation, I describe my single-cell approach to understanding gene
expression changes in the yeast Saccharomyces cerevisiae. Gene expression in this
organism is influenced by a number of activating and repressive processes, one of
which is transcriptional silencing, a regional form of repression. Silencing, though
known to be constitutive in S. cereivsiae, can be induced into a facultative state
thereby serving as a valuable model system for the more dynamic heterochromatin of
higher eukaryotes. For my dissertation, I took the yeast out of the test tube, out of
large populations, and studied the process of silencing establishment at the individual
cell level.

To better understand single-cell dynamics of silencing establishment, I developed
a phenotype-based assay of functional silencing in individual cells. This technique,
called the pedigree assay, was used to measure the speed of silencing establishment
resulting in a phenotypic change–an alteration of cell identity, or mating-type. In this
context, I discovered that silencing can occur within just two cell divisions, a much
shorter timeline than previously inferred from batch culture studies. In addition, I
noted variation among individuals and discovered that a cell’s history influences si-
lencing kinetics. That is, daughter cells are slightly more apt to establish silencing
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prior to their mother. In addition, I found that cells lacking specific histone methyl-
transferase enzymes are expeditious in silencing establishment compared to wild-type
cells. This finding bolstered the hypothesis that removal of the histone methylation
marks associated with euchromatin is a fundamental step in the process of silencing
establishment.

To better understand the mechanism by which a key methyltransferase, Dot1, im-
pacts the rate of silencing establishment, I developed a second, complementary assay
for surveying expression dynamics in single cells using a destabilized green fluorescent
protein (GFP) marker housed at a silencing-sensitive locus. By measuring the GFP
fluorescence intensity of cells as they established silencing, I tested two hypotheses
explaining the mechanism by which Dot1 may antagonize silencing establishment.
Dot1 is known to methylate histone H3 lysine 79 (H3 K79), a mark associated with
euchromatin that is thought to prevent or reduce Sir protein binding within tran-
scribed genes. However, recently Dot1 protein was also shown to compete with a
critical silencing protein, Sir3, for a binding site on histone H4. Therefore, Dot1 may
impact silent chromatin formation via two routes. Using a series of dot1 mutants
and histone mutants, I found that Dot1’s impact on one silencing-sensitive locus was
solely dependent on H3 K79 methyl status and was independent of the overall concen-
trations of the protein itself. This result is important because it illustrated how Dot1
impacted silent chromatin formation and also implies a difference between Dot1’s
effet at the mating-type locus (I measured) and at telomeres (previously reported).

An advantage of the GFP reporter system is that it can easily be coupled with
automated microscopy techniques to constantly monitor gene expression and silenc-
ing establishment over time. By doing so, I noticed considerable variability in gene
expression at silencing-sensitive loci under unsilenced conditions. I ruled out the
possibility that such variability is cell-cycle-dependent. Therefore, it is likely that
variability of expression at this locus is due to microenvironmental response and/or
to stochasticity in transcription. I also confirmed that daughter cells are slightly
more likely to establish silencing prior to mother cells. These two findings can serve
as a starting point for future studies aimed at better understanding expression vari-
ation, mechanisms of silent chromatin replication, and the asymmetrical partitioning
of chromatin between the mother cell and the developing bud.

Our current understanding of silencing is littered with players—proteins, small
molecules, and post-translational modifications that influence silencing chromatin
formation. However, our model is still incomplete as indicated by a long-standing co-
nundrum in the field. It is known that the catalytically active member of the silencing
complex, Sir2, is required to deacetylate a key residue on histone H4 (H4 K16). How-
ever, pre-emptive removal of this mark does not rescue silencing in a cell containing a
catalytically inactive sir2 (sir2-345 ) despite the fact that sir2-345 can associate with
other complex members. It is highly possible that Sir2 has other substrates or that a
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small molecule by-product of Sir2 catalysis is also required for silencing. I sought to
discover missing pieces of our model using both targeted and unbiased approaches.
Through this effort, I discovered that histone acetylation on H3 K56 catalyzed by
Rtt109 plays a role in antagonizing silencing formation, particularly in cells that lack
H4 K16 acetylation (due to sas2∆) and contain the sir2-345 mutation. Moreover,
I organized a screen aimed at identifying novel genome-wide mutations capable of
restoring silencing in the sir2-345 sas2∆ background. This unbiased approach was
successful in identifying a collection of mutants capable of recovering silencing in that
background. The study of these mutants will continue in the lab, ad it will be in-
teresting to learn their causal mutations as their identities are likely to bridge our
understanding of silencing establishment and Sir2 biology.
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introduction
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The adult human body contains roughly 100 trillion cells each with a specific
identity suited for the organ or tissue in which they reside [1]. What enables a
liver cell to produce the shape and biochemistry specific to its job of breaking down
toxins? What separates this liver cell’s lifestyle from that of a stem cell only a
few inches away, dividing rapidly to produce new tissue? Each cell contains the
same complement of genomic information housed in their respective nuclei, and yet,
dependent on their identity, that information is accessed and utilized in different ways.
Though these questions are inspired by the awesome complexity of multicellular body
plans, the principles driving this issue can be addressed with enviable ease in single-
celled eukaryotes such as the budding yeast Saccharomyces cerevisiae. Haploid yeast
cells exist in either a or α mating-types though they contain genetic information
required for both cell types. Indeed, complex mechanisms for specifying cell identity
are common throughout the eukaryote clade.

In yeast, the genes critical for specifying mating-type identity are subject to tran-
scriptional silencing. This form of regional gene repression has classically been stud-
ied at the population level in yeast cells, such as a colony or liquid culture. For this
work, I have undertaken a single-cell approach to understanding how transcriptional
silencing contributes to gene expression and cell identity. As an introduction to this
dissertation, this chapter includes a brief description into the current understanding
of yeast transcriptional silencing, followed by an overview of the chromatin biology
of silencing, and closing with a few words on research at the single-cell level today.

1.1 Silencing in yeast: a microcosmic view into

chomatin

The yeast S. cerevisiae is a classic model for elucidating principles of gene expres-
sion [2]. The discovery that mating-type identity in the single-celled fungus is medi-
ated by a mechanism called transcriptional silencing established yeast as a premier
model for understanding regional repression [3]. Transcriptional silencing shares sev-
eral features with heterochromatin of multicellular eukaryotes. Though the proteins
pivotal for transcriptional silencing in S. cerevisiae are distinct from those required for
heterochromatin in other taxa, the high conservation of histones and the invariance
of DNA itself constrains the evolution of transcription and repression mechanisms.

1.1.1 Cell identity depends on silencing

The mating type of a haploid yeast is either one of two types–a or α–and is
specified by the allele at the MAT locus. Interestingly, extra copies of both alleles,
those for a-mating type and α-mating type, are located in additional loci on the
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same chromosome but are unexpressed at these loci (Figure 1.1) [4]. In a hallmark
screen aimed at identifying proteins required for this silent state, a class of proteins
called the Sir (Silent information regulatory) proteins were identified to be critical or
important [3, 5–7]. The four proteins, as assayed by chromatin immunoprecipitation
(ChIP) studies, are found throughout the HML and HMR regions with their highest
enrichment at the flanking regulatory sites of those loci and at the internal proto-
silencer of HML [8]. In addition to the Sir proteins, regulatory sequences flanking each
locus are instructive in defining and promoting silenced chroatin (Figure 1.1). Inter-
estingly, an ARS (Autonomously Replicating Sequence) Consensus Sequence (ACS)
and transcription factor binding sites housed within each of these sites recruit the
ORC complex, Rap1, and/or Abf1. It is curious even to this day how two proteins
typically recruited for gene activation along with a protein complex usually associ-
ated with DNA replication work together to promote transcriptional silencing in this
context. [9].

1.1.2 Properties of silenced loci

The molecular differences between the MAT locus and the HML and HMR loci
have been described, yet it is often difficult to determine whether these characteristics
are causes or consequences of their respective expression states. As mentioned above,
the HML and HMR regions contain Rap1 and Abf1 preferentially at the silencers
while Sir1, Sir2, Sir3, Sir4, and ORC localize across the entire regions. In addition,
despite the exclusion of restriction enzymes from accessing the silenced loci relative
to the MAT locus, some basal transcription machinery retains access to the promoter
regions [10]. Therefore, the mechanism by which transcription is prevented likely
occurs at a multiple levels, both by restricting access of the Pol II complex and
by inhibiting polymerization activity itself. Either contributing to the silent state
or because of it, the nucleosomes at silenced regions lack specific methylation and
acetylation modifications on their histones [11,12]. This is in contrast to nucleosomes
in transcribed regions, which are rich in acetylation and methylation modifications,
especially on H3 and H4 histone tails. In some higher eukaryotes, the heterochromatic
state is correlated with methylation at H3 K9 and H3 K20 or H3 K27. However, S.
cerevisiae lacks methylation at these loci and lacks the enzymes required to place
those methyl marks.

Using MNase protection assays, the positioning of nucleosomes at MAT, HML,
and HMR have been characterized revealing that nucleosomes in silenced loci are
evenly spaced with particular regularity [12–14]. The higher-order, crystal structure
of silenced chromatin remains elusive. Though it is tempting to imagine that silenced
regions are highly condensed as are their heterochromatin counterparts in flies or
mammals, there is at best conflicting evidence for this belief. However, recent ex-
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MATHML HMR
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Figure 1.1: The mating-type loci of chromosome III. Mating-type alleles are
expressed at the MAT locus and reside in the unexpressed HML and HMR loci.
Silencers flanking the unexpressed loci contain binding sites for ORC (ACS), Abf1,
or Rap1.
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periments using chromosome capture have shown long range association between the
silencer regions of HML and HMR in both cis and in trans consistent with models of
higher-order condensation or looping [15,16].

Within the nucleus, the silenced HML and HMR loci are preferentially located near
the nuclear periphery but away from nuclear pore complexes, whereas the MAT locus
preferentially locates near nuclear pore complexes. However, peripheral tethering does
not cause silencing nor does disruption of tethering lead to loss of silencing [17, 18]
calling into question the functional significance of subnuclear localization.

To date, many molecular properties of chromatin at the silenced HML and HMR
loci have been contrasted with properties at the expressed MAT locus. The differ-
ences reveal conserved properties of heterochromatin and euchromatin throughout
the eurkaryotic clade and have illustrated clear links between gene expression status
and chromatin characteristics.

1.1.3 The establishment of silencing

To better model dynamics of heterochromatin formation and loss, HMR and HML
can be engineered into a facultative silenced state. Though silencing is typically con-
stitutive in all known conditions, it can be turned on and off using conditional Sir
alleles, selective Sir2 inhibitors, or semi-stable sir mutants. The de novo establish-
ment and loss of silencing has been studied using these techniques.

Upon induction of an inducible Sir protein, an ordered association of the Sir
proteins with the silenced locus occurs (Figure 1.2). In the absence of other silencer
proteins, Sir1 and Sir4 can associate with the flanking silencer regions [8, 19]. These
associations are driven by Sir1’s affinity for Orc1 located at the silencers [20–23],
Sir4’s affinity for Rap1 [24,25], and Sir1 and Sir4’s mutual interactions [20]. When all
proteins are present, their full association across the silenced region can be detected,
and loss of transcription results. This association depends on the catalytic activity
of Sir2, a NAD-dependent histone deacetylase with specificity for H4 K16 acetylation
and other acetyl marks on H3 and H4 [8, 19, 26]. The removal of these acetyl marks
produces a hypo-acetylated nucleosome which has a higher affinity for Sir proteins
than do acetylated nucleosomes [27,28]. Taken together, the de novo establishment of
silencing involves an initial nucleation step at the silencer region, followed by either
cumulative or processive histone deacetylation to promote Sir protein binding.

Silencing is restricted to the HML and HMR regions by boundary elements. These
elements are loosely described, but it is known that the directionality of the silencers
themselves and the histone variant H2A.Z seem to contribute to boundary function.
This classic, textbook depiction of silencing establishment as envisioned in earlier
works is elegant. New findings can introduce complexity to this vision, oftentimes
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Figure 1.2: The classic model of silencing establishment. Silencing is hypothe-
sized to form de novo in a multi-step process. (a) In the absence of Sir proteins, the
ORC complex, Abf1, and/or Rap1 associate with their binding sites at the flanking
silencer sequences. (b) Upon Sir protein expression, Sir1, Sir2, Sir3, and Sir4 localize
first to the silencers by a series of inter-connected interactions. (c) Once recruited
to silencers, Sir2 can deacetylate nucleosomes. Driven by high-affinity binding for
deacetylated nucleosomes, Sir protein localization propagates internally.
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challenging our imagination. It is important to keep in mind that this model is merely
a foundation for our further understanding of this process and is not a final draft.

1.1.4 Silencing dynamics

A recent investigation of the timing and dynamics of silencing establishment con-
cluded that up to 15 hours were required for maximal silencing establishment following
induction of Sir3 expression [29]. This observation argued an unprecedentedly long
timeline of silent chromatin production. However, neither the number of steps oc-
curring nor the cell-to-cell variability within the population were addressed in this
study where conclusions were primarily based on ChIP analysis. Since conclusions
were primarily based on ChIP analysis, neither the number of steps occurring nor the
cell-to-cell variability within population were addressed in that study [30,31].

In addition, specific phases of the cell cycle are permissive for silencing establish-
ment while other phases are not. Silent chromatin cannot be established in cells halted
in G1 [32, 33]. In contrast, silencing can be lost at any point in the cell cycle [30].
Initially, this finding led to the hypothesis that DNA replication was required for
silencing establishment. However, two different studies refuted the DNA replication
hypothesis by showing that a synthetic silencer devoid of replicative ability retains
cell-cycle restrictions for silencing establishment [34,35]. At the time of those discov-
eries, the fact that the synthetic (ARS minus) silencer still required passage through
S-phase for silencing to establish seemed to imply that the ORC complex was dispen-
sible for silencing establishment. However, subsequently it was discovered that the
synthetic silencer still retains association with the ORC complex via Sir1 protein bind-
ing [36]. Therefore, ORC association may still contribute to silencing establishment
independent of its role in Sir1 recruitment or its role in DNA replication.

Sir1 is unique among the Sir proteins as its loss results in only 20 % of cells having
functional silencing at HML. Loss of any of the other Sir proteins results in 100 % loss
of silencing. Those sir1∆ cells with silenced HML produce daughter cells that are also
silenced allowing for clonal populations of genetically identically cells to exist either
in the silenced or unsilenced states. At a low frequency, sir1∆ mutant cells switch
between the two transcriptional states and separated populations can recapitulate
the 80%/20% ratios over time [37, 38]. Interestingly, when queried through single-
cell pedigrees, cells adopt the silent state as four synchronous granddaughter cells,
indicating that some change occurred in the grandparent cell but was not fully realized
phenotypically until the granddaughter stage [37, 39]. The sir1∆ mutant, therefore,
has been used as a tool to better understand silencing establishment at the HML
locus.
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1.1.5 New ideas and unanswered questions in the silencing
field

Recent studies scrutinizing the exact location of silencing proteins over silenced
loci are changing our image of the silenced loci. Indeed, higher-resolution ChIP
experiments on Sir proteins, and on Abf1, Rap1, and ORC components show that all
the Sir proteins have maximal association with the flanking silencer sequences (Zill et
al., unpublished), and that in addition to the Sir 2/3/4 complex, Sir1 and Orc1 can
also be found enriched across the width of the silenced locus [36]. This complicates
previous assumptions that only Sir2/3/4 were ”spreading” and that Sir1 and Orc1
only had roles in silencing establishment. The reality is doubtlessly more complex.

Shockingly, we really still do not understand the true mechanism of silencing.
Originally, it was hypothesized that silent chromatin prevents transcription by steri-
cally hindering transcriptional machinery access [9,40]. However, given recent findings
that Pol II can be found at even silenced promoter regions, mechanisms required for
preventing Pol II activity must be at play [10, 41]. These mechanisms are as yet
unknown.

The deacetylation of histones by Sir2 occurs in an NAD-dependent reaction that
produces deacetylated histones, nicotinamide, and the by-product 2,3-O-acetyl-ADP-
ribose (AAR) (Figure 3). Clearly, the deacetylated histones are a substrate for silent
chromatin, but AAR may also function in silent chromatin formation. This hypoth-
esis is supported by evidence that AAR stimulates Sir complex association and cat-
alyzes a conformational change in purified and reconstituted Sir complexes in vitro as
measured by immunoprecipitation (IP), electron microscopy (EM), and by gel shift
assay [28, 42]. The AAR hypothesis is refuted by evidence that Sir2 catalysis can
be substituted with a NAD-independent enzymatic activity (that does not produce
AAR) with no loss in silencing activity [43]. Caveats with both systems leave the
question highly debated, but unresolved.

1.2 The Chromatin Landscape

1.2.1 The shape of chromatin

The organization of DNA into chromosomes is intricately influenced by many nu-
clear processes such as gene expression, DNA damage repair, nuclear organization,
and DNA replication and segregation. At the lowest organizational level, 147 bp of
DNA is wrapped one-and-a-half times around a histone octamer, creating a nucle-
osome. The positioning of the nucleosomes along the DNA, the variants of histone
proteins used in each nucleosome, and the post-translational modifications to the
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histones themselves can impart different intrinsic characteristics to chromatin and
can additionally recruit or repel specific protein complexes and enzymes. In essence,
molecular characteristics can shape different chromatin landscapes. These may be
small, locus-specific features such the low-stability nucleosome residing at the pro-
moters of some genes to facilitate gene activation [44], or they may encompass large
regions as is the case for hypoacetylated and hypomethylated chromatin regions at
the telomeric ends of each chromosome [45]. Understanding how chromatin modifica-
tions, variants, and chromatin-associated enzymes work together to produce specific
landscapes for different purposes is a major challenge of modern studies of eukary-
otic gene expression. By understanding how gene expression regulation is impacted
and, in turn, impacts these qualities of chromatin, we can better understand common
principles of biology.

1.2.2 Silencing and histone acetylation

In the sensu stricto yeast lineage, silent chromatin is marked by a paucity of his-
tone acetyl and methyl marks. Acetyl marks catalyzed by histone acetyltransferases
(HATs) are typically associated with active chromatin. Some HATs are globally active
whereas others are linked to promoters or activator sequences [46]. Histone acety-
lation alters protein complexes’ association by opposing repression complexes, such
as Tup1-Ssn6 [47], or by recruiting transcriptional activators many of which contain
bromo-domains capable of binding histone acetyl marks directly [48, 49]. Further,
some components of the RNA Pol II transcription machinery (TAF130 and Elp3,
for example) contain HAT activity that is thought to help promote initiation and
elongation.

An interesting story has recently emerged showing that active transcription elon-
gation involves rapid histone acetylation and de-acetylation of nucleosomes in the
open reading frame. In this instance, transcription stimulates the recruitment of
NuA4 and Elp3 HATs which acetylate histones and promote transcription elonga-
tion. However, the process also requires the Rpd3S histone deacetylase (directed by
Eaf3 recognition of H3 K36 methylation) to remove acetyl marks thereby preventing
inappropriate internal initiation events and to ”re-set” the chromatin to its original
state. [50, 51] This finding is important because it implies that histone acetylation
can both promote transcription and occur as a consequence of it, perhaps in a highly
dynamic fashion.

In yeast, histone acetylation has been reported at a number of histone positions
(Table 1-1), but all such marks are absent or reduced in silent regions. At HML,
HMR, telomeres and rDNA of S. cerevisiae, Sir2 directly contributes to the deacety-
lated state. Sir2 can deacetylate H3 K9, H3 K14, and H4 K16 in vitro [26, 52]. In
vivo, histone mutant analysis indicates that H4 K16 is the pivotal residue whose
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deacetylation is critical for silent chromatin formation [53]. Acetylation at H4 K16 is
catalyzed by the SAS complex of which Sas2 is the catalytic member. Intriguingly,
the loss of Sas2 leads to both improved and weakened silencing at HML and HMR,
respectively [54, 55]. This could be due to the opposing contributions of direct and
indirect effects of Sas2 catalysis. That is, Sas2 may directly antagonize Sir protein
binding at their target loci, while at the same time promoting a high concentration
of Sir proteins at those loci by preventing their inappropriate binding elsewhere in
the genome [55, 56] . It is possible that these two processes impact HML and HMR
to different degrees resulting in their opposite phenotypes.

1.2.3 Silent chromatin and histone methylation

Nucleosomes can also be modified by post-translationally added methyl groups,
and the methylation status of certain histone residues often coincides with different
expression states of the underlying or associated genes (Table 1-1) [57]. The roles of
many of these methylation marks are becoming more understood and many of them
have impacts on silencing.

The methylation status of the core residue H3 K79 may arguably have the most
influence on transcriptional silencing. This mark occurs on over 80 % of the yeast
nucleosomes, but is absent in telomeric, rDNA, HML, and HMR regions. The mark is
hypothesized to prevent inappropriate Sir protein binding within euchromatic regions
and to sterically hinder higher-order compaction of the chromatin by interfering with
H3 and H4 neighboring nucleosome binding [58–60]. All three methylation states of
H3 K79–mono, di, and tri– are catalyzed by the activity of Dot1, a histone methyl-
transferase whose sequence and mode of catalysis are distinct from the SET-domain
family of enzymes [61,62]. Unlike the processive activity of SET-domain methyltrans-
ferases, Dot1 appears to catalyze methylation marks in a non-cooperative fashion
leading to a broader array of H3 K79 me1, me2, and me3 throughout euchromatic
regions [63]. Dot1 was originally identified as a disruptor of telomeric silencing when
overexpressed. Curiously, both overexpression and loss of the protein lead to silencing
defects at the telomere [64]. Defects in HMR and HML silencing are more subtle but
have been described, often requiring sensitized backgrounds for their detection [65].

Possibly the most well studied methylation residue is H3 K4, closely associated
with transcription. Nucleosomes with H3 K4 trimethylation are found at the 5’
ends of genes, those with di-methylation in the gene body, and those with mono-
methylation in the 3’ end of genes [66–68]. These marks are catalyzed by the SET-
domain containing histone methyltransferase Set1, part of the COMPASS complex
that tracks along with RNA Pol II during gene transcription [68, 69]. Set1 activity
is subject to a complex network of regulation. For example, the PAF complex as
well as histone ubiquitination on H2B can influence the levels of H3 K4 methylation
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[70, 71]. In other organisms, H3 K4 methylation is known to recruit a smorgasbord
of chromatin ”readers” resulting in further modifications to nearby histone residues,
transcriptional machinery recruitment, and stimulation of ATP-dependent chromatin
remodelers [72]. For this reason, H3 K4 methylation is thought of as a hub of signal
integration for gene transcription that works to reinforce a transcriptionally ”on”
state. The loss of SET1 leads to reduced transcription in a subset of genes, defects
in telomeric silencing, but relatively mild defects in HML and HMR silencing [68,73].

