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Abstract 
 

Recruitment and Spread of Heterochromatin in 
the Budding Yeast Saccharomyces cerevisiae 

 
by 
 

Molly Elizabeth Brothers 
 

Doctor of Philosophy in Molecular and Cell Biology 
 

University of California, Berkeley 
 

Professor Jasper Rine, Chair 
 
 

Transcriptional silencing in the budding yeast Saccharomyces cerevisiae occurs at the 
cryptic mating-type loci HML and HMR on chromosome III and at all 32 telomeres. 
Transcriptional silencing occurs through the formation of a repressive chromatin structure, 
featuring nucleosome compaction and removal of active chromatin marks. These features are the 
result of the activity of the Silent Information Regulator (SIR) complex, made up of Sir2, Sir3, 
and Sir4. Sir2, founding member of the wide spread class of protein deacetylases known as 
sirtuins, deacetylates histone tails, whereas Sir3 and Sir4 serve structural roles, binding to 
histones and compacting chromatin. 

The formation of silent chromatin by the SIR complex conceptually involves two steps: 
recruitment and spreading. Recruitment, also referred to as nucleation, occurs at DNA sequence 
elements called silencers that are present at telomeres and flank HML and HMR. The E and I 
silencers that flank both HML and HMR contain different combinations of binding sites for the 
Origin Recognition Complex (ORC) and the general transcription factors Rap1 and Abf1. 
Silencers at telomeres are less well characterized, but include an array of Rap1 binding sites in 
telomere repeats and possibly ORC/Abf1 sites further into the chromosome. Fully silent 
chromatin displays SIR complex binding beyond recruitment sites for multiple kilobases. The 
difference in SIR complex occupancy between nucleation and full silencing occurs through an 
ill-defined process referred to as ‘spreading’. 

To date, most studies on spreading of the SIR complex have focused on telomeres, 
sometimes only one, and relied on low-resolution ChIP-PCR, inducible systems that resulted in 
massive overexpression of Sir3, or both. These studies defined to a limited resolution positions 
of SIR complex binding and occupancy, and provided a foundation for genome-wide studies 
with higher temporal and spatial resolution. My work further characterized and distinguished the 
two processes of recruitment and spread at telomeres as well as HML and HMR. I accomplished 
this by developing a new method for tracing the history and trajectory of SIR complex binding: 
measuring DNA methylation by long-read nanopore sequencing of DNA from cells expressing a 
fusion protein between Sir3 and an N6-methyladenosine methyltransferase, M.EcoGII. 

The fusion protein Sir3-M.EcoGII strongly and specifically methylated HML, HMR, and 
telomeres and was able to detect transient or low-affinity Sir3-chromatin interactions better than 
ChIP-seq. This new method allowed me to characterize the occupancy of a SIR3 allele encoding 
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a protein deficient in binding to nucleosomes, sir3-bah∆. The sir3-bah∆-M.EcoGII fusion protein 
methylated DNA only at recruitment sites, clearly providing evidence that recruitment and 
spread of Sir3 were separable processes and that the interaction between Sir3 and nucleosomes 
was not required for recruitment but was required for spread. I also tested prior claims that 
overexpression of SIR3 results in binding of the protein at even longer distances from 
recruitment sites. The overexpression of SIR3-M.ECOGII, with few exceptions, did not extend 
regions of DNA methylation. 

I also defined the dynamics of Sir3 spreading during silencing establishment and how its 
occupancy related to transcriptional silencing of HML and HMR. A fusion between sir3-8–a 
temperature sensitive allele of SIR3–and M.ECOGII allowed for regulated induction of DNA 
methylation without straying above the endogenous level of SIR3 expression. Over the course of 
about one cell cycle, methylation appeared only at the E and I silencers and the promoters of 
HML and HMR, demonstrating recruitment. Despite a lack of Sir3 occupancy between these 
recruitment sites, repression of transcription occurred early in the time course, suggesting that 
the early stages of silencing did not require Sir3 occupancy across the entire locus. 