Similar to H3 K4 dimethylation, Set2-catalyzed methylation of H3 K36 also occurs
with highest propensity over the gene interior where it is thought to facilitate tran-
script elongation and to prevent inappropriate internal initiation via Rpd3-mediated
histone deacetylation as mentioned above (See 1.2.2). Though loss of set2 has an
impact on productive transcription, SET2 does not seem to be required for silencing.
Conversely, it appears to protect neighboring genes from the effects of silencing [74].

Previously, it was thought that methyl marks were more permanent than acetyl
marks. The intense energetic expense of demethylation and the lack of any enzymes
capable of the process led many to suspect that that histone methylation was per-
manent and could possibly serve in epigenetic memory. In 2005, however, a human
histone demethylase containing JmjC- and JmjN- motifs was identified and subse-
quently, five such enzymes have been identified and characterized in S. cerevisiae
(Table 1.1) [75–78]. Of these, Jhd1, Rph1, and Gis1 remove methyl groups on H3
K36 whereas Jhd2 removes H3 K4 methylation proving that histone methyl marks,
too, are reversible. Still, no H3 K79 demethylase has yet been identified. Though
the timing of H3 K79 methyl reduction mirrors the rate of DNA dilution through
replication [29], it seems premature to conclude that no H3 K79 demethylase exists.

1.2.4 Silent chromatin and nucleosome positioning

Higher order chromatin organization of a locus changes depending on whether
that locus is silenced or expressed. An analysis of the HML locus reveals that the
twenty nucleosomes within the silenced region have regular spacing internal to the
silencer regions with more diffuse nucleosome occupancy over the α1 and α2 genes
and their shared promoter [14]. This occurs in a Sir-dependent manner. Most notably,
the promoter region is not covered by a nucleosome negating the argument that
nucleosome occupancy sterically occludes transcriptional machinery at silenced loci.
However, the HO endonuclease cut site (instrumental in the gene conversion of mating
type alleles in HO+ strains of yeast) is protected by a fixed nucleosome. A parallel
analysis of the HMR locus comes to similar conclusions. At this region, twelve histones
span the locus, again, with regular positioning internal to the silencer regions and
more diffuse localization over the a1 promoter [13]. In contrast, the nucleosome
positioning at the MAT locus is random even when the genes at that locus are not
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Table 1.1: Histone modifications and their known func-
tion in Saccharomyces cerevisiae [57, 79–81].

Residue Modification Catalysis Removal Impact on gene expres-
sionsilencing

H2A K5 Ac Esa1 Rpd3 Associated with transcrip-
tion

H2A K8 Ac Esa1, Hat1 Rpd3 Associated with transcrip-
tion

H2A S122 P
H2A T126 P
H2A S129 P Mec1, Tel1 Pph3
H2A.Z K14 Ac Esa1
H2B S10 P Ste20
H2B K11 Ac Esa1 Rpd3,

Hda1
H2B K16 Ac Gcn5, Esa1 Rpd3,

Hda1
H2B K123 Ub Rad6 Ubp8
H3 K4 Me Set1 Jhd2 Associated with transcrip-

tion. Prevalent at the 5’
ends of genes in trimethy-
lated form.

H3 K9 Ac Gcn5 Rpd3,
Hos2,
Hda1

Associated with transcrip-
tion

H3 S10 P Snf1
H3 K14 Ac Gcn5 Rpd3,

Hos2,
Hda1

Associated with transcrip-
tion

H3 K18 Ac Gcn5 Rpd3,
Hos2,
Hda1

Associated with transcrip-
tion

H3 K23 Ac Gcn5 Rpd3,
Hos2,
Hda1

H3 K36 Me Set2 Rph1,
Jhd1, Gis1

Associated with elonga-
tion

H3 K36 Ac
H3 T45 P Cdc7-Dbf4 Associated with DNA

Replication
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Table 1.1: Histone modifications and their known func-
tion in Saccharomyces cerevisiae (continued).

Residue Modification Catalysis Removal Impact on gene expres-
sionsilencing

H3 K56 Ac Rtt109 Hst3,
Hst4, Sir2

Associated with DNA
Replication

H3 K79 Me Dot1 Present in euchromatic re-
gions. Absent in silent re-
gions

H4 S1 P CK2
H4 R3 Me
H4 K5 Ac Esa1 Rpd3,

Hos2
Associated with transcrip-
tion

H3 K8 Ac Esa1 Rpd3,
Hos2

Associated with transcrip-
tion

H4 K12 Ac Esa1 Rpd3,
Hos2

Associated with transcrip-
tion

H4 K16 Ac Sas2, Esa1 Sir2, Hos2,
Hst1

Associated with transcrip-
tion. Removed by Sir2 in
silenced regions

H4 K20 Me
H4 K20 Ac
H4 K31 Me
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fully expressed indicating that regular spacing of nucleosomes observed in silenced
HML and HMR is dependent on silencing.

In the absence of a coherent crystal structure of silenced chromatin, the higher
order, three-dimensional arrangement of nucleosomes, their associated DNA, and the
Sir proteins themselves remains a mystery. Whatever their arrangement, it will be
interesting to see how their conformation works to prevent transcription while still
allowing for faithful DNA replication.

1.3 One cell at a time

1.3.1 Individuality within large clonal populations

Variation, randomness, and stochasticity at the single-cell level can shape the be-
haviors and survivability of clonal populations, even under uniform conditions [82,83].
Traditional methods of measuring microbial phenomena typically average whole popu-
lation events over billions of cells, failing to detect individual variability in expression
states. Luckily, recent technical advances in microscopy, flow cytometry, microflu-
idics, and fluorescent marker technology have made individual-cell biology a rich field
for discovery. By applying these techniques to the study of expression and silencing
dynamics we can determine the variability and timing of these processes within a
larger population and with respect to the cell cycle.

Classically, an interest in single-cell biology was piqued with the discovery of
bistable gene expression in bacteria. For example, in Bacillus subtilis populations,
a slight perturbation in the expression of the Spo0A stimulates sporulation in a few
cells while the majority of the population sporulates only during extreme nutrient
deprivation [84]. By this means, the population can ensure against two different
environmental conditions that are likely to occur. The spores are better equipped to
survive a rapid loss of water or nutrients, while the dividing population can continue
to propagate the species to the detriment of competing populations. Molecularly,
the basis for this bistability is derived from strong transcriptional and phosphor-relay
positive feedback loops in which a small level of noisy Spo0A expression is amplified
into a high, prolonged expression state [83,85]. This is just one of many examples of
population-wide heterogeneity in gene expression of microbial populations.

1.3.2 Single-cell dynamics in yeast

There is precedence for interesting single-cell variation in transcriptional silencing
within yeast populations as well. As mentioned previously, cells lacking SIR1 are
bistable for transcriptional silencing at HML with roughly 20 % of the population
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competent to silence HML and 80 % unable to do so. Further, cells of this genotype
switch from the silent to unsilenced HML phenotype at a low rate adopting their new
mating-type as four granddaughter cells [37,38]. These results indicate that silencing
establishment dynamics have the potential to produce at least two sub-populations
of cells with different phenotypes within a clonal population. Whether this has any
survival consequence is unknown as all these events are only known to occur in the
absence of SIR1.

The example of the sir1∆ phenotype illustrates the capacity of yeast to produce
bistable states. Indeed, in the GAL expresion system, transcriptional heterogeneity
has been observed and can be experimenally amplified [86] and is hypothesized to
be important for the ability of microbial populations to expand their survival mech-
anisms particularly in changing environments [87]. Interestingly, two promoters of
the same sequence driving expression within the same cell often exhibit independent
heterogeneous expression states indicating that these fluctuations in gene expression
can be locus-specific and independent of cell-wide microenvironmental response [88].
Given that mutations such as sir1∆ can lead to bistability, and that bistability has
been previously linked to adaptive benefits, it seems likely that the robustness or
variability of expression is an evolvable trait.

The fields of single-cell and single-mRNA transcriptional dynamics are promising.
Their discoveries will increasingly be applied to studies of transcriptional silencing and
chromatin biology. It is likely that many characteristics of bistability and high variable
expression mechanistically stem from the complex interplay between transcription
feedback loops, silencing feedback loops, and the structure of the chromatin itself.

1.4 Everything converges on mating type

I have devised a dissertation project that poses the following questions: When
does an individual cell recognize that it has undergone silencing? And, how does this
event depend on the cell’s history? In undertaking this project, I worked to develop
two techniques for probing these questions, one with a phenotypic output and another
that can be used in high-throughput studies such as flow cytometry and quantitative
microscopy. It is my hope that these techniques will be useful in the future to address
the major questions that remain regarding silencing: Namely, how is silent chromatin
replicated? What is the mechanism of transcriptional silencing? And, why are these
complex phenomena so often at the heart of cell identity?

The second chapter of this work describes the development and application of a
technique for measuring silencing establishment in dividing populations of individual
cells from a phenotypic standpoint. The third chapter of this work delves deeper into
a connection between a specific chromatin mark (H3 K79 me) and silencing and takes
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advantage of a high-throughput system for measuring silencing establishment, again
at a single-cell level. The fourth chapter of this work uses an orthogonal technique
for gleaning new insight into silencing establishment: a screen aimed at discovering
novel features of silent chromatin formation. Finally, Appendix A chronicles my
contribution to a collaborative effort aimed at exploring a distinct Rap1 binding site
at the silencers. It is my hope that this document will not only serve as a requirement
for my doctorate degree, but may be a useful reference for a future generation of Rine
Lab researchers.



17

Chapter 2

The Establishment of Gene

Silencing at Single-Cell Resolution

[89]
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2.1 Abstract

The establishment of silencing in Saccharomyces cerevisiae is similar to hete-
rochromatin formation in multi-cellular eukaryotes. Previous batch culture studies
determined that the de novo establishment of silencing initiates during S phase and
continues for up to 5 cell divisions for completion. To track silencing phenotypically,
we developed an assay that introduces Sir3 protein into individual sir3∆ mutant
cells synchronously and then detects the onset of silencing with single-cell resolu-
tion. Silencing was completed within the first one to two cell divisions in most cells
queried. Moreover, we uncovered unexpected complexity in the contributions of a
histone acetyltransferase (Sas2), two histone methytransferases (Dot1 and Set1), and
one histone demethylase (Jhd2)to the dynamics of silencing. Our findings revealed
that removal of methyl modifications at H3 K4 and H3 K79 were important steps in
silent chromatin formation, and that Jhd2 and Set1 played competing roles in the
process.

2.2 Introduction

Silencing is distinct from classic gene repression in its ability to block transcription
throughout a chromosomal region. Chromatin domains that restrict gene expression
are widespread in multi-cellular organisms, playing crucial roles in development, cell-
identity, and position-effect variegation of trans-genes. In S. cerevisiae, silencing
blocks expression of cryptic mating-type genes at HML and HMR loci [3, 5, 6]. Loss
of silencing in haploid cells leads to concomitant expression of transcription factors
encoded by both a and α mating-types, resulting in sterility characteristic of a/α
diploids [90]. Hence, silencing of HML and HMR is needed for a robust mating
ability.

Silencing of HML and HMR loci requires flanking regulatory sites termed silencers,
proteins that bind sequence motifs within silencers, and Sir proteins which localize
both to silencers and the intervening silenced chromatin [8,9,91,92]. Although silenc-
ing is constitutive in yeast, conditional or inducible alleles of the Sir proteins have
revealed orchestrated events that establish silencing de novo. During establishment,
Orc1 bound to silencers recruits Sir1 [20]. A complex of Sir2/3/4 follows through
its interactions with Sir1, Rap1, Abf1 and histones [19, 24, 93]. Once recruited to
silencers, Sir2 deacetylates a critical K16 acetyl mark on histone H4 [26,94] (and po-
tentially also H3 K9, H3 K14, and H4 K56 [27,55,95]), a process required for Sir2/3/4
complexes to bind throughout the locus [8,9,27,29,93]. Following the de-acetylation
of H4 K16, methyl marks on H3 K4 and H3 K79 disappear in later steps of silent
chromatin formation [29,96].
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The establishment of silencing requires events restricted to certain phases of the
cell-cycle [32–35]. Upon Sir protein induction, transcripts from HML and HMR de-
cline as cells progress past S phase but not in cells arrested in G1 by α-factor or in S
phase by hydroxyurea [34, 35]. The majority of Sir proteins bind to their target re-
gions within the first one to two cell divisions following Sir protein induction causing
the bulk of HMR-derived transcripts to decline on a similar timeline. Still, one study
concluded that up to 5-cell divisions (15 hrs) are required for complete repression of
transcription and for Sir proteins to saturate HML and HMR [29]. These findings
inspired two opposing hypotheses for how events at the individual-cell level could ac-
count for observations made on batch cultures. The maturation hypothesis involves
a multi-step process characterized by intermediate chromatin states perhaps with
progressive decreases in transcription at different stages. In contrast, the stochastic
hypothesis envisions individual cells adopting the silenced state in an all-or-nothing
switch, initially producing a mixed population of silenced and un-silenced cells, but
eventually resolving in a fully silenced population. These models need not be mutually
exclusive.

As measured biologically, the consequence of HML and HMR silencing is a unique
and robust mating phenotype. However, molecular experiments define silencing as the
point at which mRNA transcripts from the silenced locus become undetectable, or the
point at which Sir protein association with chromatin becomes saturated [29,32,33,35].
Molecular measures may be a misleading mark of the phenotypic state of the cell be-
cause 1) it is unknown to what extent mRNA from HML and HMR must be reduced
to achieve robust mating ability; 2) heterochromatin itself, once formed, might recruit
more Sir proteins than are needed for phenotypic changes; and 3) upon Sir-induction
in G1, Sir protein binding and spreading can occur, yet transcription persists [35].
Therefore ChIP measurements are a useful but imperfect measure of the silenced
state. Therefore, we have defined HML and HMR silencing by its functional role
– the point at which a cell regains a unique mating type. For these reasons, we
monitored the number of cell divisions required for cells to adopt the phenotypic hall-
marks of silencing: mating pheromone sensitivity. We hypothesized that structural
differences between euchromatin and silenced chromatin could reflect either steps in
the establishment process or consequences of silencing. For example, Sir2 deacetyla-
tion of lysine residues on H3 and H4 is critical for silencing establishment. However,
in S. cerevisiae, silenced chromatin lacks other post-translational histone modifica-
tions. For example, upon establishment of silencing, lysine methylation at H3 K4 and
H3 K79 decreases following drops in H4 K16 acetylation [29]. However, it is unclear
whether removal of H3 K4 and H3 K79 methylation promotes silencing or whether the
loss of these marks is a consequence of silencing. To resolve this issue, we assayed the
kinetics and pattern of silencing establishment in single cells lacking dot1∆, set1∆,
sas2∆, or the JmjC-domain-containing family of demethylases.
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2.3 Materials and Methods

Plasmids and Strains. All yeast strains were constructed in the W303 back-
ground (Table 1). Mutations were generated using the one-step integration of knock-
out cassettes [97, 98]. JRY8828 contained a marker replacement of the MAT lo-
cus that was amplified from pKAN-MX using the primers oEO27 and oEO28. The
hmr∆::HYG-MX replacement was constructed using a fragment amplified out of
pAG32 using the primers oEO30 and oEO36. The hml∆::NAT-MX cassette re-
placed the HML locus with a fragment amplified out of pAG25 using oEO32 and
oEO33. Genotypes of all strains in this study were confirmed using marker selection,
diagnostic PCR of both the 5′ and 3′ ends, RT-PCR, and DNA blot hybridizations.
Strain 1 (JRY8828) and Strain 2 (JRY8829) were the parent strains for all isogenic
chromatin-modification mutants. Strains over-expressing JHD2 or DOT1 under the
TDH3 promoter were constructed by amplifying the TDH3 promoter from genomic
yeast DNA using oEO122 and the fusion primer oEO124. The marker KanMX was
amplified from the pKAN-MX plasmid using oEO121 and oEO123. Both fragments
were amplified for 24 cycles and cleaned using the Qiagen PCR purification kit. To
create a KanMX::TDH3promoter fusion product appropriate for replacing the JHD2
regulatory region, the two fragments were used as template for overlap-extension PCR
using primers oEO119 and oEO1120 for 20 cycles. Strains over-expressing DOT1 un-
der the TDH3 promoter used the same template fragments, but the primers oEO125
and oEO126 in place of oEO119 and oEO120. Both fragments were transformed into
JRY2334 and JRY4013, and the resulting transformants were checked by diagnostic
PCR, DNA sequencing, and Immuno-blot for increased H3 K4 methylation and H3
K79 methylation.

Pedigree Assay. Strain 1 (JRY8828), Strain 2 (JRY8829) and JRY2728 were
streaked onto fresh YPD plates and grown overnight at 30◦ C. For the pedigree assay,
the agar in a YPD plate was cut in half. One half was used for mating haploids to
produce zygotes, and the other half was used for the α-factor sensitivity assay. On
the mating half of the plate, 25 pairs of individual Strain 1 and Strain 2 cells were
arranged in contact with one another using a micromanipulator to allow mating. On
the other half, MATα cells (JRY2728) were spread in a thick line to produce a source
of α-factor. Upon mating, the resulting zygotes (typically 10 - 20) were moved into
close proximity of the α-factor -source and were allowed to divide at 30◦ C. Cells
were monitored every 1 - 1/2 hours by microscopy. With every cell division, mother
and daughter cells were separated and arranged so that their identities and histories
could be tracked. After a maximum of three cell divisions, or upon completion of the
assay (all cells resulting in a shmoo) the pedigree pattern resulting from each zygote
was recorded. In assay of strains lacking gene for particular chromatin modifying
enzymes, both parents were deficient for the same gene. Their pedigree patterns were
compared, on the same plate, to zygotes from a control mating of Strain 1 and Strain
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Table 2.1: Yeast strains used in Chapter 2.

Strain Genotype
W303-1a MATa leu2,3,112 his3-1 ura3-52 trp1-1 can1-100
W303-1b MATα leu2,3,112 his3-1 ura3-52 trp1-1 can1-100
JRY2334 MATa ade2-1 leu2,3,112 his3-1 ura3-52 trp1-1 can1-100
JRY4013 MATα lys2-1 leu2-3, 112 his3-1 ura3-52 trp1-1 can1-100
JRY2726 MATa his4-1
JRY2728 MATα his4-1
JRY4621 MATα sir1∆::LEU2 (in W303)
JRY3411 MATa ade2-1 sir4∆::HIS3 (in W303)
JRY384 MATα ade2-1 sir4∆::HIS3 (in W303)
JRY8828 mat∆::KAN-MX hmr∆::HYG-MX hml∆::NAT-MX ade2-1 (in

W303)
JRY8829 mat∆::KAN-MX hmr∆:: HYG-MX sir3∆::TRP1 lys2-1 (in

W303)
JRY8830 mat∆::KAN-MX hmr∆::HYG-MX hml∆::NAT-MX ade2-1

dot1∆::HIS3 (in W303)
JRY8831 mat∆::KAN-MX hmr∆::HYG-MX sir3∆::TRP1 lys2-1

dot1∆::HIS3 (in W303)
JRY8832 mat∆::KAN-MX hmr∆::HYG-MX hml∆::NAT-MX ade2-1

set1∆::HIS3 (in W303)
JRY8833 mat∆::KAN-MX hmr∆::HYG-MX sir3∆::TRP1 lys2-1

set1∆::HIS3 (in W303)
JRY8834 mat∆::KAN-MX hmr∆::HYG-MX hml∆::NAT-MX ade2-1

jhd11∆::HIS3 (in W303)
JRY8835 mat∆::KAN-MX hmr∆::HYG-MX sir3∆::TRP1 lys2-1

jhd11∆::HIS3 (in W303)
JRY8836 mat∆::KAN-MX hmr∆::HYG-MX hml∆::NAT-MX ade2-1

rph1∆::HIS3 (in W303)
JRY8837 mat∆::KAN-MX hmr∆::HYG-MX sir3∆::TRP1 lys2-1

rph1∆::HIS3 (in W303)
JRY8838 mat∆::KAN-MX hmr∆:: HYG-MX hml∆:: NAT-MX ade2-1

jhd2∆::HIS3 (in W303)
JRY8839 mat∆::KAN-MX hmr∆:: HYG-MX sir3∆:: TRP1 lys2-1

jhd2∆::HISMX (in W303)
JRY8840 mat∆::KAN-MX hmr∆::HYG-MX hml∆::NAT-MX ade2-1

gis1∆::HIS3 (in W303)
JRY8841 mat∆::KAN-MX hmr∆::HYG-MX sir3∆::TRP1 lys2-1

gis1∆::HIS3 (in W303)
JRY8842 MATa ade2-1 dot1∆::HIS3 (in W303)
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Table 2.1: Yeast strains used in Chapter 2 (continued).

Strain Genotype
JRY8843 MATa ade2-1 jhd2∆::HYG-MX (in W303)
JRY8844 MATα lys2-1 jhd2∆::HYG-MX (in W303)
JRY8845 mat∆::KAN-MX hmr∆::HYG-MX hml∆::NAT-MX ade2-1

sas2∆::HYG-MX (in W303)
JRY8846 mat∆::KAN-MX hmr∆::HYG-MX sir3∆::TRP1 lys2-1

sas2∆::HYG-MX (in W303)
JRY8847 mat∆::KAN-MX hmr∆::HYG-MX hml∆::NAT-MX ade2-1 (in

W303) [pRS315: LEU2 CEN-ARS]
JRY8848 mat∆::KAN-MX hmr∆::HYG-MX hml∆::NAT-MX ade2-1 (in

W303) [pJR2026: LEU2 SIR3 CEN-ARS]
JRY8849 mat∆::KAN-MX hmr∆::HYG-MX hml∆::NAT-MX ade2-1 (in

W303) [pYEP24: URA3 2 µ]
JRY8850 mat∆::KAN-MX hmr∆::HYG-MX hml∆::NAT-MX ade2-1 (in

W303) [pJR104: URA3 SIR3 2 µ]
JRY8873 MATa ade2-1 sir1∆::LEU2 (in W303)
JRY8874 MATα dot1∆::HIS3 (in W303)
JRY8875 MATa ade2-1 dot1∆::HIS3 (in W303)
JRY8876 MATa ade2-1 KanMX::TDH3pro::DOT1 hmr-a1∆::K.l.URA3 (in

W303)
JRY8877 MATa ade2-1 dot1∆::HIS3 hmr-a1∆::K.l.URA3 (in W303)
JRY8879 MATa ade2-1 sir1∆::LEU2 hmr-a1∆::K.l.URA3 (in W303)
JRY8881 MATa ade2-1 dot1∆::HIS3 sir1∆::LEU2 hmr-a1∆::K.l.URA3 (in

W303)
JRY8883 MATa ade2-1 hmr-a1∆::K.l.URA3 (in W303)
JRY8884 MATa ade2-1 KanMX::TDH3pro::JHD2 (in W303)
JRY8885 MATα lys2-1 KanMX::TDH3pro::JHD2 (in W303)
JRY8889 MATa set1∆::NAT-MX (in W303)
JRY8890 MATα HTZ1::FLAG::KAN-MX set1∆::HIS3 (in W303)
JRY8957 MATa ade2-1 dot1∆::HIS3 sir1∆::LEU2 (in W303)
JRY8958 MATα dot1∆::HIS3 sir1∆::LEU2 (in W303)
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Table 2.2: Oligos used in Chapter 2.

Name Sequence

oEO27 ctc act atc ttg cca ata aga ctc tac cca gat ttg tat tcg gat ccc cgg gtt aat
taa

oEO28 tgg tta aga taa gaa caa aga atg atg cta aga att gat tga ttc gat gaa ttc
gag ctc gtt t

oEO30 gaa atg taa aca aag att tca gaa aaa tcg tca ttc aaa ccg gat ccc cgg gtt
aat taa

oEO36 aga ttt ggt aaa tac agt ata tag aca atg caa tcg tac tcg atg aat tcg agc
tcg ttt

oEO32 tat cgt cat ata caa atc tag aaa tta cca gag cta tcc acg gat ccc cgg gtt
aat taa

oEO33 tac att ata taa aca ata gca att gta taa aca cat aga acg atg aat tcg agc
tcg ttt

oEO122 ttt gtt tgt tta tgt gtg ttt att c
oEO124 gtc gaa aac gag ctc gaa ttc atc gca gtt cga gtt tat cat tat caa ta
oEO121 acg gat ccc cgg gtt aat ta
oEO123 cga tga att cga gct cgt tt
oEO123 cga tga att cga gct cgt tt
oEO119 ata aga tct gac tac tta gtc aat ttt acc tct aga tca tac gga tcc ccg ggt taa

tta
oEO120 att ctt gtt ccg ttg gat aca ggg cag gaa ttt cct cca ttt tgt ttg ttt atg tgt

gtt tat tc
oEO125 ggt cct cat caa gga ggt cac cag taa ttg tgc gct ttg gac gga tcc ccg ggt

taa tta
oEO126 agt ctg agt tat tat ttg ata tac ttt ctt gac cgc cca ttt tgt ttg ttt atg tgt

gtt tat tc
oBO29 tgg atg ata ttt gta gta tgg cgg a
oBO30 tcc ctt tgg gct ctt ctc tt
oEO258 ctt cta tcg ttt tct atg c
oEO259 aat cca gca tac tag aca ta
act1f tgt cct tgt act ctt ccg gt
act1r ccg gcc aaa tcg att ctc aa
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2. Because there did not appear to be any plate-specific or day-specific systematic
effects on the observed patterns, the results of several plates were pooled such that
each mutant and corresponding wild-type dataset included the patterns of roughly
100 pedigree lineages.

Quantitative RT-PCR. Total RNA was harvested from 50 OD units (A600) of
cells using the hot-phenol method. Total RNA was cleaned of DNA using Amplification-
grade DNase I (Invitrogen) and purified using the RNeasy Minelute kit (Qiagen).
cDNA was synthesized using the SuperScript III First-Strand Synthesis System for
RT-PCR and oligo(dT) primer (Invitrogen). Quantitative PCR on the resulting
cDNA was performed using an MX3000P machine (Stratagene) and the DyNAmo
HS SYBR Green qPCR kit (NEB in Figure 2.3 and Invitrogen in Figure 2.7). a1
transcripts were amplified using primers oBO29 and oBO30. α2 transcripts were
amplified using primers oEO258 and oEO259. Actin was amplified using act1f and
act1r. Amplification values for all primer sets were normalized to actin (ACT1) cDNA
amplification values and depicted relative to wild-type levels.

Quantitative Mating Assay. Efficiency of mating was assayed as previously
described [3].

Software. The pedigree assay data were analyzed using the R language and envi-
ronment for statistical computing and graphics [99]. Details on each of the functions
used in this manuscript can be obtained from the R documentation and help files.

Testing for Phenotype-Genotype Associations. For each chromatin mutant
(MT ) vs. wild-type (WT ) comparison, phenotype-genotype comparisons were made.
Let χi,j denote the count in cell (i,j ), i.e., the number of pedigrees with pattern
i ∈ {1, 5} and genotype j ∈ {WT,MT}. Similar 5 x 2 contingency tables were
formed for the Sir3 over-expression vs. control comparisons in the CEN and 2 µ
vectors (Figure 2.3).

To investigate phenotype-genotype associations, we tested the null hypothesis of
independence between rows and columns of the 5 x 2 contingency tables. This can
be viewed as testing the goodness-of-fit of the following multiplicative Poisson model
(a.k.a., log-linear model) for the cell counts,

χi,j ∼ Poisson(αiβj), (1)

where the mean parameter is expressed as a product of a phenotype parameter
αi and a genotype parameter βj. Standard test statistics, such as the likelihood ratio
statistic or Pearson χ2-statistic, compare the observed counts to those expected under
the null hypothesis of no association between pedigree pattern (row) and genotype
(column), i.e., under the multiplicative Poisson model of Equation (1). Large values
of these statistics are suggestive of an association between pedigree pattern and geno-
type. The statistical significance of the association is measured by p-values computed
from an approximate test statistics null distribution which is χ2 with (5-1) x (2-1) =
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4 degrees of freedom.

For each mutant vs. wild-type comparison and Sir3 over-expression vs. control
comparison, the R function loglm, from the MASS package was used to fit the multi-
plicative Poisson model of Equation (1) and compute the likelihood ratio test statistic
and associated nominal χ2 p-value [99].

Mosaic Plots of Phenotype-Genotype Contingency Tables. Barplots pro-
vide good displays for one-way contingency tables (Figure 2.2), i.e., for the marginal
distribution of a single variable. However, mosaic plots are better for representing
multi-way contingency tables, i.e., joint distributions and associations between mul-
tiple variables, such as pedigree phenotype and genotype, as in the present study. A
mosaic plot is a graphical display of the counts in a contingency table, where each cell
is represented by a tile whose area is proportional to the cell frequency [100]. Color
and shading of the tiles can be used to highlight unusually large or small counts and
the sign and magnitude of residuals for models such as the multiplicative Poisson
model of Equation (1).

Figure 2.5 displays mosaic plots. The height of each tile is proportional to the
marginal pedigree pattern frequency (row) and the width of the tile to the conditional
frequency of the genotype given the phenotype (column). Associations between pedi-
gree phenotype and genotype can be visualized by the lack of alignment of vertical
lines separating tiles for the wild-type and mutant genotypes. The residual mosaic
plots illustrate which cells contribute to the dependencies (Figure 2.5). The mosaic
plots of Figure 2.5 were produced using the R function mosaicplot [99].

2.4 Results

2.4.1 A pedigree assay revealed the kinetics of silencing es-
tablishment

To assay the establishment of silencing in single cells, we introduced Sir3 protein
into un-silenced sir3∆ cells through mating, a process that involves both cytoplas-
mic and nuclear fusion. By this technique, Sir3 protein was delivered into nuclei
containing an actively transcribed HML locus. The genotypes of our strains allowed
the transcribed or silenced state of HML to be reported as sensitivity or resistance
to α-factor (Figure 2.1). When HML silencing was complete, cells arrested division
and altered their morphology to form shmoon in response to α-factor. Therefore,
the number of cell divisions of the resulting diploid zygote prior to arrest represented
the number of cell divisions required to establish silencing at HML. This technique
improved upon past approaches in three ways: 1) A single-cell approach can differ-
entiate between the maturation and stochastic hypotheses of silencing establishment;
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2) leaky, variable sources of Sir protein were avoided as the un-silenced cell contained
no conditional, inducible, epitope-tagged or temperature-sensitive alleles of Sir3; 3)
since mating is restricted to START in G1, the initial exposure of cells to Sir protein
was synchronized in all zygotes.

To perform the assay, cells of the genotype hml∆ mat∆ hmr∆ SIR3 (Strain 1)
provided a source of Sir3 protein (Figure 2.1). Lacking all genes for mating-type
transcription factors, these cells mate as a cells, which is the default mating type.
Conversely, the query strain (Strain 2) of genotype HML mat∆ hmr∆ sir3∆ expressed
α1 and α2 transcripts from the un-silenced HML locus. Upon mating, the two strains
formed a diploid zygote containing only α mating-type information (encoded at HML
of Strain 2). Cell division in these cells was resistant to α-factor until the Sir3 protein
functionally silenced HML at which point the diploids became sensitive to α-factor.

In the first experiment, we assayed 643 zygotes and 2,353 progeny for up to three
cell divisions (Figure 2.2, a). In no case did diploid cells shmoo immediately after
mating. In contrast, 13.7 % of zygotes formed a pair of shmoon (the defining hallmark
of silenced HML) after dividing only once. In these cases, the zygote (Z′) and its first
daughter (D1) were sensitive to α-factor, and remained sensitive for the duration of
the experiment (Figure 2.2, Pattern 1). Therefore, in this subset of cells, all events
needed for silencing occurred within one cell cycle.

Interestingly, in 12.6 % of lineages, silencing was established asymmetrically with
the daughter cell (D1) shmooing first and the zygote (Z′) continuing to divide once
more (Figure 2.2, Pattern 2). The reciprocal pattern in which Z′ silenced after the
first division, but D1 did not, was rare (8 out of 643 lineages; Figure 2.2, Pattern
3). In these asymmetrical patterns, the establishment of silencing in the mother and
daughter cells at the two-cell stage was independent of one another. Thus, there was
no obligate coupling of the fates of their two HML loci. Notably, the two asymmetrical
patterns were unequally represented.

The majority (65.3 %) of lineages produced shmoon in all cells after two cell
divisions. This pattern produced four silenced granddaughter cells (Z′′, D2, D1′, D1-
1) (Figure 2.2, Pattern 4). In 46 out of 643 lineages, one grand-daughter cell continued
division one more time before arresting. Barring those exceptions, two cell divisions
represent the maximal time required for cells to silence HML.

If the establishment of silencing were purely stochastic as a function of cell division,
then the probability of silencing would be equal at any point in the pedigree. However,
the probability of silencing changed with each division and depended on whether a
cell was a mother or daughter cell (Figure 2.2, c). For example, the Z′ zygote had
a 14.9 % chance of establishing silencing after the first cell division (proportion of
pedigrees with Pattern 1 and 3), whereas the D1 daughter cell had a 26.3 % chance
of establishing silencing at the same point (proportion with Pattern 1 and 2). These
probabilities rose to over 90 % in the Z′′, D1′, D1-1, and D2 cells that had not silenced
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Figure 2.1: A pedigree assay to measure the establishment of silencing.(a)
Wild-type cells contain cryptic copies of α1 and α2 transcription factor genes at HML
whereas copies of these same genes at MAT are transcribed. (b) In the pedigree assay,
Strain 1 (JRY8828) containing a wild-type copy of SIR3 was mated to a sir3 -deficient
Strain 2 (JRY8829). (Shown prior to mating in e, and after mating in f). (c) Using
a micromanipulator, zygotes were moved to an α-factor source where they divided
(pictured in g) until HML α1 and α2 transcription factor genes were functionally
silenced. (d) Upon silencing of HML, cells became sensitive to α-factor and arrested
as shmoon (pictured in h).
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Figure 2.2: Silencing establishment as measured by the pedigree assay. Strain
1 (JRY88828) and Strain 2 (JRY8829) fusion products established silencing after 1 -
3 cell divisions. (a) Barplot of pedigree pattern counts. Zygotes and their daughters
were tracked by microscopy to determine their pattern of arrest, and by inference,
HML silencing. Upon silencing, cells arrested division as shmoon at different points
in their lineage, producing five possible patterns of silencing. No zygote ever silenced
HML prior to cell division (Pattern 0). Pattern 1 - Pattern 5 represent silencing events
produced after 1 - 3 cell divisions. In Pattern 5, the extra division could have occurred
in any of the four grand-daughter cells, not necessarily the D1-1 cell as depicted. The
data represented 643 zygotes and all their descendants. (b) Proportional stacked
plot. This figure depicts the same pedigree pattern counts as in Figure 2.2a as a
stacked plot. (c) Pedigree notation and silencing probability. The names of cells are
given here as they are produced in a dividing pedigree lineage. The probability that
a given cell of this type was silenced is shown adjacent (computed from the data in
Figure 2.2a).
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in the previous division. Therefore, these results were inconsistent with silencing being
established with a fixed probability per cell cycle.

The inferred silencing of HML required Sir3 introduction, an α-factor source, and
an HML locus competent for silencing. The absence of any of these components
resulted in cells that divided indefinitely (data not shown). In summary, silencing
progressed as a function of a cell’s history and its identity (as either a mother or
a daughter cell), did not occur with a fixed probability per cell division, and was
complete within two cell divisions in most cells.

2.4.2 Sir3 was not limiting for the establishment of silencing

The data above were from diploid cells carrying one copy of the SIR3 gene. Al-
though sir3∆ is recessive, we considered the possibility that SIR3 hemizygosity might
affect the kinetics of silencing, and that the rate of establishment might be hastened
by a super-stochiometric quantity of Sir3. To test this idea, we performed the pedigree
assay using a derivative of Strain1 bearing SIR3 on either a single-copy (CEN-ARS)
or multi-copy (2µ) plasmid. These strains expressed SIR3 mRNA at roughly five
and ten times the wild-type level, respectively, of SIR3 transcript (Figure 2.3, a).
Sir3 over-expressors did not establish silencing with significantly different kinetics
than their isogenic wild types (Figure 2.3, b). Thus Sir3 levels were not limiting for
establishment.

2.4.3 Chromatin-modifying enzymes impacted the kinetics
of silencing establishment

Given that histone methylation and acetylation are reduced or missing from silent
chromatin in S. cerevisiae, we assayed the kinetics of silencing establishment when
both strains lacked the chromatin-modifying enzymes Dot1, Set1, Sas2, or the JmjC-
and JmjN-domain-containing histone demethylases. We followed silencing patterns
of over a hundred pedigrees for each mutant as well as wild-type controls on the same
plate. Loss of DOT1 and SET1 significantly hastened silencing establishment whereas
the loss of SAS2 or JHD2 significantly delayed it (Figure 2.4). Because bar plots
are not optimal for viewing multi-dimensional data, we also plotted these datasets as
mosaic plots (Figure 2.5). Mosaic plots better display multivariable datasets and, with
practice, more obviously visually represent associations between pedigree phenotype
and genotype for each cell division.

Dot1 (also known as Kmt4) was identified by the loss of telomeric silencing upon
either its over-expression or loss-of-function [64] and was later shown to catalyze all
methylation states of H3 K79 [58–60], a core nucleosome residue that marks euchro-
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Figure 2.3: Sir3 overexpression studies in the pedigree assay. (a) Expression
of SIR3 by qRT-PCR. An additional copy of Sir3 on either a CEN-ARS (single-copy)
or 2µ (multi-copy) plasmid in Strain 1 caused an over-expression of SIR3 transcript
(JRY8847 - JRY8850, using JRY8828 and JRY8829 as controls). (b) Pedigree pro-
files of silencing establishment using Sir3 over-expression strains are shown compared
to strains silenced with the native SIR3 and empty vectors(JRY8847- JRY8850 x
JRY8829). There was no significant association between pedigree pattern and Sir3
over-expression. Nominal p-values were 0.247 (CEN-ARS) and 0.545 (2µ). (c) Tech-
nical experimental replicates of Strain1 (JRY8828) and Strain 2 (JRY8829) in the
pedigree assay were performed on zygotes from temporally coincident assays to illus-
trate wild-type variation. The 36 nominal p-values ranged from 0.181 to 0.999 with
a mean of 0.626 suggesting that the differences between the profiles of SIR3 over-
expression lines to their corresponding control pedigrees are similar to the variation
within wild-type assays. (d) CEN-ARS and 2µ plasmid loss rates. The plasmid loss
per cell division of the two SIR3 over-expression plasmids is shown.
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Figure 2.4: Silencing establishment dynamics in cells lacking specific chro-
matin modifiers. Yeast strains isogenic to Strain 1 (JRY8828) and Strain 2
(JRY8829) and lacking either dot1∆, sas2∆, set1∆, or jhd2∆ were assayed for their
kinetics of silencing using the pedigree assay. They were compared to silencing in
zygotes from wild-type Strain 1 and Strain 2 silencing on the same plates. Pedigree
patterns generated from these strains are displayed using barplots. The likelihood
ratio test was applied to detect associations between pedigree pattern and genotype.
All four mutants were significantly different from wild type: p-valuedot1∆ = 4.59 e−10;
p-valuesas2∆ < e−16; p-valueset1∆ = 9.80 e−5; p-valuejhd2∆ = 4.22 e−3. As a bench-
mark, pairwise comparisons between the four groups of wild-type assays yielded six
nominal p-values ranging from 0.179 to 0.900, with a mean of 0.610 representing the
low variability amongst wild-type samples. The number of pedigrees tabulated for
each comparison is indicated beneath the genotypes.
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Figure 2.5: Mosaic plots of pedigree pattern versus genotype. (a) Mosaic
plots of pedigree pattern and genotype counts for four chromatin mutants. These
plots represent the same data from Figure 2.4. Mosaic plots provide a graphical
display of the joint distribution of counts in a contingency table. The lack of align-
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each phenotype-genotype combination allows visualization of the sign and magnitude
of the residuals: progressively darker shades of red (blue) emphasize patterns that
are reduced (increased) in the given genotype.
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matin when methylated [58, 59]. Sir proteins are thought to have a lower-affinity for
nucleosomes methylated at H3 K79 [42]. In addition, the Dot1 protein itself antag-
onizes silencing by competing with Sir3 for a binding site on histone H4 [101, 102].
In the pedigree assay, 32.5 % of dot1∆ pedigrees established silencing in both cells
after just one cell division, a roughly 2-fold increase over the wild type (Figure 2.4).
Still, over 95 % of dot1∆ mutants were silenced within the first two cell divisions.
Therefore, Dot1, and by inference methylation on H3 K79, slowed the establishment
of silencing.

H3 K4 mono-, di-, and tri-methylation is catalyzed by Set1 (also known as Kmt2),
a member of the COMPASS complex that tracks along with RNA Pol II, creating
a pattern of H3 K4 mono-, di- and tri-methylation along the length of transcribed
genes [66,67,103]. The set1∆ mutation, and a consequent loss of H3 K4 methylation,
leads to growth defects [69], aberrant activation at some genes, repression defects
at others [104–106], and silencing defects [73, 107]. In our studies, set1∆ cells ex-
hibited accelerated establishment of silencing, though not as much as in the dot1∆
mutant (Figure 2.4). By inference, Set1 inhibited or antagonized the establishment
of silencing.

Jhd2, a member of the Jmj-C family of histone demethylases, catalyzes the re-
moval of all three H3 K4 methylation states, thereby opposing Set1 enzymatic activity
in budding yeast [75–78, 108]. Indeed, jhd2∆ cells were slow to establish silencing, a
phenotype opposite that of set1∆ (Figure 2.4). In contrast, removal of three other
JmjC- and JmjN- containing proteins showed minimal to no effects on the establish-
ment of silencing (Figure 2.6). Thus, the acceleration of silencing establishment in
dot1∆ and set1∆ cells, and the retardation in jhd2∆ mutants reflected specific ef-
fects of these enzymes on silencing kinetics. Sas2 (also known as Kat8) catalyzes the
acetylation of N-terminal tail residues in histones H3 and H4 and plays a role in gene
activation. This enzyme also catalyzes the H4 K16 acetylation that is removed by
Sir2 to produce silent chromatin. Therefore, one might expect sas2∆ cells to estab-
lish silencing more expeditiously than wild-type cells because sas2∆ cells lack a mark
refractory to Sir protein binding.

However, sas2∆ cells were actually slow to establish silencing: only 1.9 % of sas2∆
cells established silencing after the first cell division, in contrast to 12.7 % of wild-type
cells (Figure 2.4) and roughly 10 % of pedigrees failed to establish silencing even after
3 rounds of cell division. Our results closely mirrored the delay in the association of
Sir3p with the HML and HMR-loci reported in batch cultures of sas2∆ cells [29]
and recapitulated findings that populations of sas2∆ cells exhibit a slightly variable
expression of HML at the single-cell level [38,54].

Cells with the dot1∆, set1∆, and sas2∆ deletions produced phenotypes in steady-
state that were often less severe than their phenotypes in silencing establishment.
Compared with their strong defect in telomeric silencing, cells with dot1∆ mutations
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Jhd1 Kdm2 292 aa PHD, JmjC H3 K36 me
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Tsukada, et. al., 2006; Tu et. al., 2007;

Rph1 Kdm4 796 aa JmjN, JmjC, Zn-Finger H3 K36 me
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Klose et. al., 2007, Tu et. al., 2007
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Ecm5 1,411 aa JmjN, PHD, JmjC No known targets

Figure 2.6: A targeted screen of jumonji mutants. (a) Establishment of silencing
in jumonji mutants. Pedigree assays were performed for pairs of jhd1∆, rph1∆, jhd2∆,
or gis1∆ strains. Only jhd2∆ mutants were further analyzed due to their significant
phenotype (JRY8828, JRY8829, and JRY8834 JRY8841). (b) JmjC and JmjN-
containing proteins in yeast. The five jumonji proteins in yeast are tabulated along
with their known characteristics.
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had minimal effects on HML and HMR expression.

Cells lacking DOT1 retained wild-type mating ability (Figure 2.7) and success-
fully silenced an HMR-a1::URA3 reporter (Figure 2.7). However, as recently pub-
lished elsewhere, dot1∆ deletion enhances the silencing defects of some silencing-
compromised mutations like sir1∆ [65] (Figure 2.7, a, c). In addition, the slowed
kinetics of silencing establishment in jhd2∆ mutant cells had no discernible effect on
the strength of silencing, once established, at either locus. We observed no impact
on mating efficiency in jhd2 mutants or over-expressers (Figure 2.7, b), and direct
qRT-PCR analysis of HMLα2 and HMR-a1 expression revealed minimal detectable
transcription from these loci (Figure 2.7, d). Therefore, though jhd2∆ cells were ini-
tially slow to establish silencing, their silenced chromatin was as effective at silencing
as the chromatin of wild-type cells once it had formed.

2.5 Discussion

2.5.1 The establishment of silencing as measured by a phe-
notype

By investigating silencing in dividing populations of single cells, we characterized
the dynamics of silent chromatin formation, thereby testing aspects of the maturation
and stochastic models. We excluded purely stochastic models by demonstrating that
a cell’s probability of silencing HML depended upon that cell’s identity (zygote or
daughter) and history (first or second cell cycle) during establishment. In addition,
our findings supported aspects of the maturation hypothesis, but along a much shorter
timeline (one to two cell divisions) than initially expected.