Once silent chromatin is established, it must be faithfully inherited through the disruptive 
process of DNA replication. Certain point mutations in PCNA (POL30), the processivity clamp 
for DNA polymerase at replication forks, result in loss of transcriptional silencing at HML and 
HMR. I used classical genetics to study three of these alleles, pol30-6, pol30-8, and pol30-79, in 
more detail. All three alleles disrupted silencing only in actively-cycling cells, and the disruption 
in silencing was only transient, suggesting that the inheritance of silent chromatin through cell 
division was not as robust as in wild-type cells. All three alleles of POL30 destabilized silencing 
through disrupting the function of histone chaperones, highlighting the importance of histone 
trafficking at the replication fork for the stability of transcriptional silencing.
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Chapter 1: 
 

Principles of Recruitment and Spread of Large Chromatin Domains 
 
1.1 Abstract 
 
The maintenance of cell identity in eukaryotes requires coordinating the transcriptional state of 
multiple genes in large chromatin domains, such as heterochromatin. The formation of large 
chromatin domains involves the recruitment of chromatin-binding and chromatin-modifying 
complexes to specific sites, the ‘spread’ of these complexes and their chromatin modifications 
along chromatin, and the change in transcription of genes within the larger domain. We review 
the process of recruitment and spread in the contexts of mating-type transcriptional silencing in 
Saccharomyces cerevisiae and Schizosaccharomyces pombe. We discuss how the principles of 
recruitment and spread in these two contexts apply to mammalian X-chromosome inactivation, 
dosage compensation by the Male Specific Lethal (MSL) complex in Drosophila, and dosage 
compensation by the Dosage Compensation Complex (DCC) in C. elegans. 
 
1.2 Introduction 
 

DNA sequence dictates the transcription level of most genes in eukaryotic genomes 
through a combination of direct and indirect mechanisms. Local DNA sequence elements in 
promoters and enhancers determine a gene’s regulation by targeted recruitment of transcription 
factors. But there are some genomic regions where a set of contiguous genes are regulated as a 
bloc. These coordinated, stable states of gene expression such as in heterochromatic silencing 
and sex-chromosome dosage compensation require changes in chromatin structure across large 
domains. Specialized chromatin-binding complexes make these changes through covalent 
modifications of chromatin and nucleosome remodeling. The establishment of these domains by 
chromatin-binding complexes involves two processes–nucleation, the process that initiates 
formation of the domain, and spreading, the process that enables extension of the domain to 
cover a larger region. 

Nucleation is achieved by recruitment of chromatin-binding complexes to regulatory sites 
within the domain. Nucleation sites vary between and within organisms, but they are defined by 
their DNA sequence. In some cases, nucleation is achieved by the juxtaposition of DNA 
sequence-specific binding proteins that collectively recruit chromatin-modifying proteins. In 
other cases, transcription at the site of nucleation leads to RNA molecules that can recruit 
nucleation factors. 

Nucleation is followed by DNA sequence-independent spreading of the chromatin-
binding complex throughout an entire region of chromatin. The size of the region varies among 
contexts and organisms and ranges from a few genes to megabases of simple sequence repeats to 
entire chromosomes. Chromatin-binding complexes transition from binding at a nucleation site 
to covering an entire target region in a process commonly called spreading. So far, in yeast and 
other eukaryotes, spreading is an inferred process invoked to explain the differences in chromatin 
between the ‘before’ state and the state after an impact on gene expression has been achieved. In 
no case has a clear definition or characterization of intermediate steps been achieved. 
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Mechanistic models for spreading fall into four broad classes: (1) Starting at a nucleation 
site, complexes iteratively bind one nucleosome after another and, through cooperative 
interactions and local modification of nucleosomes, spread in a sequential fashion. (2) 
Nucleation sites serve as a high-affinity ‘anchors’ to increase the concentration of the chromatin-
binding complex in a genomic region, thereby allowing the complexes to stochastically bind 
throughout that region until cooperative interactions stabilize them. (3) Long-range 3D contacts, 
or loops, between nucleation sites and other locations along the chromatin facilitate cooperative 
recruitment and stabilize binding of chromatin-binding complexes. (4) Complexes bind first at a 
nucleation site and then actively move or slide along the chromatin. Looping or sliding of the 
chromatin-binding complex alone would not result in large region of contiguous occupancy, so 
models (3) and (4) invoke a combination of looping with another mechanism. There is no 
requirement that these models be mutually exclusive, and spreading likely involves a 
combination of these mechanisms. 