The relationship between the phenotypic measures reported here and the underly-
ing molecular events reported elsewhere can be compared albeit with some limitations.
After one complete cell cycle, previous studies reported that transcripts from HMR
decrease to 9.8 % to 12.5 % of wild-type levels [29,35,109]. Those decreases in mRNA
quantity, measured at the population level, correlated with the 86.7 % of cells that
retain the un-silenced phenotype after one cell division in our study. We inferred
that mRNA measurements from batch culture studies reflected an admixture of two
processes: a fraction of cells that had achieved phenotypic silencing, and a fraction of
cells that had reduced transcript levels but not enough to pass the more stringent test
of silencing used in this study. After two cell divisions, mRNA levels were reported
to decrease to 2.5 % to 5 % [109] of full expression, correlating rather well with the
7 % of cells remaining in the un-silenced state in our studies.

The residual decrease in transcripts from HML and HMR measured between 3
and 5 cell divisions by Katan-Khayakovich et al. [29] could result from a mixture of
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Figure 2.7: Loss of DOT1 enhanced the sir1∆ loss-of-silencing phenotype.
(a) sir1∆ and dot1∆ single and double mutant cells (JRY8873, JRY4621, JRY8874,
JRY8875, JRY8957, JRY8958) were tested for their ability to mate with tester strains
(JRY2726, JRY2728) by quantitative mating efficiency assay and compared to wild-
type (W303-1a, W303-1b) and sir4∆ (JRY3411, JRY3841) strains. (b) jhd2∆ strains
(JRY8843, JRY8844) and JHD2 over-expressing yeast (JRY8884, JRY8885) were
tested for their ability to mate. (c) Silencing of a URA3 reporter in cells lacking SIR1
and DOT1 was tested. Unsilenced hmr-a1∆::K.l.URA3 expression confers growth
on CSM -ura plates and sensitivity to 5-FOA (JRY8876 - JRY8833). (d) Expression
of a1 from HMR were measured in cells that lacked or overexpressed Jhd2 (MATα
background, JRY8844 and JRY8885) using qRT-PCR. set1∆ strains (JRY8889) and
wild-type strains (W303-1a, W303-1b) served as controls. HML α2 -gene expression
in cells in a MATa cells (JRY8843, JRY8884, JRY8888, W303-1a, W303-1b) was also
assessed. Results were expressed as the average fold-expression over actin relative to
MAT expression in biological triplicates.
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influences. These might include differences between the assays as a small fraction
of cells slow to induce Sir3 from the inducible (GAL1 ) promoter could account for
persistent transcripts from the HML and HMR loci. Alternatively, it is possible
that after the phenotypic changes measured in our studies have occurred, the levels
of mRNA transcript may continue to decline. Likewise, the super-stochiometric Sir
protein binding detected in later cell cycles [29] may occur after phenotypic silencing is
complete by the cell-based assay. This process may be similar to the Polycomb Group
proteins (PcG) of Drosophila melanogaster that form heterochromatin to maintain the
silencing of HOX genes after initial repression occurs by promoter-specific regulators
[110,111].

Previously, Xu et al. measured the fluorescence recovery (2hrs) after photo-
bleaching (FRAP) of fluorescent reporters from HML and HMR and determined that
transcriptional ability is lost in an all-or-nothing capacity upon Sir-protein induc-
tion [38]. We added to their findings by quantifying the phenotypic changes produced
by the transcriptional changes they observed. Further, we quantified the probability
of cells to adopt a silenced phenotype depending on their place within a growing
pedigree tree. Taken together, the work of Xu et al., Katan-Khayakovich et al., and
this study illustrate that silencing in batch culture initiates in individual cells turn-
ing off transcription at slightly variable rates thereby creating mRNA levels within
cells that transition between the fully transcribed and fully silenced states. Once in-
ternal mRNA levels decline to a threshold level, silencing establishes phenotypically.
Though Sir protein binding may continue to increase in later stages of silent chro-
matin development, the phenotypic changes are complete within as few as two cell
divisions.

There is a formal possibility that the phenotypic changes measured in our as-
say over-estimated the number of cell divisions required for transcripts from HML
to decline. For cells to respond to α-factor, they must degrade proteins whose syn-
thesis is controlled by α genes and undergo morphological changes after undergoing
transcriptional silencing. However, previous studies of homothallic mating-type inter-
conversion showed that cells can switch from an α mating type to an a mating type
within one cell cycle and that turn-over of mating-type associated mRNA and protein
is quite rapid (less than 5 minutes for alpha2 ) as compared to the 90 - 120 minute
cell cycle [112,113].

Therefore, it is likely that phenotypic changes occurred quickly following mRNA
decline. Also, our assay may not have been capable of detecting silencing were it to
occur prior to the first cell division because cells are only able to respond to α-factor
during the G1 phase of the cell cycle. However, previous molecular data indicates
that, upon Sir protein induction, cell-cycle progression past early S-phase is required
for any detectable reduction in transcripts from the HML locus. Hence, the cells
that showed sensitivity at the 2-cell stage represent the earliest observable transition
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to the silenced state. Therefore, the cellular assay used in this study to detect the
onset of silencing was a close reflection of the transcriptional decline at HML but was
logically expected to occur slightly after those molecular events.

2.5.2 The pattern of silencing establishment within a pedi-
gree

We found a strong bias for synchronous establishment in mother-daughter pairs,
implying a close concordance between the mother and daughter cells’ fates. However,
in cases where the fates of the two cells (Z′ and D1) did not occur synchronously,
the daughter cell was more likely to establish silencing while the mother cell contin-
ued to divide. This subtle difference may reflect a difference between the timing of
mother and daughter cell cycles or a biased segregation of silent chromosomes towards
transmission into the daughter cell.

2.5.3 Chromatin modification and silencing establishment

Trimethylation of H3 K4 is associated with gene activation and is pre-dominantly
found in the 5′ region of euchromatic genes. Methylation of H3 K79 also demarks
euchromatin, but more ubiquitously. Cells lacking histone methyltransferase enzymes
(for these methyl marks) adopted the silenced state more readily than wild-type cells,
whereas cells lacking a demethylase were slower. This suggests that de-methylation
could be a rate-limiting step in the formation of silent chromatin. Formally, it is
possible that the impact of Dot1, Set1 and Jhd2 on silencing could result from an
indirect effect. However, the hypo-methylation of H3 K4 and H3 K79 within silenced
chromatin suggested a direct connection. It is interesting to note that asymmetrical
patterns of silencing were more common in the dot1∆ and set1∆ mutants (Pattern
2 and Pattern 3 in Figures 2.2 and 2.4). Although the foundation of this difference
remains unclear, the predominance of symmetric events in wild-type cells could po-
tentially reflect the replication-coupled dilution of the chromatin marks that inhibit
silencing.

Like histone methylation, histone acetylation is associated with euchromatin in
budding yeast. In our assay, Sas2 promoted efficient silencing establishment even
though the acetylation catalyzed by this enzyme must be removed in the establish-
ment process. There are two competing hypotheses for how Sas2 and specifically H4
K16 acetylation affect silencing. One possibility is that the loss of H4 K16 acetyl
marks in the sas2∆ mutant creates additional chromatin sites permissive for Sir com-
plex binding thereby diluting Sir proteins concentration at HML and reducing both
the speed and the effectiveness of silencing. Alternatively, the active de-acetylation of
H4 K16 by Sir2 may guide the Sir complex into an optimal conformation to promote
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silencing [28, 42, 114]. Although our data do not distinguish which hypothesis for
Sas2’s role is correct, they do demonstrate a role for Sas2 in enhancing the kinetics
of the establishment of silencing.

In steady-state cultures of dot1∆, set1∆ and sas2∆ cells, the strength of silencing
at HML and HMR are mildly reduced (detectable in some mutants only in sensitized
strains). This finding originally inspired the hypothesis that a re-localization of Sir
proteins in these mutants weakens silencing. However, during the establishment pro-
cess, acetyl marks promoted silencing and methyl marks delayed it. How can the
chromatin modifying proteins have similar effects on silencing during steady-state
growth yet opposite effects on the establishment of silencing? It is possible the im-
pacts of these modifications on silencing establishment are direct, whereas the effects
of these marks on steady-state silencing are indirectly linked to a re-distribution of
Sir proteins within the genome [61].

Alternatively, the transition from the active state to the silenced state may reflect a
balance between the strength of transcription of the genes at HML and HMR versus
the strength of silencing at those locations. By this hypothesis, the rapid rate of
silencing establishment in dot1∆ and set1∆ mutants may indicate that their ability
to maintain active transcription is compromised. Whatever the mechanism, the rate
of silencing establishment in chromatin mutants provided a welcome new phenotype
revealing their effects on dynamic aspects of gene regulation.

Though jhd2∆ cells showed pronounced delays in silencing establishment, they had
no defects in steady-state silencing. As such, jhd2 mutants have never been isolated
from screens for loss-of-silencing phenotypes. Because genomes of all organisms have
evolved to respond dynamically to changing environments, genetic screens with the
capacity to reveal dynamic phenotypes are likely to contribute new insight to well-
studied phenomena.

In our assay, two-cell-cycles required 4 - 6 hours of time. Our data did not dis-
tinguish whether the two cycle requirement represents the need for a fixed amount
of time, a fixed number of cell divisions, or a mix of both. For now, this issue is
unresolved.

In summary, by studying the establishment of silencing in individual cells, we
have disproven purely stochastic models and have limited the maturation hypothesis
to a timeline in which events required for establishing silencing are complete in the
vast majority of cells within two cell cycles. We found that euchromatic methyl
marks slow the establishment of silencing. Finally, we note that the need to remove
euchromatic marks provides an elegant explanation for the long-enigmatic discovery
of the grand-parental effect on silencing establishment [39], a phenomenon in which
bi-stable populations of sir1∆ cells switch from the transcribed to the silenced state
as four-synchronously switching grand-daughter cells.
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Chapter 3

H3 K79 methylation status impacts

the rate of silencing establishment
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3.1 Abstract

In Saccharomyces cerevisiae, silent chromatin inhibits the expression of genes
housed within the HML and HMR loci. The rate at which the HML locus can
produce silent chromatin is altered in cells lacking different chromatin modifying en-
zymes. In particular, loss of the enzyme Dot1, an H3 K79 methyltransferase, leads
to rapid silencing establishment that can be explained by two models. Either the
rate of silencing establishment is correlated with H3 K79 methyl status, or Dot1 im-
pedes silent chromatin formation directly (via competition with Sir3 for a binding
site on H4). To test the extent to which these two aspects of Dot1 biology impact
silent chromatin formation, we monitored fluorescence activity in cells containing a
destabilized GFP reporter placed within the HML locus as these cells established si-
lencing in a series of Dot1 and histone mutants. We found that the over-expression of
catalytically inactive dot1 phenocopies the rate of silencing establishment in dot1∆
cells indicating that Dot1’s impact on silencing establishment depends on its catalytic
activity and not on the absolute concentration of the protein. In addition, histone
mutants that mimic the unmethylated state of H3 K79 (H3 K79R) also phenocopy
the dot1∆ cells in their rate of silencing establishment further bolstering the model
that Dot1 impacts silent chromatin formation through its ability to alter the methyl
status of this residue. The fluorophore-based reporters in this study were used to
monitor silencing establishment continuously throughout the cell cycle and were used
in further studies of cell-cycle effects on silencing establishment and transcription.
An analysis of these measurements confirmed past results that mother and daughter
cells often silence in concert, but in instances where asymmetric silencing occurs, the
daughter is likely to establish silencing more precociously than her mother.

3.2 Introduction

Gene expression is highly dynamic with multiple activating and antagonizing in-
puts influencing the final transcriptional output of a gene. During the process of
turning off transcription, repressive or silencing proteins must override activating
signals. In the yeast Saccharomyces cerevisiae, transcriptional silencing at the two
cryptic mating loci, HML and HMR, requires the localization of Silent Information
Regulatory (Sir) Proteins across the silenced regions [3, 5, 6, 8]. Though HML and
HMR loci are constitutively repressed in wild-type cells, inducible silencing at these
loci is a model for facultative heterochromatin formation that has led to a greater
understanding of heterochromatin establishment and maintenance [33, 115–118]. By
studying the dynamics between heterochromatin formation and loss in mutants with
altered chromatin structure, we aim to understand the processes involved in a complex
mode of transcriptional regulation.
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Silencing establishment has been extensively studied and is thought to occur via a
multi-step process in which Sir proteins initially congregate at the ”silencer” regions
flanking each locus and subsequently become enriched throughout the locus [8,9,29].
The internal spreading of Sir proteins from silencer sequences requires Sir2-dependent
deacetylation of the critical histone residue H4 K16 and possibly other acetyl residues
as well [8, 26, 95, 119]. Because nucleosomes comprised of unacetylated histones have
a higher affinity for Sir protein complexes, their production either processively or
cumulatively promotes the internal localization of Sir proteins leading to loss of tran-
scription at those sites [27,28,42].

The model of silencing establishment is continually evolving to accommodate new
findings. For example, it was previously thought that only the Sir2, Sir3, and Sir4
proteins could spread across HML or HMR loci while ORC, Abf1, Rap1, and Sir1
were restricted to silencer sequences [8, 9]. Current technological advances in the
resolution of chromatin immunoprecipitation (ChIP) studies suggest a more complex
reality. Sir1, Sir2, Sir3, Sir4, Abf1, Orc1, and Rap1 all show maximal enrichment at
the silencer regions, but Sir2, Sir3, Sir4, Sir1, and ORC are found within the silenced
region as well (Zill et al, unpublished) [36]. Their localization, as revealed by ChIP-
SEQ, is by no means uniform. Rather their distribution suggests a complex structure
whose characteristics are consistent with a number of higher dimensional models of
chromatin structure such as ”bunching” or ”looping” [15,16].

During silencing establishment, the loss of histone acetylation within the silenced
region precedes the loss of histone methylation [29]. Specifically, H3 K4 methylation
and H4 K79 methylation, hallmarks of active transcription and euchromatin, decline
across HMR during silent chromatin formation. Interestingly, the preemptive removal
of these methylation moieties by deletion of the genes encoding their methyltrans-
ferases allows silencing to establish more rapidly [29,89]. Thus, the removal of methyl
marks seems to be an integral step in silent chromatin formation, and bypassing the
need for this step allows silent chromatin to establish more expeditiously. By in-
ference, H3 K79 and H3 K4 methyl marks antagonize silent chromatin formation in
some way.

Arguably, among the sites of histone methylation, H3 K79 methylation (catalyzed
by the Dot1 methyltransferase) has the largest impact on silent chromatin formation
[58,60,61,64]. How does Dot1 slow the establishment of silencing? Recent biochemical
evidence suggests that Dot1 impacts silencing by two main mechanisms. Firstly,
Dot1 catalyzes the mono-, di-, and tri-methylation states of H3 K79 [60,61,63]. This
particular lysine is located on the Loss of rDNA Silencing (LRS) face of H3, a surface
whose electrostatic properties are important for association between the nucleosome
and the BAH-domain of Sir3 [65,120–123]. H3 K79 methylation, therefore, interferes
with the nucleosome’s ability to adequately bind Sir3 [42]. Therefore, the loss of Dot1
may increase either the speed of silencing by preemptively freeing the space on which
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Sir3 proteins associate or may increase the stability of the silent chromatin produced.

Dot1 can impact silencing formation in a second manner. Sir3 proteins silencing
the telomere can reduce Dot1 enrichment there by a direct competition mechanism
for binding on a known region of histone H4 [101, 102]. That is, both Dot1 and
Sir3 are known to associate, in some capacity, with the LRS face of histone H3,
as well as with a basic patch on histone H4 at residues 17 - 19. The competition
is mutual and catalytically inactive Dot1 enzyme can also decrease Sir3 association
with nucleosomes at telomeres (Stutlemeiejer et al., personal communication).

We are interested in determining the extent to which Dot1 impacts the process
of silent chromatin formation through H3 K79 methylation or directly via competi-
tion with Sir3 for access to the nucleosome. To determine which mechanism exacts a
greater force on silent chromatin formation, we took advantage of tools developed to
monitor silencing dynamics continuously and at the single-cell level [38]. We coupled
these techniques with classics of the genetics toolkit including DOT1 overexpression
vectors [101] and mutant histone gene alleles [61]. These experiments led us to dis-
cover that, at HML, H3 K79 methyl status has a large impact on the establishment
of silencing, whereas competition between Dot1 protein and Sir3 plays a minor or
nonexistent role.

In addition to allowing us to address the mechanisms of Dot1 biology, the tech-
niques used in this study could be employed to better understand general transcrip-
tional dynamics. Using quantitative microscopy, we monitored the transcriptional
state at HML in both unsilenced cells and cells undergoing silencing establishment.
This technique has the power to continuously monitor fluorescence intensity in indi-
vidual cells as they divide and grow. We discovered a wide variance in expression
intensity within the population that was cell-cycle-independent. Further, we were
able to monitor the dynamics between mother and daughter cells as they establish
silencing. We noticed that mother and daughter cells exhibit a high level of concor-
dance in their expression of reporter genes, but that the daughter cell is more likely
to establish silencing faster than the mother.

3.3 Materials and Methods

Strain construction. All yeast strains were constructed in the W303 background
(Table 3-1). All yeast strains containing the hml::pURA3::GFP::PEST::NLS were
cloned out of Yex730. The original Yex730 construct is referenced in Xu et al. and
was produced by cloning the first 55 amino acids of the CLN2 PEST degradation
tag into yEGFP (Clonetech) prior to the stop codon [38, 124]. This construct was
transformed into a plasmid containing URA3promoter::NLS::YFP::URA3 terminator
and then transformed into the HML locus [38]. In our current study, gene deletions
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Table 3.1: Yeast strains used in Chapter 3.

JRY# EOY# Genotype Plasmid
JRY EOY Genotype Plasmid
JRY2334 MATa ade2-1 can1-100 his3-11 leu2-3,112

trp1-1 ura3-1
JRY3009 MATα ade2-1 can1-100 his3-11 leu2-3,112

trp1-1 ura3-1
JRY4012 MATa lys2-1 can1-100 his3-11 leu2-3,112

trp1-1 ura3-1
JRY4013 MATα lys2-1 can1-100 his3-11 leu2-3,112

trp1-1 ura3-1
JRY7989 MATα ade2-1 can1-100 his3-11 leu2-

3,112 trp1-1 ura3-1 hhf1::HYG-MX hhf2-
hht2::NAT-MX

Yex730
JRY9101 EOY444 MATa can1-100 his3-11 leu2-3,112 ura3-1

hml::pURA3::PEST::NLS
JRY9103 EOY490 MATa can1-100 his3-11 leu2-3,112 ura3-1

hml::pURA3::PEST::NLS sir3∆
JRY9104 EOY458 MATa can1-100 his3-11 leu2-3,112

ura3-1 hml::pURA3::GFP::PEST::NLS
dot1∆::HIS-MX

JRY9106 EOY547 MATa can1-100 his3-11 leu2-3,112 trp1-
1 ura3-1 hml::pURA3::GFP::PEST::NLS
dot1∆::HIS-MX

JRY9107 EOY549 MATa can1-100 his3-11 leu2-3,112 trp1-1
ura3-1 hml::pURA3::GFP::PEST::NLS

JRY9108 EOY551 MATa can1-100 his3-11 leu2-3,112 trp1-
1 ura3-1 hml::pURA3::GFP::PEST::NLS
dot1∆::HIS-MX [TRP1 ]

pTCG

JRY9110 EOY554 MATa can1-100 his3-11 leu2-3,112 trp1-1
ura3-1 hml::pURA3::GFP::PEST::NLS
dot1∆::HIS-MX [GAL1promoter::gDOT1
TRP1 ]

pFvL18

JRY9112 EOY557 MATa can1-100 his3-11 leu2-3,112 trp1-1
ura3-1 hml::pURA3::GFP::PEST::NLS
dot1∆::HIS-MX [GAL1promoter::gDOT1
G401R TRP1 ]

pFvL43
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Table 3.1: Yeast strains used in Chapter 3 (continued).

JRY# EOY# Genotype Plasmid
JRY9114 EOY561 MATa can1-100 his3-11 leu2-3,112 trp1-

1 ura3-1 hml::pURA3::GFP::PEST::NLS
[TRP1 ]

pTCG

JRY9119 EOY574 MATa can1-100 his3-11 leu2-3,112 lys2-
1 ura3-1 hht1-hhf1∆::HYG hht2-hhf∆::NAT
[HHT- HHF URA3 ]

JRY9120 EOY583 MATa can1-100 his3-11 leu2-3,112 trp1-
1 ura3-1 hht1-hhf1∆::HYG hht2-hhf∆::NAT
dot1∆::HIS3 [HHT-HHF URA3]

JRY9121 EOY594 MATa can1-100 his3-11 leu2-3,112 lys2-
1 ura3-1 hht1-hhf∆::HYG hht2-hhf∆::NAT
[HHT2::HHF2 LYS2 ]

pMP9

JRY9123 EOY598 MATa can1-100 his3-11 leu2-3,112 lys2-
1 ura3-1 hht1-hhf1∆::HYG hht2-hhf∆::NAT
dot1∆::HIS3 [HHT2::HHF2 LYS2 ]

pMP9

JRY9125 EOY614 MATa can1-100 his3-11 leu2-3,112 lys2-
1 ura3-1 hht1-hhf1∆::HYG hht2-hhf∆::NAT
[hht2K79A::HHF2 LYS2 ]

pHCL80

JRY9127 EOY616 MATa can1-100 his3-11 leu2-3,112 lys2-
1 ura3-1 hht1-hhf1∆::HYG hht2-hhf∆::NAT
[hht2K79R::HHF2 LYS2 ]

pHCL81

Table 3.2: Plasmids used in Chapter 3.

Name Genotype Reference

pTCG TRP1 [61]
pFvL18 GAL1promoter::gDOT1 TRP1 [61]
pFvL43 GAL1promoter::gDOT1G401R TRP1 [61]
pMP9 HHT2::HHF2 LYS2 [126]

pHCL80 hht2K79A::HHF2 LYS2 [101]
pHCL81 hht2K79R::HHF2 LYS2 [101]
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were generated using the one-step integration of knockout-cassettes to replace the
ORF of a given gene with an insertion cassette containing selectable markers [97,98].
JRY9108 - JRY9114 were produced by transforming the plasmids pTCG, pFvL18,
and pFvL43 [61] into strains JRY9106 and JRY9107 by conventional means. JRY9119
resulted from mating JRY9104 to JRY7989 [125] and selecting the desired progeny. To
produce JRY9121 - JRY9127, we started with JRY9119 and JRY9120 and introduced
the vectors pMP6, pHCL80, and pHCL81 [101,126] through a plasmid swap.

Flow cytometry. Cells were grown to 0.1 OD in SC medium over two sequential
nights of growth at 30◦ C, diluting in between each night. Cells were harvested by
centrifugation, fixed in a 4 % paraformaldehyde/3.4 % sucrose solution for fifteen
minutes at room temperature, then washed and stored in a 1.2 M sorbitol 0.1 M
KPO4 solution, pH 7.5. Cells were stored at 4◦ C for a maximum of 24 hours.
GFP expression data were collected for each sample using the FC-500 (Beckman-
Coulter) flow cytometer. 100,000 cells were measured per run and then gated to
ensure that they met a minimum size measurement. Gated population of roughly
60,000 cells were used. Log-Linear Means were calculated using the Beckman-Coulter
Flow software. We used the Flow-Jo 7.5 analysis software (TreeStar, Inc.) combined
with the Bioconductor flowCore package for R [99,127] for data anslysis and display.
Violin plots were generated using the Vioplot package for R [99,128]. For violin plots,
a band width of 100 was chosen. For samples grown in nicotinamide, cells were grown
in SC medium containing 5 mM nicotinamide over two consecutive night’s growth at
30◦ C with a dilution between each night. For silencing establishment time course
assays, cells were grown in 5 mM nicotinamide in SC medium over two nights at
30◦ C and then removed from nicotinamide media by centrifugation, washing, and
resuspension in SC medium. Time points were collected during the washing event (0
min), and at 30 min, 60 min, 120 min, 240 min, and 360 min following the washing
event.

Microscopy. Fluorescence microscope images were obtained using a computer-
controlled fluorescence microscope system (DeltaVision; Applied Precision) for imag-
ing of live cells. A DeltaVision microscope system in a temperature-controlled room
was used [129,130]. This system is based on an inverted fluorescence microscope (IX70
Olympus) with an oil immersion Plan-Apochromat 60x NA 1.4 lens (Olympus). For
time course assays, living cells were grown overnight to a maximum of 0.1 OD in 5 mM
nicotinamide + SC medium at 30◦ C. Live cells were fixed to a 35 mm glass-bottom
culture dish (MatTek Corp) coated with concanavalin A (from a solution of 0.2 % con-
canavalin A, 0.1 M NaCl, 20 mM Tris, 2 mM CaCl2, 0.5 mM MnCl2, pH6.8), washed
with SC medium and overlaid with a 25 µl 2 % low-melt temp agarose (SC medium)
pad. Time course experiments were conducted at 30◦ C. Images were acquired using
SoftWoRx software (Applied Precision) provided as part of the DeltaVision system.
A stack of 12 images separated by 0.5 µm increments in the Z-axis and centered about
the focal plane were recorded every 10 minutes over the course of a 6 hr time course
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(37 time points). Image stacks were summed using the fast projection protocol in the
SoftWoRx software. Images were exported to VCell-ID 0.4 (Molecular Sciences In-
stitute) for cell identification, tracking, and quantification [131]. VCell-ID data were
analyzed using the RCell package for R [99,132,133]. Cells were called accurately by
the VCell-ID program roughly 93 - 95 % of the time and were manually curated to
remove false-positive calls.

Degradation time. To determine the degradation rate of GFP in our strains, we
grew cells containing the hml::GFP::PEST::NLS reporter in the sir3∆ background
(JRY9103) in SC medium overnight at 30 C to a maximum 0.1 OD. Cells were
mounted onto glass-bottom culture dishes as described above and incubated with
either SC medium or with 2.5 µg/ml cyclohexamide + SC medium. Quantitative mi-
croscopy time courses were performed and analyzed as described above to determine
the time required for 50 % reduction in fluorescence signal from the cyclohexamide-
treated cells.

3.4 Results

3.4.1 The kinetics of silent chromatin formation

Previously, we showed that cells first introduced to Sir proteins typically require
two cell divisions before producing functional silencing at HML that results in a phe-
notypic change [89]. In that study, we used a phenotypic output, the alteration of
mating type and the response to mating pheromone (shmooing), to report functional
silencing in a dividing population of cells. More specifically, the expression status of
HMLα in MAT∆ cells was assayed by assaying for a cell’s ability to adopt the default
a-cell mating type and consequently to respond to α-factor. For this current study,
we monitored the progress of silencing using a different approach: by quantifying the
fluorescence intensity of a destabilized GFP reporter [38]. This approach nicely com-
plements our previous technique. Whereas the phenotypic assay can only evaluate
a cell’s expression status during G1 of the cell cycle (when cells are competent to
respond to α-factor), the expression of GFP can be monitored continuously. In addi-
tion, the mating type of the cell is a binary signal whereas GFP expression provides
a quantitative analog output allowing for the strength and progress of silencing to be
measured in real time. Therefore, these two approaches are meant to be complemen-
tary in nature and both can be used as tools to better understand the mechanisms
of silencing establishment at the single-cell level.

A fast-folding, high-turnover GFP allele was constructed to monitor expression
dynamics [38]. This GFP allele contains the CLN2 PEST degradation tag fused to
the 3’ end of GFP. Cln2 undergoes constant 26S-proteosome-dependent degradation
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throughout the cell cycle due, in part, to its PEST sequence [124, 134, 135]. When
GFP fused to the same PEST sequence undergoes similar constant degradation. It
is estimated that the folding time of this fluorophore is on the order of 20-min, while
the half life ranges from 26 min - 50 min [38,124]. In addition, these alleles contain a
Nuclear Localization Sequence (NLS) to concentrate the GFP signal at the nucleus.
A loss in fluorophore stability results in lower signal accumulation. Therefore, by
concentrating the available signal into a smaller locale, we can detect lower signal
intensities with greater reliability.

When placed within the HML locus, the GFP::PEST::NLS construct is subject
to Sir-protein mediated silencing. That is, GFP fluorescence intensity is not detected
unless silencing is disrupted by either mutation of one of the Sir proteins or by chem-
ical inhibition of Sir2 using an inhibitor such as nicotinamide (Figure 3.1) [38]. The
expression output of GFP in un-silenced conditions can be visualized and quantified
by either flow cytometry (Figure3-1, b-d) or by quantitative microscopy (Figure 3.1,
e, f). In both instances, cells with functionally silenced HML loci show minimal flu-
orescence activity, whereas the loss of silencing at HML resulted in a 3-fold increase
in fluorescence intensity. This fold difference may seem narrow compared to molecu-
lar measurements such as qRT-PCR (100-fold dynamics range) or even compared to
microscopy experiments with a stable GFP reporter (10-fold dynamic range). The
rapid turn-over rate of GFP ensures that any changes at the transcriptional level will
result in GFP intensity changes relatively rapidly. However, a lower total intensity is
observed in these strains as compared to stable GFP-containing cells where the pro-
teins are allowed to accumulate. Nonetheless, though the dynamic range is narrower
than in other systems, it is highly reproducible and informative.

We monitored the hml::GFP::PEST::NLS reporter at HML after silencing was
inhibited and then re-esatblished. For this assay, cells were grown in the presence of
the Sir2 inhibitor nicotinamide, washed of nicotinamide, and recovered in fresh media.
The re-establishment of silencing was monitored by measuring the GFP intensity of
cells by flow cytometry over a 6 hour time course (Figure 3.2). The kinetics of
silencing establishment measured using this technique were consistent with previous
studies [89,109].

Flow cytometric-based assays of silencing establishment could differentiate previ-
ously described rate differences between different strains. Cells deficient in the H3
K79 methyltransferase DOT1 establish silencing more rapidly than wild-type cells.
In the flow cytometry experiments, dot1∆ cells reach half-maximal signal intensity
by roughly 100 minutes after release from nicotinamide as compared to 150 minutes
in DOT1 cells (Figure 3.2). Since previous studies measured silencing as a binary sig-
nal, this new result indicated that the rapid rate of silencing establishment in dot1∆
cells could also be measured when a graded output (GFP intensity) was measured.
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Figure 3.1: The expression status of HML as visualized using fluorescent
markers. (a) A destabilized version of GFP was cloned into the HML locus and
driven by the silenceable URA3 promoter. A Nuclear Localization Signal (NLS) con-
centrates the fluorophore to the nucleus. (b) Cells containing the hml::GFP reporter
in either SIR+ or sir- background were measured using a flow cytometer. Each panel
shows roughly 60,000 cell measurements. (c) A histogram illustrating the fluorescence
intensity measurements of cells containing an hml ::GFP reporter. Both sir3∆ and
5 mM nicotinamide exposure are shown. (d) The same information in (c) but illus-
trated as a violin plot. (e) Cells containing the hml::GFP reporter were imaged on a
microscope. (f) A boxplot and jittered dots illustrate the signal intensities tabulated
using quantitative microscopy for hml::GFP cells in SIR+ or sir- backgrounds.
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Figure 3.2: The establishment of silencing as visualized by flow cytometry.
(a) Isogenic cultures of genotypes DOT1 (JRY9101), dot1∆ (JRY9104), and sir3∆
(JRY9103) were grown over two sequential nights in 5 mM nicotinamide to derepress
hml::GFP::PEST::NLS. To measure silencing establishment, cultures were washed of
nicotinamide and the fluorescence intensity of aliquots from each sample was deter-
mined. The Log Mean Linear Signal (a weighted average) is shown plotted against
time for the three cultures. One of three performed replicates is shown. (b) Violin
plots of the data from (a) are displayed to illustrate the population effect. Violin
plots display the geometric mean, quadrilles, and density as white dots, black bars,
and violin shapes.
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3.4.2 Mechanisms of Dot1 antagonism on silencing

dot1∆ cells establish silencing up to one cell division faster than DOT1 cells when
measured by phenotypic outputs in single cells [89], 1 - 2 hours faster as measured
in Sir3 occupancy in ChIP studies [29], and up to 50 min faster in our GFP experi-
ments (Figure 3-2). One explanation for this antagonistic effect may involve H3 K79
methylation impeding Sir3 assocation with histone H3. Alternatively, Dot1 protein
may directly compete with Sir3 for association with a basic patch on histone H4.
These two mechanisms have been shown to impact Sir3 protein binding in telomeric
regions of the genome, but their impact on silencing establishment kinetics at the
mating-type loci is not known. To test which of these two mechanisms is responsible
for Dot1’s ability to antagonize silencing establishment, we transformed dot1∆ cells
with an over-expression plasmid containing either a functional copy of the DOT1
gene or a version of dot1 that is not catalytically functional (but that still retains
stable association with histone H4) [101]. We measured the silencing establishment
dynamics in these strains using our flow cytometry approach (Figure 3.3). If Dot1
catalytic activity were required to antagonize silencing, then the catalytically-dead
mutant should phenocopy the rapid kinetics of silencing establishment in dot1∆ cells.
Conversely, if Dot1 protein was impeding the progress of silencing establishment due
to its competition with Sir3 for histone H4, the over-expression of Dot1 – catalytically
active or not – should impede silencing establishment.

The overexpression of a catalytically dead version of dot1 in dot1∆ cells caused
rapid silencing establishment to the same extent as the dot1∆ mutation alone (Figure
3.3, c, d). This finding indicated that catalytic ability of Dot1, and therefore, the H3
K79 methylation status of chromatin, correlates with the silencing phenotype of the
cell. In contrast, overexpression of functional DOT1 led to an increase in the global
levels of H3 K79 me3 (Figure 3.3, a, b) and resulted in slower silencing establishment
as well as altered levels of silencing at both the start and finish of the time course
assay (Figure 3.3, c, d). Dot1 overexpression only results in retarded silencing when
those proteins are capable of producing H3 K79 methylation indicating that it is the
status of H3 K79 that affects silencing, not the overall concentration of Dot1 protein.
Together, these results support a model whereby Dot1 antagonizes silencing via H3
K79 methylation.

To provide an independent test of whether H3 K79 modification is the critical
feature affecting the speed of silencing establishment, we performed silencing estab-
lishment time course assays in yeast strains containing different histone mutants.
The replacement of a lysine residue with an arginine amino acid is frequently used
to mimic the un-methylated state of lysine. If H3 K79 methylation were critical in
antagonizing silencing, then the H3 K79R mutant would be expected to phenocopy
dot1∆ cells in their kinetics of silencing establishment. For comparison, mutating H3
K79 to alanine abrogates silencing potentially by disrupting the charge-based inter-
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Figure 3.3: Overexpression of catalytically dead and catalytically ac-
tive DOT1. dot1∆ cells were transformed with either empty vector (pTCG,
JRY9108), pGAL1::DOT1 on a plasmid (pFvL18, JRY9110), or the catalytically
dead pGAL1::dot1 G401R on a plasmid (pFvL43, JRY9112). DOT1 cells were also
transformed with empty vector (pTCG, JRY9114). (a) Strains were grown in galac-
tose medium and were tested for global H3 K79 me3 levels by protein immunoblot
with α-H3 K79 me3 antibody. (b) H3 K79 me3 signals were quantified and normalized
to Phosphoglycerol Kinase1 (PGK1) signal. (c) Silencing establishment time courses
of strains were performed over 6 hours in overexpression (galactose) conditions. (d)
Violin plots display the geometric mean, quadrilles, and density of samples from (c).
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action between either H3 and Sir3 or H3 and H4 [120,136]. We performed a plasmid
swap to replace plasmids carrying HHT2::HHF2 alleles with plasmids carrying the ap-
propriate mutation. These swaps were performed in hht1::hhf1∆ hht2::hhf2∆ double
mutant cells.

Confirming the dot1 mutant analysis above, the H3 K79R mutant cells pheno-
copied the dot1∆ strains in their rapid establishment of silencing (Figure 3.4). Be-
cause Dot1 itself was unchanged in these experiments, it was the status of H3 K79
that correlated with silencing establishment efficacy.

3.4.3 Cell Cycle Dynamics and Silencing Establishment

A great advantage of the GFP reporter strain is its ability to monitor expression
from the HML locus continuously throughout the cell cycle. This reporter affords a
great advantage over earlier studies where the expression status of HML was testable
only at G1. GFP reporters, when coupled with quantitative microscopy, can contin-
uously report expression dynamics over time and throughout the cell cycle, offering
a better understanding of these processes at single-cell resolution.

To determine whether quantitative microscopy could be used as a tool to im-
age HML expression dynamics, we measured the fluorescence intensity in sir3∆
hml::GFP::PEST::NLS cells using quantitative, time-lapse microscopy. To visual-
ize the range of GFP expression over time in the absence of silencing, we quantified
the GFP fluorescence of 10 - 20 cells and all their progeny using automated systems.
The total GPF intensities of each cell were graphed over time as a series of line traces
(Figure 3.5) that illustrate the variation in GFP levels over time. The level of GFP in
a given cell is necessarily the integrated result of the rate of GFP transcription, the
rate of GFP translation, the rate of GFP folding, and the rate of GFP degradation.
For the sake of this analysis we assumed that the rates of of GFP translation, folding
and degradation should not markedly vary throughout the cell cycle. Therefore, the
range in transcription activity was expected to dominantly impact GFP intensities
as we measured them.

To estimate the half-life of our GFP fluorescence signal, we tracked the decline
of fluorescence in cells treated with 2.5 µg/ml cyclohexamide, a known inhibitor
of translation. GFP signal intensity dropped precipitously and synchronously in
response to cyclohexamide addition (Figure 3.5), reaching a half-maximal rate after
just 50 minutes. It will be important in our further analysis to keep in mind that
any drop in GFP intensity observed in further studies is necessarily subject to this
50 minute delay.

To determine whether this technology could be used to monitor the establish-
ment of silencing, we performed silencing establishment assays on reporter cells and
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Figure 3.5: Transcriptional variation and GFP degradation. (a) To im-
age transcription over time, live hml::GFP::NLS::PEST sir3∆ cells (JRY9103) were
mounted onto microscope slides, grown in SC media, and imaged every 10 min over
a 6 hr time course. Roughly 10 - 20 cells were visible in the field of vision at the start
of the experiment and up to three cell divisions were observed. Traces for the fluo-
rescence intensity of each cell were measured and are displayed in the above graphs
as lineplots where each line represents the fluorescence intensity of a given cell over
the time course. (b) To determine the degradation rate of the GFP fluorophore,
hml::GFP::NLS::PEST sir3∆ cells (JRY9103) were exposed to 2.5 µg/ml cyclohex-
amide ten minutes prior to the start of a similar time course. The loss of GFP over
time is shown for three replicates as lineplots where each line represents the fluores-
cence intensity of a given cell at each timepont. Three replicates are shown for each
experiment.
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monitored their expression using quantitative microscopy. Indeed, in time course ex-
periments in which SIR3+ hml::GFP::PEST::NLS -containing cells were grown in 5
mM nicotinamide overnight, washed of nicotinamide, and mounted on a microscope
slide, GFP signal intensity decreased over time (Figure 3.6). In contrast, cells grown
continuously in 5 mM nicotinamide retained GFP signal intensity (Figure 3.6) similar
to traces of sir3∆ cells (Figure 3.5). As reported previously, loss of the dot1∆ gene
resulted in rapid silencing establishment at the HML locus as visualized by the quan-
titative microscopy technique (Figure 3.6). This result confirmed that quantitative
micrscopy is a viable method to observe and measure the establishment of silenc-
ing over time. Moreover, these data revealed cell-to-cell variation in the kinetics of
silencing over time that was not accessible in flow cytometry analyses.

It is possible that dramatic cell-cycle-dependent fluctuations in HML transcrip-
tion and in silencing would be evident in our microscopy-based observations of flu-
orescence intensity measured continuously at the single-cell level. We observed that
the expression of the GFP marker during unsilenced conditions was highly variable
(Figure 3.6), and we wanted to test whether any source of this variability correlated to
cell-cycle phase. Cell-cycle stage could potentially impact GFP fluorescence through
replication-specific events, by slowing transcription in different stages, or due to cell-
size differences. To determine whether cell-cycle-dependent trends existed, we used
the data from the sir3∆ time courses (Figure 3.6) and manually annotated the time
of bud emergence of each cell and the time of mother/daughter separation of each
cell division. By normalizing and stacking the traces of these different cells about
the point of bud emergence, we reasoned we could potentially capture S-phase de-
pendent rises or falls in expression. However, when these stacked traces were viewed
en masse or averaged their variation canceled out. There was no detectable S-phase-
dependence on the variability in fluorescence intensity (Figure 3.7). The same was
true for the point of mother/daughter separation (G1) (Figure 3.7). In short, there
were no obvious cell-cycle dependent GFP expression trends in these assays. Still,
there was variability in expression in different cells at different times. It is possible
that the variability observed was due to either stochastic influences on gene expression
or micro-environmental factors.

We were interested in determining whether the history of a cell impacted its
silencing behavior. That is, during silencing establishment are mother and daughter
cells more likely to establish silencing in concert, or is one cell poised to establish
silencing prior to the other? If the mother and daughter cells establish silencing
asynchronously from one another, is it the mother cell or the daughter cell that is
more precocious for silencing establishment?

To test whether mother and daughter cells establish silencing synchronously (in
time) using the GFP fluorescence output, we monitored the silencing establishment
patterns of many families of cells and their progeny. By tracking the mother and
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Figure 3.6: Establishment of silencing over time as visualized continu-
ously by quantitative microscopy. DOT1 (JRY9101) or dot1∆ (JRY9104) cells
were grown over two nights in 5 mM nicotinamide, conditions under which the
hml::GFP::PEST::NLS allele was expressed. Silencing establishment was initiated
by washing nicotinamide out of the media, mounting cells on a microscope slide, and
imaging cells every 10 minutes over a 6 hour time course. As a control, DOT1 cells
were maintained in 5 mM nicotinamide media for the duration of the time course.
The fluorescence intensity of each cell was quantified by VCell-ID software. The
fluorescence intensity of each cell is illustrated as a line graph.
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Figure 3.7: Variation in gene expression as correlated with cell cycle phase.
Traces of individual cell dynamics of sir3∆ cells (JRY9103) growing over a 6 hour time
course (entire dataset shown in Figure 3.5) were manually annotated for the point of
first bud emergence (∼S-phase) and the point of mother/daughter separation (∼G1
phase). These traces were then manually stacked and each trace was normalized to
that trace’s average intensity value. Averages of the total of stacked traces are shown
in blue lines. Two replicates are shown.
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daughter pairs, we could observe their silencing establishment patterns in comparison
to one another. Using silencing establishment assays from Figure 3.6, we surveyed
thirty mother/daughter pairs (Figure 3.8). In these traces, the mother cell trace
begins earlier. The daughter cell’s trace arises at the first point of bud-emergence
(after the daughter cell has grown to > 326 pixels in size). The daughter cell initiates
with very low fluorescence intensity and either acquires fluorescent signal (due to
transcription) or remains silenced as it grows. Depending on the concordance between
the mother and daughter fluorescence intensity traces, we could estimate whether
the mother cell had greater signal than the daughter or vice versa. If the traces
overlapped, we called the pair ”synchronous”. Of our thirty traces, seventeen have
near perfect synchronicity between the mother and daughter fluorescence intensity
traces. Nine pairs showed a slight bias in silencing dynamics in which the daughter
cell lost transcriptional activity prior to the mother (Daughter silences faster). In
three cases, the mother cell lost transcriptional activity prior to the daughter (Mother
silences faster). Though the numbers of cells analyzed here are small, they mirror the
trends previously documented in single-cell pedigrees. That is, mother and daughter
cells usually establish silencing in the same cell division but in rare cases of asymmetry,
the daughter cell establishes silencing more rapidly than the mother.

3.5 Discussion

To monitor expression dynamics of the silencing-sensitive locus HML, we utilized
a destabilized GFP reporter. In this system, GFP can be monitored at the single-cell
level both using flow cytometry on large populations of cells and with quantitative,
real-time microscopy for the purpose of tracking dividing cells continuously over time.
Such tools are critical for our understanding of transcriptional dynamics and silencing
establishment, especially as these topics relate to cell history and the cell cycle.

3.5.1 Dot1 antagonized silencing through H3 K79 methyl
status.

Using our GFP reporter system, we recapitulated our past results that dot1∆ cells
establish silencing faster than DOT1 cells. In addition, we applied this technology
to strains of specific genotypes to better elucidate how Dot1 antagonizes Sir-protein-
mediated silencing. Both the catalytically-dead Dot1 protein and the wild-type Dot1
protein immunoprecipitate histone H4 to the same levels [101]. When we measured
their silencing establishment dynamics, cells overexpressing a catalytically-dead Dot1
protein phenocopied cells lacking the Dot1 protein altogether. This finding argued
against the model that direct competition between Dot1 and Sir3 antagonizes silencing
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Figure 3.8: Examples of silencing establishment in mother/daughter pairs.
Cells (JRY9101) grown in 5 mM nicotinamide were washed of nicotinamide and
monitored using quantitative microscopy for fluorescence intensity derived from an
hml::GFP::PEST::NLS locus (traces of the total population is shown in Figure 3.6).
(a) Mother/daughter pairs from those time course assays are displayed above with
the mother cell’s fluorescence intensity trace shown in blue and the daughter’s in
red. Thirty mother/daughter pairs from three experiments were evaluated for their
pattern of silencing establishment. Mother and daughters established silencing syn-
chronously (black circles), or with the mother cell silencing faster than her daughter
(blue circles), or with the daughter cell silencing more rapidly than the mother (grey
circles). (b) A bar plot indicating the number of mother/daughter pairs that estab-
lished silencing in the three patterns of establishment. Student’s t-test performed
on different categories yield the following scores: synchronous v. mother (p-value =
0.001), synchronous v. daughter (p-value = 0.021), mother v. daughter (p-value =
0.026).
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establishment. Instead, this finding supported a role for Dot1 enzymatic function in
opposing silencing establishment. Further, we coupled the GFP reporter technology
with a series of histone residue mutations. By this means, we discovered that cells
containing H3 K79R, an H3 K79 unmethylated mimic, phenocopy dot1∆ cells in their
silencing establishment dynamics further supporting the notion that Dot1 catalytic
activity opposes silencing establishment via the methylation status of H3 K79.