In this review, we explore how the collective behavior of chromatin-binding complexes 
creates domains of coordinated gene expression, focusing on the molecular basis of nucleation 
and spread of these complexes. We also discuss the various elements and mechanisms that exist 
to define the boundaries, or barriers, to spreading. These barriers exist to restrict the spread of 
chromatin-binding complexes and ensure the proper regulation of genes flanking the targeted 
domain. In the first section, we concentrate on heterochromatin complexes in S. cerevisiae and S. 
pombe. In the second section, we use the case studies of sex-chromosome dosage compensation 
in mammals, Drosophila, and C. elegans and discuss the extent to which characteristics of 
nucleation and spread are shared in other contexts that result in different transcriptional effects. 
 
1.3 Spreading of heterochromatin in S. cerevisiae and S. pombe 
 

Compared to plants and animals, S. cerevisiae and S. pombe have several features that 
allow a detailed consideration of the core processes needed for the spread of heterochromatic 
gene silencing. First, both encode a smaller number of chromatin modifiers and remodelers and a 
smaller number of histone genes and histone variants than plants and animals. Additionally, 
mutation of histones and chromatin modifiers are rarely lethal, making molecular dissection of 
their contribution to gene regulation easier. Although the specific chromatin modifications and 
proteins required for heterochromatin complex recruitment and spreading differ between 
organisms, even between S. pombe and S. cerevisiae, the basic principles are conserved from 
yeast to humans.  
 
1.3.1 Building blocks of heterochromatin 
 

Transcriptional silencing in S. cerevisiae is one of the best-studied heterochromatic 
phenomena. Silencing, which occurs at the mating-type loci HML and HMR and at telomeres, 
depends on the binding and enzymatic activity of a complex consisting of the Silencing 
Information Regulator (Sir) proteins (Rine and Herskowitz 1987; reviewed in Gartenberg and 
Smith 2016). The current model involves the recruitment of Sir proteins to nucleation sites at 
silenced regions (dubbed “silencers”) followed by the binding of Sir2/Sir3/Sir4 (the SIR 
complex) across the silenced locus through a process called spreading. This spreading results in 
changes to the chromatin structure that include histone hypoacetylation (Braunstein et al. 1993, 
1996; de Bruin et al. 2000; Suka et al. 2001; Thurtle and Rine 2014; Ellahi et al. 2015) and 
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physical compaction (Gottschling 1992; Singh and Klar 1992; Loo and Rine 1994; Onishi et al. 
2007; Johnson et al. 2009; Swygert et al. 2018). Notably, the most conserved difference between 
heterochromatin and euchromatin across all eukaryotes is heterochromatin’s hypoacetylation. 

S. pombe combines histone deacetylation with RNA interference (RNAi) and the 
heterochromatin-specific methylation of H3K9 to establish and maintain heterochromatin 
(reviewed in Allshire and Ekwall 2015). Transcription of repetitive regions produces double-
stranded RNA that is processed by RNAi machinery to yield short, single-stranded RNAs that 
recruit silencing machinery to complementary sequences through a series of direct interactions 
with histone deacetylases, histone methyltransferases, and Swi6, the S. pombe ortholog of the 
Drosophila heterochromatin protein 1 (HP1) (Bannister et al. 2001; Nakayama et al. 2001; Hall 
et al. 2002). Following nucleation, these complexes spread over tens of kilobases, modifying 
histones and compacting chromatin, to create a transcriptionally silent domain (Ekwall et al. 
1995; Hall et al. 2002; Noma et al. 2004; Cam et al. 2005). 
 
1.3.2 Nucleation 
 

Heterochromatin’s structural components do not have DNA sequence-binding specificity 
and thus require other factors for targeting specific regions of the genome. Specificity comes in 
some cases from protein-protein interactions and in other cases from short RNAs that guide the 
heterochromatin complexes to specific sites. This process is called nucleation. In each context, 
no single factor is enough to establish stable transcriptional silencing. Instead, specific 
combinations of factors that define nucleation sites enable subsequent recruitment of chromatin-
modifying heterochromatin complexes. 
 