Our study is the first to evaluate how different mechanisms of Dot1 action impact
silencing establishment kinetics. At the biochemical level, Sir3 is known to disrupt
Dot1’s ability to methylate H3 K79 [101, 102] and conversely, H3 K79 methylation
inhibits Sir3’s ability to bind H3 [42]. Recently, Stutlemeiejer et al. have shown
that catalytically inactive Dot1 tethered to telomeres can stimulate the expression
of a reporter gene placed at the telomere. This effect was interpreted as evidence
that Sir3/Dot1 competition for occupancy on histone H4 impacts silencing at the
telomeres (Stutlemeiejer, personal communication). However, the impact of that
phenomenon at HML and HMR was reported to be less pronounced (Stutlemeiejer,
personal communication). Therefore, competition between Dot1 and Sir3 proteins
may have a more dramatic effect on gene expression at the telomeres than at the
HML and HMR loci. This could possibly be due to different mechanisms of Sir
recruitment at the telomeres versus at HML. However, it is also possible that silent
chromatin at these two loci have different three dimensional structures that account
for their differential resonses to Dot1. Nonetheless, our results support that Dot1/Sir3
competition has minimal impact on silencing at the HML locus.

Dot1 and H3 K79 methylation does not occur in a vacuum, and both silencing
establishment and maintenance are subject to a cornucopia of chromatin modifying
moieties whose additive effects impact gene expression [137]. Though these moieties
may not be as permanent or as information-rich as previously conceived of by the His-
tone Code Hypothesis, they work together to fine-tune the expression states of certain
loci, to promote positive or negative feedback loops of expression, and to potentially
improve the efficiency of complex genetic processes. Necessarily, these marks will be
very interesting to study in the context of dynamic expression state changes. It is
interesting to speculate by what mechanism H3 K79 methylation marks are overrid-
den during the normal process of silent chromatin formation. Either the Sir3 binding
event is competitive and eventually occurs in spite of H3 K79 methylation, or the
methyl mark is diluted and/or actively removed. It is important to keep in mind that
the proteins impacting such transitions may be difficult to identify using traditional
methods as their phenotypes may alter the timing of these processes, but not the
final expression states. For example, the jumonji histone deacetylase Jhd2 removes
methylation marks from H3 K4, but has no measurable effect in steady-state levels of
silencing or transcription and has never been identified in mutant screens. However,
cells lacking Jhd2 are slow to establish silencing indicating a defect in the timing of
a process, not in the end result of that process.
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3.5.2 Cell cycle and cell history impacts on silencing

In 1984, Miller and Nasmyth published the curious finding that silencing es-
tablishment could not occur in cells halted in G1 [33]. Following this publication,
other curiosities regarding the relationship between silencing and cell-cycle progres-
sion arose [32, 116, 138–141] that to this date, have not been solved mechanistically.
It remains a mystery how S-phase elongation may improve silencing efficiency, why
there are optimal cell-cycle phases for silencing establishment and others where that
process is impossible. It is not clear why silent chromatin replicates so late in the
cell cycle or how DNA polymerases are allowed to traverse the silenced region while
RNA polymerases are prohibited. Many of these questions remain due to an in-
ability to faithfully measure expression status in individual, replicating cells with an
appropriate resolution.

To attempt to capture gross cell-cycle-dependent expression changes, we moni-
tored our destabilized GFP reporters driven from HML using quantitative microscopy.
We observed considerable variability in expression level. To determine whether that
heterogeneity was correlated with cell-cycle progression, we asked whether expression
level was cell-cycle dependent. We noticed no trends in fluorescence intensity dy-
namics around the time of first bud emergence (near S-phase) or at mother/daughter
cytokinesis (around the transition to G1). It is difficult to fully discount the pos-
sibility that the cell cycle does influence expression at this locus. The lag in GFP
translation and folding (20 min - 40 min) as well as the difficulty in ascribing cell-
cycle phases based on morphology complicates our investigation. Such questions may
be more fruitful if combined with discrete cell-cycle mutants or inhibitors. Neverthe-
less, we did observe variation in GFP fluorescent activity and there was no obvious
connection between these variable expression level and the cell cycle.

In our previous works, we noticed that mother and daughter cells most often
established silencing in synchronous pairs. However, when mother and daughter cells
established silencing asynchronously from one another, the daughter cells were more
precocious than their mothers. This observation could be the result of an interesting
asymmetrical strand or protein segregation mechanism. Still, it was also feasible that
the asymmetry observed was a consequence of the methods used rather than of the
biology. A mother cell divides prior to her daughter cell in time and hence moves
past G1 (when silencing is evaluated using the pedigree assay) before the daughter
cell does. Therefore, were the mother and daughter to silence at the exact same
moment in time, the differences in their cell-cycle progression rate could give the
illusion of asymmetry. To determine whether the bias towards daughter cell silencing
could be similarly observed when measured by another method, we performed an in
depth analysis on pairs of mother daughter cells as they established silencing. Our
analysis revealed that mother and daughter cells do show a high degree of expression
concordance. Still, a small number of asymmetric events were observed and in those
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cases, the daughter cell was more expeditious in establishing silencing compared to
the mother, in agreement with past observations. This phenomenon could be due
to a propensity for different Watson and Crick strands to establish silencing coupled
to a propensity for different strands to segregate towards one cell or the other. The
observation could similarly be due to a disproportionate distribution of Sir proteins
or histones in the two different cells.

It is our sincere hope that the single-cell reporter systems described here will
be further exploited for the purpose of understanding transcriptional dynamics at
the individual-cell level. If cleverly and deftly utilized, these tools will reveal more
insight into the mechanisms of silent chromatin replication, regarding the mode of
silent chromatin establishment, and on the aspects of stochasticity in transcription.



64

Chapter 4

Addressing a long standing

conundrum in Sir2 biology
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4.1 Abstract

As a step in the establishment of silencing, Sir2 deacetylates histone H4 at residue
K16. In our current model of silencing establishment, this is the main role of Sir2
catalysis. Strangely, the lack of silencing resulting from a loss of Sir2 catalytic function
cannot be overridden by preemptive removal of H4 K16 acetylation (by sas2∆). This
indicates that other Sir2 targets may exist or that our vision of silencing is incomplete.
To determine the factors preventing silencing establishment in this strain background
(sas2∆sir2cat−), we performed reverse genetics and forward genetics techniques aimed
at restoring silencing in that context. We discovered that deletion of rtt109a histone
acetyltransferase specific for H4 K56 acetylation, partially restores mating ability in
the sas2∆ sir2cat− strain indicating that the removal of H4 K56 acetylation by Sir2 is
important for silencing. In addition, using a forward genetics approach, we isolated
thirteen candidate mutants capable of restoring silencing at both silenced mating-type
loci, HML and HMR, in the sas2∆ sir2cat− background. A mutant analysis of sir3,
however, failed to recover any sir3 mutation capable of recapitulating silencing in
the sas2∆ sir2cat− strain background. Together, these preliminary findings promise
a more thorough understanding of Sir2 biology and silencing establishment.

4.2 Introduction

4.2.1 Sir2, a key histone deacetylase in silencing

Sir2 is the only known catalytically active member of the Sir complex [9]. Para-
doxically, though the deacetylation of H4 K16 is the main function of its catalytic
activity, the removal of that acetyl mark through other means cannot circumvent the
need for Sir2 catalytic function. This paradox suggests that Sir2 may have additional
roles in silencing beyond deacetylating H4 K16.

Unacetylated histones are correlated with a transcriptionally off state, whereas hi-
stone acetylation is often associated with a transcriptional on state. The enrichment
of many nucleosome acetylation marks correlates with the expression of underlying
genes. Genes that are actively expressed have high histone acetylation at their 5’ re-
gions and throughout the body of the gene, whereas silent chromatin contains reduced
levels of these modifications. Histone acetylation is thought to assist in transcription
initiation and elongation by altering the intrinsically repressive association of nucleo-
somes to DNA, by recruiting transcription activating proteins [48,57], by preventing
compaction into 30-nm fibers [142], and by impeding the association of repressive
factors like the Tup1-Ssn6 machinery and the Sir proteins themselves [27, 28, 47].
Therefore, the removal of histone aceytlation marks by Sir2 likely promotes silent
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chromatin formation at several levels.

Several different enzymes catalyze histone acetylation in yeast (Table 1-1) with
the NuA3 complex, the NuA4 complex, the SAGA complex, and the SAS-I complex
accounting for the bulk of these events [54]. Sas2 (and to a lesser extent Esa1 of
the NuA4 complex and Sas3 of the NuA3 complex) acetylates the critical H4 K16
anti-silencing residue [55, 56]. When assessed globally, this H4 K16 acetyl mark is
distinct from other histone acetylation marks as it shows a low correlation with them
and even an anti-correlation with H3 K18 acetylation [46,142].

Sir2 is a NAD+-dependent histone deacetylase [26, 143, 144]. Sir2 deacetylates
acetyl lysines at H4 K16 residues and, to a lesser extent, can also act on H3 K9 and
H3 K14 acetyl marks [26]. Nucleosomes containing H4 K16 acetylation specifically
are a poorer substrate for Sir protein binding than nucleosomes lacking this mark,
and the removal of the mark is required for functional silencing at telomeres, HML
and HMR [42, 43, 55, 56]. Recently, acetylation on H3 K56 was identified as a Sir2
substrate [95]. The role that H3 K9, H3 K14, and H3 K56 play in silent chromatin
formation is not well understood. However, H4 K16 is thought to be the key residue
required for removal as gauged from histone point mutation studies [145].

4.2.2 A missing piece in the Sir2-Sas2 partnership

Our current model of silencing fails to account for some key experimental data.
The crux of this problem lies in the fact that sir2 catalytically dead mutants cannot
be rescued by sas2 deletion [146]. The Sir2 protein itself is a structural component
of a complex of silencing proteins consisting of Sir2, Sir3, and Sir4. Hence, the loss of
Sir2 entirely might destabilize the complex or render it useless. However, the sir2-345
allele allows the production of Sir2/Sir3/Sir4 complexes lacking histone deacetylation
ability. In the sir2-345 mutant background, silencing is nonfunctional arguably be-
cause the Sir complex lacks the ability to remove histone H4 K16 acetylation that
antagonizes Sir complex association. Since Sas2 catalyzes the bulk of H4 K16 acety-
lation, the removal of this enzyme should reduce the levels of H4 K16 acetylation in
the sir2-345 (sir2cat−) background and may allow for a recovery of silencing in that
strain. If H4 K16 acetylation were the only factor preventing silencing, the sas2∆
mutation should restore silencing in the sir2cat− background. However, the sas2∆
sir2cat− strains of yeast still lack silencing ability [96, 146]. In addition, histone mu-
tations aimed at mimicking unacetylated nucleosomes also failed to restore silencing
in this background. That is, mutating H3 K9, H3 K14, and H4 K16 to arginine, a
mimic of unacetylated lysine, was not able to rescue silencing in a sir2-345 mutant
background either, despite the fact that some increase in Sir protein association could
be detected [146]. This finding has confounded the field for many years and led to
speculation into the ”missing pieces” of the silencing model that would account for
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this finding.

4.2.3 Potential missing pieces in silencing

There are several scenarios that could explain why silencing in sir2cat− cells is not
rescued by deletion of SAS2. Listed below are a number of scenarios we imagine that
could explain this critical paradox.

1. It is formally possible that the Sir2 catalytically dead protein is not able to
associate with its binding partners or with chromatin in a manner that promotes
silencing. This possibility seems unlikely because Sir2 catalytically dead mutants
have been characterized to retain association with partner proteins, and the regions
of Sir2 known to associate with Sir4 are intact [28,147].

2. The loss of sas2 and the resulting reduction in H4 K16 acetylation at roughly
7000 nucleosomes in the yeast genome could conceivably allow Sir proteins to bind
indiscriminately across the genome diluting their concentration at the silenced loci.
If this were the case, it should be possible to overcome this problem by overexpress-
ing Sir proteins. However, overexpression of Sir3 is not able to rescue silencing in
the sir2-345 H3 K9R, H3 K14R, H4 K16R background despite the fact that some
increased association of Sir3 with silenced regions could be measured by chromatin
immunoprecipitation [146]. This finding seems to indicate that some factor other
than Sir protein abundance may be lacking in these strains.

3. sas2 deletion may not adequately decrease acetylation of H4 K16. In this
instance, it is possible that the residual H4 K16 acetylation remaining in this mutant
(by the activity of Esa1, Gcn5, or Sas3) prevents Sir protein binding in the absence
of Sir2 catalysis. However, it must be kept in mind that histone mutations in which
H3 K9, H3 K14, and H3 K16 are all mutated to the unacetylatable lysine mimic
(arginine) are not able to silence in the sir2 -345 background, as well [146].

4. Alternatively, there may be undiscovered substrates of Sir2. This could poten-
tially be very interesting and indicate that an undiscovered acetyl residue requires
Sir2 deacetylation for silencing establishment.

5. It is possible that other products of Sir2 catalysis are required for silencing.
When Sir2 deacetylates histones, it also produces one molecule of nicotinamide and
one molecule of 2,3-O-Acetyl-ADP-Ribose (AAR) (Figure 4.1) [148]. Recent studies
have focused on potential roles of the AAR moiety in catalyzing functional silent
chromatin. It is possible that the production of this molecule is also required for
functional silencing in the sas2∆ sir2cat− strains.
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Figure 4.1: The deacetylation reaction catalyzed by Sir2. From Yang and Sauve
2006 [149]. Sir2 couples nicotinamide adenine dinucleotide (NAD) hydrolysis to the
deacetylation of acetylated lysines to produce an un-acetylated protein, nicotinamide,
and 2’,3’-O-acetyl-ADP-Ribose (AAR).
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4.2.4 The histone acetylation hypothesis

Expanding on the possibility that acetyl lysine residues other than H4 K16 may
prevent silencing establishment, there is mounting evidence that a recently identified
lysine acetyl group on histone H3 may prevent silencing establishment in the sas2∆
sir2cat− strain. The Rtt109-Vps75 acetyltransferase complex acetylates H3 K56 in
a cell-cycle dependent manner and has implications for silencing. Peaking at S-
phase, H3 K56 Ac is placed onto newly synthesized histones prior to nucleosome
incorporation. [150, 151] Asf1 then assists in the incorporation of H3 K56 acetylated
nucleosomes into chromatin during DNA replication at S-phase [152]. Synchronously
growing cells show a high levels of H3 K56 acetylation correlating with S-phase [153].
Similarly, in global ChIP-CHIP studies of H3 K56 acetylation enrichment, origins
of replication are associated with H3 K56 acetylation in late G1 and early S-phase,
and to a lesser extent, during periods of nucleosome turnover. As DNA replication
progresses, the regions of enrichment extend outward from origins [152]. Intriguingly,
all signs of H3 K56 are removed by the termination of S-phase [154]. Hst3 and Hst4,
the enzymes thought to remove the bulk of H3 K56 acetylation (outside of silenced
regions), show a peak of expression during S-phase and are thought to account for
the removal of this mark [153].

Three enzymes can catalyze the deacetylation of H3 K56 in vitro. Sir2 is important
for the deacetylation of these marks especially at silenced regions [95] whereas Hst3
and Hst4 seem to perform the bulk of the deacetylation activity throughout the
genome [153,155].

If newly synthesized nucleosomes are acetylated at H3 K56 prior to their incorpora-
tion into chromatin, it seems likely that the removal of these marks may be important
for the maintenance (or re-establishment) of silencing with each round of replication.
Given the position of H3 K56 at the exact location on the nucleosome where DNA
initiates contact, it has been theorized to impact compaction. Therefore, it is possi-
ble that cells lacking catalytic activity of Sir2 will remain unsilenced by virtue of H3
K56 acetyl marks inhibiting nucleosome compaction into some requisite higher-order
structure. In that scenario, a mutation in that specific nucleosome residue or in an
enzyme important for catalyzing its acetylation should restore silencing in the sas2∆
sir2cat− strains.

4.2.5 The AAR moiety hypothesis

AAR production may have a role in silencing, and its localized production via
Sir2 catalysis may be an important step in silent chromatin formation. Initial crys-
tal structures of bacterial Sir2 orthologs indicated that, upon catalysis, the product
nicotinamide remains blocked in the Sir2 active site by an AAR derivative. The AAR-
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like molecule would need to leave the reaction site prior to nicotinamide departure
and before a further round of deacetylation could occur [156]. Given the presence of
a degenerate AAA-ATPase motif on Sir3, researchers initially speculated that Sir3
might assist in the active removal of the AAR derivative from the Sir2 active site
thereby facilitating future deacetylation reactions [157].

Indeed, a conserved structural motif at 550 - 830 aa of Sir3 shares high similarity
with Cdc6 and Orc1, and all three proteins are members of a sub-group of AAA+
ATPase containing proteins [158, 159]. Unlike the other sub-group members, how-
ever, Sir3 contains a poor consensus in the Walker A and B motifs, both of which
are definitively required for catalytic activity. Indeed, Sir3-dependent ATP hydrol-
ysis has not been observed [157, 160] . Intriguingly, crystal structures of another
AAA+ ATPase member, p79, reveal that nucleotide binding is accompanied by a
large allosteric structural change whereas nucleotide hydrolyzing steps create mini-
mal structural changes [161]. These observations led to the popular, but as yet un-
proven, hypothesis that Sir3’s degenerate AAA+ ATP binding site may have evolved
to bind AAR for the purpose of initiating a conformational change necessary for silent
chromatin formation [157].

Following the discovery that the AAR molecule produced was indeed a mixture
of the two isoforms 2,3-O-Acetyl-ADP-Ribose (AAR), in vitro biochemical assays
supported a role for AAR in Sir protein function. In the absence of chromatin or
DNA, AAR increases the association of Sir3 with Sir2-Sir4 dimers as observed through
immunoprecipitation [28]. Also, adding AAR to in vitro preparations of Sir2/3/4 and
histone H4 tails stimulates gross structural changes observed by Electron Microscopy
(EM) [28]. Further, in vitro gel shift assays indicate Sir3 pre-treated with AAR
has a higher affinity for unacetylated histones, Sir2, and Sir4 [42]. Taken together,
these experiments give precedence to the idea that AAR can stabilize Sir complex
formation. However, dissenters argue that the protein associations stimulated by
AAR could be the result of charge-dependent changes that are not produced under
physiological concentrations and conditions.

In contrast, a genetic approach indicates that the production of AAR is dispensible
for silent chromatin formation. Sir2 catalyzes histone deacetylation via an NAD+-
dependent catalytic core. If Sir2’s catalytic core is substituted with the Hos3 deaceyt-
lase’s NAD+-independent catalytic core, unable to produce AAR, silent chromatin
forms all the same. To test whether residual AAR in the cell could account for the
persistent silent chromatin formation, researchers tested whether the removal of four
out of the five other AAR-producing enzymes in the cell would reduce silent chro-
matin establishment in those lines, but it did not [43]. Although this result is striking,
given the contrived nature of the hybrid protein involved, it is not definitive.

Taken together, what are the possible effects of AAR and might they account for
the lack of silencing observed in the sas2∆sir2cat− strain? It is possible that AAR is
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indeed required for silent chromatin formation when Sir2 is the catalyst, and is only
dispensable for silencing in a contrived, Sir2-fusion protein context. Alternately, it is
possible that AAR has an in vitro stimulatory effect on Sir complex formation that
does not occur in vivo. Given the uncertainty of the two scenarios we cannot rule out
the possibility that the inability for sas2∆sir2cat− strains to silence may be due to a
lack of AAR production.

If AAR acts as a silencing-stimulatory effector ligand for some target, histones, or
Sir3 or otherwise, mutations may be produced in the cell that override this AAR re-
quirement. Such mutations may occur in Sir2 or Sir3 themselves, or in other enzymes
that produce or catabolize AAR. For example, loss of an enzyme that catabolizes
AAR may result in increased levels of AAR and could potentially rescue silencing.
Alternatively, mutations that stimulate the activity of Hst3 or Hst4 might lead to
more AAR production. In most of these cases, it is predicted that these types of
mutations are more likely to be dominant or co-dominant than recessive in nature.

To better understand the complexity of silent chromatin formation in light of these
considerations, we aimed to test whether any of the hypotheses listed above could
explain or reveal a missing piece in the silencing picture. To do so, we employed both
reverse and forward genetics approaches. We directly tested the effects of H3 K56
acetylation on silencing, we performed a targeted mutagenesis of Sir3, and we screened
a sas2∆sir2cat− strain for recovered silencing. This work has been a mentorship
project and a collaborative venture for me. Elsa Tretter, Jane O, Debbie Thurtle,
and Adam Session contributed heavily to this work. Elsa Tretter assisted with strain
construction, Jane O performed the sir3 mutagenesis assay, Debbie Thurtle performed
the forward genetics screen.

4.3 Materials and Methods

Strain Construction. Strain construction was performed using typical protocols
of gene replacement and plasmid transformation [97, 98]. Specifically, the JRY9077
strain was created by crossing a sir3∆ strain carrying a Sir3 plasmid (JRY4617
+ pJR273) to a sas2∆ strain (JRY9078) to producing a sas2∆sir3∆ double mu-
tant (JRY9079). This strain was crossed to sas2∆ sir2::TRP1 sir2N345A (SIR2 )
(JRY7334) obtained from the Guarente lab [26, 162]. This cross was facilitated by
transforming the pJR69, a SIR2 plasmid, in the JRY7334 strain that allows the
strain to mate properly. A sas2∆ sir2::TRP1 sir2N345A sir3∆ segregant was iso-
lated, cleared of pJR69, and saved as JRY9077. Though the sas2∆ and sir3∆ were
full deletion alleles, sir2 was mutated by insertion of the TRP1 gene at a centrally
located Bgl II site.

rtt109∆ strains. A sas2∆ sir2∆ sir2N345A strain (JRY9080) was crossed to
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Table 4.1: Yeast strains used in Chapter 4.

JRY# A.k.a Genotype
JRY18 MATa his4-912 ura3-52
JRY2334 MATa ade2-1 can1-100 his3-11 leu2-3,112 trp1-1 ura3-

1
JRY4012 MATa lys2-1 can1-100 his3-11 leu2-3,112 trp1-1 ura3-

1
JRY4013 MATalpha lys2-1 can1-100 his3-11 leu2-3,112 trp1-1

ura3-1
JRY2726 MATa his4-1
JRY2728 MATα his4-1
JRY4617 MATalpha lys2-1 can1-100 his3-11 leu2-3,112 trp1-1

ura3-1 sir3∆::TRP1 pJR273 [SIR3 URA3 ]
JRY7334 MATa ade2-1 can1-100 his3-11 leu2-3,112 trp1-1 ura3-

1 rDNA::ADE2 sir2::TRP1 LEU2::sir2N345A
JRY9077 ETY14 MATα ade2-1 his3-11 leu2-3,112 trp1-1

ura3-1 sir2::TRP1 sas2∆::HYG sir3∆::TRP
LEU2::sir2N345A

JRY9078 EOY110 MATa ade2-1 can1-100 his3-11 leu2-3,112 trp1-1 ura3-
1 sas2∆::HYG

JRY9079 ETY3 MATα ade2-1 lys2-1 can1-100 his3-11 trp1-1 leu2-3,
112 ura3-1 sas2∆::HYG sir3∆::TRP pJR273 [SIR3
URA3 ]

JRY9080 EOY400 MATα his3-11 can1-100 leu2-3,112 trp1-1 ura3-
1 sir2::TRP1 sas2∆::HYG LEU2::sir2N345A [SIR2
URA3]

JRY9081 EOY417 MATa/MATα ade2-1/ADE2 can1-100/can1-100
his3-11/his3-11 leu2-3,112/LEU trp1-1/trp1-1 ura3-
1/ura3-1 SIR2/sir2∆::TRP1 SAS2/sas2∆::HYG
hmr-a1∆::K.l.URA3/HMR [SIR2 URA3 ]

JRY9082 2a MATa ade2-1 can1-100 his3-11 leu2-3,112 trp1-1 ura3-
1 rtt109∆::NAT

JRY9083 19c MATa ade2-1 can1-100 his3-11 leu2-3,112 trp1-1 ura3-
1 rtt109∆::NAT

JRY9084 4a MATα can1-100 his3-11 leu2-3,112 trp1-1 ura3-1
rtt109∆::NAT

JRY9085 34d MATα can1-100 his3-11 leu2-3,112 trp1-1 ura3-1
rtt109∆::NAT

JRY9086 8a MATa can1-100 his3-11 leu2-3,112 trp1-1 ura3-1
sas2∆::HYG rtt109∆::NAT
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Table 4.1: Yeast strains used in Chapter 4 (continued).

JRY# A.k.a Genotype
JRY9087 39c MATα can1-100 his3-11 leu2-3,112 trp1-1 ura3-1

sas2∆::HYG rtt109∆::NAT
JRY9088 34a MATa can1-100 his3-11 leu2-3,112 trp1-1 ura3-1

sir2::TRP1 sas2∆::HYG LEU2::sir2N345A
JRY9089 12a MATα can1-100 his3-11 leu2-3,112 trp1-1 ura3-1

sir2::TRP1 sas2∆::HYG LEU2::sir2N345A
JRY9090 25c MATα can1-100 his3-11 leu2-3,112 trp1-1 ura3-

1 sir2::TRP1 sas2∆::HYG LEU2::sir2N345A
rtt109∆::NAT

JRY9091 28a MATα can1-100 his3-11 leu2-3,112 trp1-1 ura3-
1 sir2::TRP1 sas2∆::HYG LEU2::sir2N345A
rtt109∆::NAT

JRY9092 34a MATa can1-100 his3-11 leu2-3,112 trp1-1 ura3-
1 sir2::TRP1 sas2∆::HYG LEU2::sir2N345A
rtt109∆::NAT

JRY9093 12a MATa can1-100 his3-11 leu2-3,112 trp1-1 ura3-
1 sir2::TRP1 sas2∆::HYG LEU2::sir2N345A
rtt109∆::NAT

JRY9094 DTY15 MATα lys2-1 can1-100 his3-11 leu2-3,112 trp1-1 ura3-
1 sas2∆::HYG hmra1∆::K.l.URA3

JRY9095 DTY28 MATa ade2-1 can1-100 his3-11 leu2-3,112 trp1-1 ura3-
1 sas2∆::HYG hmra1∆::K.l.URA3 LEU2::sir2N345A

JRY9096 DTY30 MATα lys2-1 can1-100 his3-11 leu2-3,112 trp1-1 ura3-
1 sas2∆::HYG hmra1∆::K.l.URA3 sir2∆::HIS3

JRY9097 DTY22 MATa lys2-1 can1-100 his3-11 leu2-3,112 trp1-1
ura3-1 sas2∆::HYG hmra1∆::K.l.URA3 sir2∆::HIS
LEU2::sir2N345A

JRY9098 2-2b: MAT? lys2-1 can1-100 his3-11 leu2-3,112 trp1-1 ura3-
1 LEU2::sir2N345A sas2∆::HYG hmra1∆::K.l.URA3

JRY9099 2-17d: MATα ade2-1 can1-100 his3-11 leu2-3,112 trp1-1
ura3-1 sas2∆::HYG hmra1∆::K.l.URA3 sir2∆::HIS3
LEU2::sir2N345A
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Table 4.2: Plasmids used in Chapter 4

Plasmid Genotype

pJR273 SIR3 URA3
pJR69 SIR2 URA3
pJR104 SIR3 URA3
pJR2026 SIR3 LEU2

Table 4.3: Oligos used in Chapter 4

Oligo Name Sequence

oEO357 cga ttg gtt att cgt gtg ctt gtt
oEO358 gct cgg aat taa ccc tca cta aag g
oDT1 cat tca aac cat ttt tcc ctc atc ggc aca tta

aag ctg gcg gat ccc cgg gtt aat taa
oDT2 tat taa ttt ggc act ttt aaat tat taa att gcc

ttc tac cga tga att cga gct cgt tt
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an rtt109∆ strain and the resulting haploids segregated these mutants in various
combinations. From this cross, JRY9082 - JRY9093 were generated.

Starter strain for the screen. JRY9081 was sporulated to obtain a MATα
sas2∆ hmra1∆::K.l.URA3, named JRY9094. The entire SIR2 ORF of JRY9094
was replaced with the HIS-MX cassette by conventional gene replacement [97]. The
resulting strain, JRY9096, was mated to JRY9095. One progeny from this cross
was selected for the desired genotype and saved as JRY9097 (MATa ADE2, lys2-1,
sas2∆::HYG, hmra1∆::K.l.URA3, sir2∆::HIS, LEU2::sir2N345A).

PCR-mediated mutagenesis of SIR3. A vector containing the SIR3 open
reading frame cloned into a pRS plasmid (pJR104) was linearized using XhoI and
KpnI. Linearized vector was gel-extracted and then co-transformed together with
linear sir3 fragment libraries into target strains of JRY9077. We generated sir3
mutant fragment libraries by either the Clonetech Diversify PCR Mutagenesis Kit
or the Agilent/Stratagene GeneMorph II Mutagenesis Kit. For the Diversify PCR
Kit, we followed the manufacturer’s instructions for generating approximately 2.0
mutations/1,000 bp by adjusting the Mn2+ and dGTP concentrations to the low-
est mutagenic levels. Using the GeneMorph II Mutagenesis Kit, we followed the
manufacturer’s instructions to generate an estimated 0 - 4.5 mutations/1,000 bp by
adjusting the DNA template to 500 ng/reaction, again the lowest mutation rate con-
ditions. In both cases, the SIR3 gene was amplified from pJR2026 plasmids using the
primers oEO357 and oEO358. Amplified sir3 mutant libraries and linearized vector
were co-transformed into JRY9077 strains of yeast. Transformed cells were diluted
to achieve 300 colonies/plate and plated onto solid CSM-URA media. To screen
for transformants containing a clone that rescued the silencing defect, transformed
colonies were replica plated onto YM plates top-spread with the MATa mating-type
tester strain JRY18. Mutants capable of mating were scored from by their ability to
form prototrophs upon mating to the test strain.

EMS mutagenesis. We performed genomic screens to recover genome-wide
mutations capable of rescuing silencing in sas2∆ sir2cat− strains. To do so, the
JRY9097 starter strain was grown to 2 x 108 cells/ml. 1 ml of each culture was
harvested, washed twice in sterile water, and resuspended in 1 ml 0.1 M Sodium
Phosphate Buffer (pH7.0). The cells were then incubated with agitation in 30 ul
EMS at 30◦ C for 1 hour. Incubated samples were washed twice in 200 µl 5 % sodium
thiosulfate (to neutralize remaining EMS) and plated onto YPD plates at a target
density of 300 colonies/plate. Cells were first screened for a recovery of silencing by
their ability to grow on 5-FOA plates (HMRa1∆::K.l.URA3 ) which would indicate
that silencing of URA3 had become at least partially restored. They were then
subjected to a secondary selection for recovered mating ability using the tester strains
JRY2728 and JRY2726.

Patch mating assays. To test for mating ability, cells of a given strain were



76

manually mixed with either the α-tester (JRY2728) or the a-tester (JRY2726) yeast
strains on YPD plates. Mixtures of cells were painted into square or rectangular
patches on the plate and grown over night at 30◦ C. Patches were replica plated onto
YM plates on which only successfully mated diploids should survive. Small aliquots
of haploids were also tested for growth on YM plates as a negative control. The
resulting plates were photographed after 2-days of growth.

Growth assays. To characterize the expression of the URA3 marker at the HMR
locus, strains were grown on CSM-URA and 5-FOA. Five-fold serial dilutions starting
at 1 OD/ml of the of each strain were frogged onto CSM-URA plates, 5-FOA plates,
YPD plates, and/or CSM complete plates. The plates were photographed after two
days of growth.

Dominance Testing. To test whether putative mutations were dominant or
recessive, mutants were crossed to a MATα strain with the same genotype as the
parent strain with the exception of complimenting auxotrophies for adenine and lysine
(JRY9099). Five-fold serial dilutions starting at 1 OD/ml of the resulting diploids
were frogged onto CSM-URA and 5-FOA plates to determine expression status of
the HMRa1∆::K.l.URA3 gene. Mutants were also frogged onto YPD and CSM as
growth controls. sas2∆ sir2cat− (JRY9098 ), and sas2∆ sir2∆ sir2cat− (JRY9097)
and sir2∆ sir2cat− (JRY9099) were also used as controls.

4.4 Results

4.4.1 Rtt109 contribution to silent chromatin formation

Recently, researchers have discovered the acetyltransferase Rtt109-Vps75 can acety-
late H3 K56 in a cell-cycle-dependent manner. Given the tantalizing finding that Sir2
can catalyze the deacetylation of this mark, it seemed possible that removal of H3
K56 might be required for full establishment of functional silencing. It is possible
that the residual H3 K56 acetylation in the sas2∆ sir2cat− strain is preventing the
formation of silent chromatin in that strain.

To test this possibility, I disrupted RTT109 in the sas2∆ sir2cat− strain and
assessed the competence of silencing in that strain (JRY9092) as measured by mating
ability. We observed a low level of mating restoration in the sas2∆ sir2∆ sir2cat−

strain with the loss of rtt109. This observation indicates that Rtt109, and by inference,
H3 K56 acetylation, may play a role in antagonizing silencing establishment. Further,
this obstacle may typically be overcome by Sir2 catalytic activity (Figure 4.2). It
should be noted that this phenotype was only discernible in patch mating assays and
was too subtle to be observed in smaller format assays such replica plating of tetrad
dissection plates.
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These results imply that the absence of rtt109 has the potential to restore silenc-
ing in the sas2∆ sir2cat− background. Given this finding, it is possible that H3 K56
acetyl moieties incorporated during S-phase may impede silencing establishment in
cells lacking both Sas2 and Sir2 catalytic ability. Still, the fact that a total restora-
tion of silencing is not observed indicates that additional factor(s) prevent silencing
establishment in these strains.

4.4.2 Esa1?

In the sas2∆ genetic background, a low level of H4 K16 acetylation is preserved.
This low level of acetylation is, in part, produced by the histone acetylatransferase
activity of the NuA4 complex of which Esa1 is the catalytic component. It is possible
that cells containing catalytically inactive Sir2 are not able to mate even in the sas2∆
background due to the antagonistic effect of the residual acetylation of H4 K16 by
Esa1.

To test this possibility, we had planned to create a sas2∆ sir2cat− esa1ts triple
mutant. By shifting the mutant into the restrictive temperature and testing for the
presence or absence of transcription at HML or HMR we aimed to determine whether
silencing could be rescued under these conditions.

Sadly, the esa1ts strain was too sick to grow and mate with our query strain pre-
venting the execution of this experiment and necessitating other methods of inquiry.

4.4.3 Sir3 mutation experiment

It is possible that silent chromatin formation involves a conformational change of
one or more of the Sir proteins. This process could theoretically be stimulated by a
small molecule interaction with a ligand, like AAR, or it might occur independently.
In either case, it may be possible to mimic such a conformational change through
a specific mutation. When considering candidate proteins, Sir3 seemed a logical
first target for mutagenesis due to its degenerate AAA+ ATPase domain that has
been speculated to bind AAR. Therefore, we performed saturating mutagenesis on
Sir3 to test whether any Sir3 mutation could restore silencing in the sas2∆ sir2cat−

background (JRY9077). In our aim to identify sir3 mutations that rescued silencing
when both SAS2 and SIR2 were absent, we hoped to gain further insight into the
nature of silent chromatin.

We generated a library of random sir3 mutant alleles using PCR mutangesis
and transformed our library into a strain of the genotype sas2∆ sir2cat− (JRY9077).
JRY9077 cells are sterile due to the loss of silent chromatin formation. We there-
fore screened for a restoration of mating ability in successful transformants. Out of
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MATα

MATα rtt109∆

MATα rtt109∆ sas2∆

MATα sas2∆ sir2∆ sir2cat-

MATα sas2∆ sir2∆ sir2cat- rtt109∆

Mates as

α a

Figure 4.2: Mating ability of sas2∆ sir2
cat− cells with and without RTT109.

Strains of different genotypes were patch mated with tester strains (JRY2726 and
JRY2728) to determine whether deletion of rtt109 rescued mating in the MATa sir2∆
sas2∆ sir2cat− background. Successful mating was scored as the ability of combined
cells to produce prototrophic diploid growth on YM plates.
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70,000 total transformants screened, we observed only 20 cases of successful or partial
mating recovery. However, in none of those cases could the recovered sir3 -bearing
plasmids reproduce the mating phenotype when retransformed into the original strain
(JRY9077). To determine whether sir3 mutations were generated effectively from
the PCR mutagenesis, two transformed colonies were selected for sequencing anal-
ysis. From these colonies, plasmids were prepared and the sir3 genes carried on
the plasmids were sequenced. Indeed, each plasmid contained 1 - 3 mutations in the
SIR3 coding region. Unfortunately, none of those mutations were capable of restoring
silencing in the starter strain.

Though only 70,000 colonies were screened in this analysis, we estimated that we
had evaluated from 70,000 to 210,000 different nucleotide substitutions which would
correspond to tens of thousands of amino acid changes. While it is not possible to
conclude that a specific mutation in Sir3 capable of restoring silencing does not exist,
it was not generated when 70,000 colonies were screened.

However, because some colonies were able to mate, we reasoned that changes in the
genome must have restored mating in those strains. To capitalize on this observation,
we expanded this screen from a specific target, SIR3, to a genome-wide approach.

4.4.4 The Screen

Under my initial mentorship, Debbie Thurtle performed a mutagenesis screen
aimed at identifying mutations in the yeast genome capable of restoring silencing in
the sas2∆ sir2cat− background. We expected to identify mutations whose identity
would support or disprove one or more of the following scenarios: 1) Sir2’s catalytic
activity is required for silent chromatin establishment due to the formation of an
AAR product, 2) Sir2 has other targets that a sas2 deletion cannot counteract, or 3)
catalytically dead Sir2 cannot properly form silent chromatin. The type of mutants
recovered might help to eliminate one or more of these scenarios.

To perform the screen, the sterile JRY9097 starter strain (MATa sas2∆ sir2∆
sir2cat− hmra1∆::K.l.URA3 ) was mutagenized with ethylmethylsulfonate (EMS) and
selected for restoration of silencing by two criteria. The JRY9097 strain contains both
unsilenced HML and HMR. A reporter URA3 gene placed within the HMR locus was
used to monitor the expression state of HMR, while the expression state of HML was
reflected by a recovery of mating ability (the cells are MATa). In a two-step screen, 3.2
x 105 colonies from mutagenized cells were screened for restoration of HMR silencing
by growth on 5-FOA (indicating a lack of URA3 expression). 2000 colonies survived
this initial screen. Those 2000 colonies were secondarily selected for HML silencing
by testing for mating ability (with JRY2726 and JRY2728). Of the 2000 colonies
tested, thirteen showed some evidence of mating. Interestingly, cells were identified
in three different classes of mutants: those able to mate with the predicted strain



80

(JRY2728), those surprisingly able to mate with the inappropriate strain (JRY2726),
and those able to mate with both strains. The 13 strains selected through this process
are shown (Figure 4.3, Table 4-4).

To better determine the nature of the mutations capable of restoring silencing in
these strains, the strains were further characterized for sporulation ability. Most of
the 13 strains, especially those with robust mating to the predicted partner, were able
to sporulate when mated with wild-type yeast.

In addition, four of the strongest mating mutants were tested for whether their mu-
tation was recessive or dominant in nature. These four strains were crossed to a sas2∆
sir2cat− strain of the opposite mating type. If the mutation of interest were dominant,
the resulting heterozygous diploid should silence hmr-a1∆::K.l.URA3 and hence,
would grow on 5-FOA plates but not on the CSM-URA plates. If the mutation were
recessive, the resulting heterozygous diploid would fail to silence hmra1∆::K.l.URA3
and thus would grow on CSM-URA plates, but not on 5-FOA. Intermediate pheno-
types would indicate partial dominance. All four mutants tested were recessive. An
example of such mutants tested for dominance or recessiveness at the HMR locus are
displayed in Figure 4.4.

4.5 Discussion

4.5.1 A role for H3 K56 in silencing

To determine why loss of the Sas2 enzyme does not restore silencing in a sir2 cat-
alytically deficient strain, we employed both forward and reverse genetics techniques.
Using a candidate approach to identify components that block silencing in the sas2∆
sir2cat− strain, we asked whether loss of rtt109, an H3 K56 acetyltransferase, could re-
store silencing. rtt109∆ cells did restore silencing to a slight degree. This tantalizing
finding requires much follow up, but is a promising start to an interesting direction.
It is possible that, with each round of DNA replication, the nucleosomes incorpo-
rated into chromatin retain H3 K56 acetylation, and this mark must be removed by
Sir2 to ensure faithful silencing throughout the next cell cycle. Interestingly, yeast
cells are able to establish silencing only after passage through S-phase. This is true
when the silenced chromatin undergoes replication during S-phase, but also when
the locus is housed on a non-replicating episome. It is possible that during S-phase,
a higher degree of H3 K56 acetylated nucleosomes incorporated in either a DNA-
replication dependent or independent fashion prevents silencing establishment until
H3 K56 acetylation can be removed by Sir2 or some other process.

In addition, we tested whether silencing could be recapitulated in the sas2∆
sir2cat− strain by a library of sir3 mutants. We were unable to identify mutants of sir3
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YPD 5-FOACSM-URA
Mates as

hmra1∆::K.l.URA3

sas2∆  hmra1∆::K.l.URA3

sir2∆  hmra1∆::K.l.URA3

sir2∆  sas2∆  sir2cat-  hmra1∆::K.l.URA3

mut #1    sir2∆  sas2∆  sir2cat-  hmra1∆::K.l.URA3

mut #2    sir2∆  sas2∆  sir2cat-  hmra1∆::K.l.URA3

mut #3    sir2∆  sas2∆  sir2cat-  hmra1∆::K.l.URA3

mut #4    sir2∆  sas2∆  sir2cat-  hmra1∆::K.l.URA3

mut #5    sir2∆  sas2∆  sir2cat-  hmra1∆::K.l.URA3

mut #6    sir2∆  sas2∆  sir2cat-  hmra1∆::K.l.URA3

mut #7    sir2∆  sas2∆  sir2cat-  hmra1∆::K.l.URA3

mut #8    sir2∆  sas2∆  sir2cat-  hmra1∆::K.l.URA3

Mutant # Background

mut #9    sir2∆  sas2∆  sir2cat-  hmra1∆::K.l.URA3

mut #10  sir2∆  sas2∆  sir2cat-  hmra1∆::K.l.URA3

mut #11  sir2∆  sas2∆  sir2cat-  hmra1∆::K.l.URA3

mut #12  sir2∆  sas2∆  sir2cat-  hmra1∆::K.l.URA3

mut #13  sir2∆  sas2∆  sir2cat-  hmra1∆::K.l.URA3

aα

K.l.URA3 ORF

a1

HML MAT

a1α2      α1

HMR

a

b

Figure 4.3: Mutants capable of restoring silencing in a sas2∆ sir2
cat− back-

ground. Mutants were first selected for their ability to grow on 5-FOA indicating
a recovery of silencing at HMR. Those cells were then tested for mating ability with
tester strains. In this figure, control strains as well as isolated mutants were pre-
pared at 5-fold dilutions starting with an OD of one. Cells were spotted onto CSM
(complete) media, CSM-URA, and 5-FOA plates. The different strains were also
tested for mating ability by patch mating them to either α-cells (JRY2728) or a-cells
(JRY2726).
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YPD CSM-URA 5-FOA

sas2∆ sir2∆ sir2cat- mut #1 

sas2∆ sir2∆ sir2cat- mut #2

sas2∆ sir2∆ sir2cat- mut #3 

sas2∆ sir2∆ sir2cat- mut #6

sas2(∆/∆) sir2(∆/∆) sir2(cat-/cat-) mut #1 (+/-)

sas2(∆/∆) sir2(∆/∆) sir2(cat-/cat-) mut #2 (+/-)

sas2(∆/∆) sir2(∆/∆) sir2(cat-/cat-) mut #3 (+/-)

sas2(∆/∆) sir2(∆/∆) sir2(cat-/cat-) mut #6 (+/-)

sas2(∆/∆) sir2(∆/∆) sir2cat-/SIR2

sas2∆ sir2∆ sir2cat-

a

b

K.l.URA3 ORF

a1

HMR-E HMR-I

Figure 4.4: Testing for dominance in recovered mutants. Testing for dominance
in mutants recovering HML and HMR silencing in sas2 sir2cat− background. (a)
The expression of the URA3 gene marker at HMR was assayed in mutant strains
and in diploids created by mating those mutants to sas2 sir2cat− cells. (b) Selected
mutant haploid cells were tested for growth on CSM-URA and 5-FOA plates to assay
for silencing at HMR. Selected mutants were mated to a parental strain (JRY9099)
and the expression of the URA3 reporter at HMR was tested in the heterozygotes.
As controls, parental strains (JRY9097 and JRY9099) lacked silencing whereas cells
containing functional SIR2 (JRY9098) were positive for silencing.
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Table 4.4: Mutants capable of restoring silencing at HML and/or at HMR.

# a.k.a. Grows

on

-URA

Grows

on

5-FOA

Mates

as α

Mates

as a

Dominant? Spo?

1 3-312 ++ + - +++ rec +
2 1-85 - +++ - +++ rec +
3 3-489 - ++ - +++ rec +
4 3-737 - +++ - +++ NA +
5 3-651 - ++ - + NA +
6 3-483 ++ + - + rec +
7 1-87 - +++ + - NA -/NA
8 4-75 - + + - NA +
9 4-76 - +++ - - NA NA
10 1-147 + - - + NA +
11 3-925 ++ ++ +++ - NA -/NA
12 1-146 - +++ - - NA NA
13 1-52 - ++ + + NA -/+

DTY22 +++ - - - NA -
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that restored silencing. Though unsuccessful towards its original goal, the attempt
revealed that while no sir3 mutations were recovered, other mutations occurring in
the genome could allow for successful mating, motivating the genome-wide screen.

4.5.2 Forward genetic screens show promise

In a forward genetic screen, we isolated thirteen putative mutants capable of
restoring silencing to both HML and HMR loci in the sas2∆ sir2cat− background.
Of these original thirteen, four robustly restored silencing as gauged by silencing of
a K.l.URA3 reporter at HMR and by recovery of mating ability indicating silencing
at HML. Putative mutants capable of mating with either MATa or MATα strains
were a worrying finding possibily indicating one or multiple mutations overriding
auxotrophic markers. There is also the possibility that the strain capable of mating
robustly with the opposite mating type (3-925) may be an Abf1 mutant. Abf1 is
the transcription factor responsible for activating both the a1 gene at MAT and
the URA3 marker gene at HMR. The four most robust mutants chosen for further
characterization all had mutations that were recessive in nature and all were capable
of sporulation when mated to a wild-type strain. As I reflect on the range of possible
mutations that could have arisen in these strains, it seems clear that the recessive
mutations represent lesions in genes whose function prevents the formation of silent
chromatin. There is a high possibility that one or more of these strains will indeed
reveal a mutation in rtt109. However, there are many other possibilities as well. It
will be fascinating to determine whether such mutations will help us to eliminate
some of our previously conceived hypotheses or whether they will be the basis for
totally new models.

4.5.3 Future directions - Cloning and Complementation

The main task of this project will be to determine the causative mutations that
restore silencing in our putative mutant collection. In all mutants, the sir2cat− al-
lele was sequenced to rule out the possibility of a second-site suppressor mutation or
a reversion. All were found to contain the appropriate sir2cat− sequence. Allelism
crosses are ongoing and should allow us to bin the mutants into different complemen-
tation groups. Once a minimum of two independent mutations are identified in the
same complementation group, we will perform deep sequencing on them to identify
potential sequence variations. Given killing curve of EMS mutagenesis in our screen,
we predict that a maximum of 140 mutations per strain could have been generated.
Therefore, three rounds of backcrossing of each strain to the parent strain should be
considered prior to sequencing to reduce the number of candidate hits as well as to
ensure that the causal lesion is a single locus. Should the two allelic mutants reveal
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lesions within the same or similar open reading frames, the candidate lesions will be
tested for authenticity by complementation. In addition, should the mutations occur
within an open reading frame, full deletions will be made to test whether the gene
deletion phenocopies the mutagenized effect.

4.5.4 Future directions - Characterization

It will be interesting to determine whether any of the mutations identified are
capable of rescuing silencing in the presence of sir2cat− alone or whether sas2∆ is
required for its success. It will also be interesting to determine whether any mutation
is capable of restoring silencing in the absence of SIR2. The SUM1-1 mutation that
restores silencing in the absence of Sir2 demonstrates that such mutations can be
found [163,164]. The answers to these questions will determine whether the mutations
are acting in a novel way, such as SUM1-1, or whether they are specific to the exact
H4 K16 acetylation status and to the presence of sir2cat−.

It is tempting to speculate that the mutations we have isolated may indeed reflect a
novel silencing inhibitory pathway. Classically, the bulk of screens aimed at identifying
genes involved in silencing have selected for loss of silencing, not a restoration of it.
Still, some rescued silencing phenotypes have been reported. Namely, a sir3 D205N
mutation has been previously identified to restore silencing under specific conditions,
for example, when H4 tails are lost [119, 120]. However, such a mutation was not
recovered in our sir3 mutagenesis approach. The most exciting possibility is that our
mutations may be specific to the conditions we created (sas2∆ sir2cat−). In that case,
should we identify genes linking either AAR production or a novel histone acetylation
event, we would be encouraged that these factors antagonize silencing in parallel to
H4 K16 acetylation.
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A.1 Introduction

Silencing is governed by the DNA sequences, called ”silencers”, flanking the si-
lenced region. These sequences recruit Sir proteins during establishment and are
required continuously for the maintenance of silencing. Interestingly, silencers con-
tain binding sites for a surprising cohort of players. Rap1 and Abf1 are amongst the
most common transcription factors in the S. cerevisiae genome often involved in gene
activation. Yet, they are recruited to the silencers for the purpose of contributing to
transcriptional silencing. Additionally, the Origin Replication Complex (ORC) criti-
cal for DNA replication (Figure 1-1) [92, 165] is located at the silencer as well and is
required for its function. The binding sites for these proteins are strikingly preserved
throughout the sensu stricto lineage of yeast. In fact, the exact spacing between the
binding sites is highly conserved despite a high sequence divergence between each
binding site [166]. It remains a mystery how these proteins that individually activate
transcription or stimulate DNA replication come together at the silencer to repress
transcription.

Strikingly, the Rap1 binding site found at the HMR-E silencer is diverged from
the genome-wide Rap1 consensus sequence generated by alignments of Rap1 binding
sites [167, 168] . Indeed, the Rap1 protein has a lower affinity for the HMR-E Rap1
binding site than the canonical consensus sequence as measured in gel-shift assays
[169]. Given that Rap1, ORC, and/or Abf1 work synergistically to recruit Sir proteins,
one could imagine that selection for strong Rap1 binding was relaxed [92,170] allowing
divergence from the consensus sequence.

The idea that the Rap1 binding sequence at silencers is changing due to relaxed
constraints is refuted by the surprising finding that the Rap1 sites at HMR-E and
HML-E have a higher degree of conservation across species compared to Rap1 sites
genome-wide. That is, within the sensu stricto lineage, silencer Rap1 sites exhibit a
higher degree of conservation than Rap1 binding sites within the same species (Figure
A.1). More specifically, the genome-wide consensus sequence contains a variable 5’
region, whereas the 5’ region of the Rap1 binding sites within silenced loci contain
an invariant 5’ region, AAACCC (Figure A1-1). In light of such an observation, one
could predict that the Rap1 binding site within a silencer has adapted its role at the
silencer. Perhaps the sequence of the silencer-specific Rap1 binding site itself induces
the Rap1 protein to adapt different functions in different locations. This could occur
by allowing Rap1 to adopt a posture that promotes silencing over activation (allosteric
hypothesis) at the silencer locus. Alternatively, there may be two or more species
of Rap1 protein differing in post-translational modifications and function that have
different affinity for the different Rap1 binding sites. We seek to determine whether
the HMR-E Rap1 binding site contributes to silent chromatin formation above and
beyond the role that the genome-wide Rap1 binding site could create.
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To determine whether the HMR-E Rap1 binding sequence itself is specialized for
a role in silencing, we performed a ”Rap1 binding site swap” replacing the HMR-E
Rap1 binding site with the genome-wide consensus sequence. This gene replacement
was performed without the introduction of any extraneous sequence. To determine
whether the sequence of the Rap1 binding site contributes to silencing, we compared
silencing strength in our ”Rap1-swapped” cells to those containing the native locus.
This project was performed in collaboration with Lenny Teytelman and Bilge Ozay-
din. Figure A-2 is a qRT-PCR experiment performed by Lenny Teytelman.

A.2 Materials and Methods

Strain construction. We used site-directed mutagenesis [97, 98] to replace the
AAACCCATCAACC HMR-E native Rap1 binding site with the genome-wide Rap1
consensus sequence: ACACCCATACATT. DNA sequencing confirmed the changes.
To introduce this altered HMR-E sequence into the genome, the native HMR-E
was first replaced with the Kluyveromyces lactis URA3 (pUG72) in the JRY3009
strain [172]. The HMR-E sequence containing the Rap1 consensus sequence was then
transformed into this strain and successful replacements were identified by counter
selection against URA3 using 5-Fluoroacetic acid (5-FOA). By this method JRY8994
was produced. The sir1 mutant allele was generated by replacing the bulk of the SIR1
ORF with a marker allele. 12 amino acids of SIR1 remained, but the sir1 (13 - 61)∆
allele henocopied the sir1∆ null. Rap1 was C-terminal tagged with 13xMyc::KanMX
amplified out of the Longtine plasmid collection [97] and transformed into JRY2334.
This strain was crossed into JRY8994 to create JRY9021 and JRY9023.

Quantitative Reverse Transcriptase PCR (qRT-PCR). Total RNA was
prepared from 40 OD units of mid-log phase cells using the RNeasy Mini Kit and
RNase-free DNase on-column digestion (Qiagen). We synthesized cDNA using the
Superscript III First-Strand Synthesis System for RT-PCR Kit (Invitrogen). Quanti-
tative PCR (QPCR) was done in triplicate for each biological sample using the SYBR
GreenER QPCR Super Mix (Invitrogen) and performed on a MX3000P QPCR ma-
chine (Stratagene). Primers ACT1-F and ACT1-R were used to amplify actin controls
whereas oBO29 and oBO30 were used to amplify the a1 gene from HMR. Each en-
tire experiment was performed in triplicate. Data analysis consisted of normalizing
QPCR reads to an internally-generated standard curve for the ACT1 gene. a1 levels
were then normalized to actin levels for each sample.

Chromatin Immunoprecipitation and qPCR. Chromatin immunoprecipita-
tion (ChIP) experiments were performed as described [173] using formaldehyde cross-
linking of log-phase cultures for 1 h at room temperature. Immunoprecipitations were
performed using anti-c-Myc agarose from rabbit (Sigma). QPCR was performed on
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S. cer HMR-E  AAACCCATCAAC

S. par HMR-E  AAACCCATCAAC

S. mik HMR-E  AAACCCATCAAT

S. kud HMR-E  AAACCCATGAAC

S. bay HMR-E  AAACCCATATAC

S. cer  HML-E  AAACCCATTCAT

a

b

Abf1 consensus Rap1 consensus

At Genome-wide loci

Across S. cerevisiae 

At Genome-wide loci

Across S. bayanus

At silenced loci

Across sensu stricto

Figure A.1: Conservation of HMR-E Rap1 and Abf1 binding sites in sensu

stricto species. (a) The Abf1 and Rap1 consensus sequences are depicted. Abf1
and Rap1 binding sites at silencers as they occur across all sensu stricto species are
shown as compared to the genome-wide consensus sequences from both S. cerevisiae
and S. bayanus. (b) The actual sequences of each Rap1 binding site at HMR-R and
HMR-L in a handful of sensu stricto species. Images of the Abf1 and Rap1 binding
profiles were made with the WebLogo program [171].
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Table A.1: Yeast strains used in Appendix A.

Name Genotype

JRY2334 MATa ade2-1 can1-100 his3-11 leu2-3,112 trp1-1 ura3-1
JRY3009 MATα ade2-1 can1-100 his3-11 leu2-3,112 trp1-1 ura3-1
JRY4565 MATα ade2-1 can1-100 his3-11 leu2-3,112 trp1-1 ura3 -1 sir2∆::TRP1
JRY8994 MATα ade2-1 can1-100 his3-11 leu2-3,112 trp1-1 ura3 -1 genomic-

Rap1-bs-HMR-E
JRY9017 MATα ade2-1 his3-11 trp1-1 leu2-3,112 ura3-1 can1-100 sir1 (13 -

641∆)
JRY9018 MATα ade2-1 his3-11 trp1-1 leu2-3,112 ura3-1 can1-100 sir1 (13 -

641∆)
JRY9019 MATα ade2-1 his3-11 trp1-1 leu2-3,112 ura3-1 can1-100 sir1 (13 -

641∆) consensus-Rap1-bs-HMR-E
JRY9020 MATα ade2-1 his3-11 trp1-1 leu2-3,112 ura3-1 can1-100 sir1 (13 -

641∆) consensus-Rap1-bs-HMR-E
JRY9021 MATα ade2-1 his3-11 trp1-1 leu2-3,112 ura3-1 can1-100 RAP1-

MYC::HYG
JRY9023 MATα ade2-1 his3-11 trp1-1 leu2-3,112 ura3-1 can1-100 RAP1-

MYC::HYG consensus-Rap1-bs-HMR-E

Table A.2: Oligos used in Appendix A.

Oligo Name Sequence

oBO29 (a1 -F) tggatgatatttgtagtatggcgga
oBO30 (a1 -R) tccctttgggctcttctctt
act1-F tgtccttgtactcttccggt
act1-R ccggccaaatcgattctcaa
Sc HMR-E 3f cgaacgatccccgtccaagttatg
Sc HMR-E 2r tcggaatcgagaatcttcgtaatgc
Sc SEN1 f1 accaaaggtggtaatgttgatgtc
ScSEN1 r1 gggaggcgatggtttagcctgtag
Sc TEL VI R f1 ggatatgtcaaaattggatacgcttatg
Sc TEL VI R r1 ctatagttgattatagatcctcaatgatc
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precipitated DNA fragments as described above. The negative control primer set
amplified a region within the SEN1 ORF, correspondeding to a locus with a minimal
level of Sir and Rap1 binding. Amplification values for the precipitated DNA were
normalized to the values for the input DNA for all primer sets. Samples were ampli-
fied using primers specific for HMR-E, SEN1, and for a Rap1 binding-site region on
TEL VI. Samples were analyzed in triplicate for two independent ChIP experiments,
each containing two replicates of each genotype and one no-tag control.

A.3 Results

A.3.1 The two different Rap1 binding sites are both capable
of promoting silencing at HMR

To test whether the HMR-E binding sequence is specialized for silencing function,
we tested whether silencing was altered when the Rap1 binding site at HMR-E was
replaced with the canonical Rap1 binding sequence found elsewhere in the genome.
If the HMR-E -specific sequence contributes to silencing, its replacement would be
expected to lead to gene expression at HMR or HML. To test this, Lenny measured
the a1 transcript abundance of cells containing either the native Rap1 binding site
or the genomic consensus Rap1 binding site. No loss of silencing as indicated by
a1 transcript level was observed in those analyses. In addition, Lenny tested the
efficacy of silencing establishment by growing cells under unsilenced conditions (5
mM nicotinamide, an inhibitor of sir2 ), and then releasing them in media lacking
nicotinamide to allow silencing re-establishment. The level of expression from a1 was
calculated over a time course following release from nicotinamide. No differences in
silencing establishment kinetics could be observed between the two strains (Figure
A.2). By this measure, the Rap1 binding site did not seem to confer any special
silencing ability at HMR-E.

Relative to the strength of silencing at the telomere and at HML, silencing is quite
strong at HMR as estimated by the fact that many mutations affecting silencing at
the telomere and at HML retain wild-type silencing at HMR. Therefore, a subtle
difference in Rap1 binding ability might not result in a loss of silencing at that
locus. Still, we were curious whether the consensus Rap1 binding site at HMR-E
was capable of recruiting Rap1 protein to the same level as the wild-type HMR-
E sequence. To test the level of Rap1 enrichment at HMR-E in the two different
strains, we performed chromatin immunoprecipitation (ChIP) for DNA associated
with Rap1-Myc in those lines. DNA from these enrichments was amplified at the
HMR-E region, at a positive control region of Telomere VI, and at a negative control
region, SEN1 (Figure A.3). There was no detectable difference between the Rap1
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Figure A.2: Establishment of silencing in cells containing two different Rap
biding sequences at HMR-E. qRT-PCR measurements of HMR-a1 transcript
levels after release from nicotinamide-based silencing block. The grey curve illustrates
the transcript levels for the HMR-E parental strain (JRY3009) and the black curve
for the cells containing the genomic consensus variant of Rap1 at HMR-E (JRY8994).
This experiment and figure supplied by Lenny Teytelman.
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enrichment at HMR-E in samples containing the native Rap1 binding site and those
with the Rap1 consensus sequence placed at HMR-E. These findings indicate that
both Rap1 binding sequences are capable of localizing Rap1 to the silencer region
and of establishing and maintaining functionally silent chromatin.

A.3.2 The Rap1 genomic binding site at HMR-E improves
silencing in the sir1 cells.

Because both binding sites for Rap1 were capable of mediating silent chromatin
formation, those results yielded little insight into what selective pressure may have
shaped the HMR-E Rap1 binding site sequences. We reasoned that the selective
advantage may only be observable in a sensitized context in which small differences
in silencer function may be translated into observable differences. To test for small
differences in silencing strengths between the two Rap1 binding sites, we performed
qRT-PCR in a sir1∆ mutant. The sir1∆ mutation was chosen to optimize the chance
for observable phenotypic differences as in other contexts [65,89]. Cells lacking sir1∆
have a partial loss of silencing phenotype at HMR with roughly 50% of the transcript
level observed in a sir2∆ unsilenced strain [37, 38]. Therefore, slight increases or
decreases in expression level are easily observed.

Contrary to simple expectation, the replacement of the HMR-E Rap1 binding site
for the consensus sequence appeared to improve silencing strength, as indicated by
a reduced level of a1 expression in the sir1∆ background (Figure A.4). This result
does not support our hypothesis that the HMR-E Rap1 binding site has evolved for
maximal silencing strength. However, it is possible that it has evolved, instead, a
balanced, tempered level of Rap1 localization. Still, this result is consistent with
studies that had reported a lower affinity of Rap1 for the HMR-E specific sequence
relative to its affinity for the consensus sequence.

A.4 Discussion

The evolution of silenced chromatin, euchromatin, and protein binding sites occur
at different rates. Chromatin at the telomeres and at HMR and HML undergoes
rapid sequence divergence [166]. In contrast, DNA binding sequences that nucleate
proteins are often thought of as being restrained against divergence due to purifying
selection. Still, some changes do occur at binding sites at a low rate and can become
widespread should they impart some adaptive advantage.

We noticed that the Rap1 binding sites at HMR-E silencers were distinct from the
Rap1 binding sites found genome-wide. The Rap1 protein participates as a silencer
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Figure A.3: HMR-E DNA recovered from Rap1-Myc chromatin immuno-
precipitation. Anti-myc antibody was used to immunoprecipitate DNA crosslinked
to Rap1-myc proteins from strains containing either the native Rap1 binding site at
HMR-E (JRY9021 and JRY9022) or the genome-wide consensus sequence of Rap1 at
HMR-E (JRY9023 and JRY9024). One replicate was performed for each of the above
strains (two replicates). Cells lacking the myc tag were used as a control.
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Figure A.4: The effects of switching Rap1 binding sites on HMR-a1 expres-
sion in sir1∆ sensitized backgrounds. Strains lacking sir1 but containing either
the native HMR-E sequence (JRY9017) or an ectopic genome-wide Rap1 consensus
sequence (JRY9019) were tested for HMR-a1 expression. As controls, wild type cells
(JRY3009) and cells lacking SIR2 (JRY4565) were also tested. The abundance of
a1 was normalized for each strain to ACT1 levels and set relative to the expression
observed in a sir2∆ strain. Experiments are shown as the average of three triplicate
experiments normalized to sir2∆ expression levels with standard error of the mean
indicated by error bars.
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and as a transcriptional activator protein at the two different types of loci, respec-
tively. It is a mystery how Rap1 is specialized for its two different roles in the cell. We
tested whether the Rap1 binding site found at the HMR-E locus confers some specific
property towards silent chromatin formation. To do this, we compared two strains,
one with the native Rap1 binding site at HMR-E and one with the genome-wide
consensus sequence placed at HMR-E. We reasoned that differences in Rap1 occu-
pancy and in a1 transcription between these two strains would help us understand
the specialized roles of Rap1 at the two different loci. However, we found that the
genome-wide consensus sequence, when placed at HMR-E, seems perfectly capable
of promoting Rap1 binding and silent chromatin formation to the same level as the
native sequence. It is possible that the strength of silencing at the HMR-E sites is
strong enough to over-ride any subtle property differences between the two sequences.

Interestingly, we did document one difference between the two Rap1 binding se-
quences. In the sensitized sir1∆ background, the genome-wide consensus sequence
at HMR-E was more effective at silencing a1 transcription compared with the native
sequence. This was in contrast to our original model and warrants further discussion.
It is possible that the native Rap1 binding site at HMR-E has selectively evolved to
bind Rap1 more loosely than the canonical regions required for transcriptional acti-
vation. It is possible that the HO-switching function may impart a greater selective
role than the transcriptional silencing in promoting adaptive advantage. That is, in
wild strains of yeast, gene conversion machinery must access the hidden mating loci
in order to transfer those sequences to the active MAT locus. Perhaps Rap1 binding
that is too strong impeded this process. In that case, it is possible that the HMR-E
Rap1 binding site may have evolved to allow for optimal donor strand association
with the MAT locus.

As a follow up study, it will be interesting to determine whether the efficiency of
HO-switching is the same or different in our two different Rap1 binding site strains.
By testing whether the efficiency of HO-switching is compromised in the strain in
which the canonical Rap1 consensus is placed in HMR-E, we could better support or
disprove the notion that the binding site at HMR-E is specifically evolved for efficacy
of HO-switching.

It is important to remember that the idea that binding sites have evolved for some
”optimal” function is a difficult one to prove or disprove. One of the things making
such a task challenging is the fact that the genome and the environment may be much
different now when the experiment is being performed than when the evolutionary
pressure was placed, up to tens of thousands of years prior.

It is curious that we see no difference in Rap1 occupancy at the two different
binding sites (at HMR-E ). This may seem to contradict previous findings that Rap1
has a higher affinity for the silencer binding site than the genome-wide consensus
site. It may also fly in the face of our other finding, that silencing is improved when
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the genome-wide consensus sequence is placed at HMR in the sir1∆ background.
However, such findings are not surprising. It is possible that Sir1 itself assists in
modulating Rap1 occupancy or stabilizing its presence in the complex.

Indeed, protein occupancy itself may be a poor rubric for protein function in
general. Recent findings support the idea that transcription factor binding sites can
serve, not merely as protein docking sites, but as sequence-specific allosteric ligands
that alter transcription regulator activity. The different glucocordicoid receptor (GR)
binding sites influence differential luciferase expression, but no difference in protein
binding affinity. Co-crystals of the GR protein bound to different binding site se-
quences confirm that distinct three-dimensional structures are stimulated by these
different sequences. [174] These findings bolster the idea that transcription factor
binding sites may, in fact, alter their cognate protein’s structure and function. In a
similar way, it is interesting to speculate that the Rap1 binding site found at HMR-E
may play some role in altering Rap1 function specifically for a role in either tran-
scriptional activation, transcriptional silencing, HO-switching, a role whose relevance
has long since become relaxed.