DNA sequence-specific recruiting proteins 

In S. cerevisiae, nucleation occurs at silencers, which flank the mating type loci HML and 
HMR, and at less-well described elements at telomeres (Abraham et al. 1984; Feldman et al. 
1984; Brand et al. 1985; Mahoney and Broach 1989; Stavenhagen and Zakian 1994). Silencers at 
HML and HMR contain a combination of binding sites for the Origin Recognition Complex 
(ORC) and the transcription factors Abf1 and Rap1 (Figure 1.1A) (Shore and Nasmyth 1987; 
Shore et al. 1987; Buchman et al. 1988). Telomeres contain an array of Rap1 binding sites 
(Longtine et al. 1989; Stavenhagen and Zakian 1994; Buchman et al. 1988), but arrays of Rap1 
binding sites alone silence poorly, implying a contribution of other factors to nucleate telomeric 
silencing (Stavenhagen and Zakian 1994). The DNA binding of each of these proteins has 
specificity and interacts with a member of the SIR complex. ORC binds to Sir1, which recruits 
Sir2/4, Rap1 binds to Sir3 and Sir4, and Abf1 binds to Sir3 (Figure 1.1A) (Cockell et al. 1995; 
Triolo and Sternglanz 1996; Moretti and Shore 2001). ORC, Abf1, and Rap1 have many binding 
sites throughout the yeast genome, yet heterochromatin is formed only at designated regions. 
Interestingly, there are a subset of replication origins that the SIR complex binds to (Hoggard et 
al. 2018, 2020), but there is little binding of Sir proteins beyond a few hundred base pairs from 
the origins, suggesting that formation of a large domain requires more than one nucleation factor. 
The combination of protein-protein interactions between these factors, Sir1, and members of the 
SIR complex reinforce or stabilize Sir protein binding specifically at silencers, whereas an ORC, 
Abf1, or Rap1 site alone is not sufficient for transcriptional silencing. 

In S. pombe, DNA binding sites within a region called REIII near the cryptic mating-type 
locus mat3 mirror silencers in S. cerevisiae. Rather than the recruitment of Abf1 and Rap1, REIII 
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recruits the transcription factors Atf1 and Pcr1 (Figure 1.1B) (Thon et al. 1999; Kim et al. 2004; 
Jia et al. 2004; Yamada et al. 2005). These two factors directly interact with the H3K9 
deacetylase Clr6 and with Swi6 (Kim et al. 2004). Swi6 then directly recruits the histone 
deacetylase complex SHREC (Yamada et al. 2005). A deletion of ATF1 or PCR1 affects 
transcriptional silencing of mat2 and mat3 only if components of the RNAi machinery, discussed 
below, are also missing (Jia et al. 2004), supporting the notion that nucleation requires a 
combination of inputs for successful silencing.  At telomere ends, the S. pombe Rap1 homolog 
Taz1 nucleates heterochromatin alongside RNAi-based nucleation described in the next section 
(Kanoh et al. 2005). 

 

 
Figure 1.1. Nucleation of heterochromatin at the mating-type loci of budding and fission yeast. 
A) Nucleation in S. cerevisiae relies on sequence-specific recruitment of the transcription factors Rap1 and Abf1 and 
the Origin Recognition Complex (ORC). These binding sites are found in different combinations at the E and I 
silencers of HML (α1 and α2) and HMR (a1 and a2). Rap1, Abf1, and ORC then recruit the Sir1, Sir2, Sir3, and Sir4 
to HML and HMR. B) Nucleation in S. pombe occurs at the cenH dg and dh repeats and at the REIII element near 
mat3. The dg and dh repeats are transcribed to create double-strand RNAs that are processed by RNAi machinery 
into short single-strand RNAs. The single-strand RNAs make a complex, RITS (RNA-Induced Transcriptional 
Silencing), that is recruited to cenH through complementary base pairing. RDRC (RNA-Dependent RNA 
polymerase Complex) creates more double-strand dg and dh RNAs using the single-strand RNA as template. RITS 
and RDRC recruit Swi6 (HP1), the histone methyltransferase CLRC (Clr4 methyltransferase Complex), and the 
histone deacetylase SHREC (Snf2/HDAC-containing Repressor Complex) through various protein-protein 
interactions. 
 
RNA interference 

Almost paradoxically, transcription of RNA within a silenced domain is another mode of 
heterochromatin nucleation in S. pombe as well as metazoans (reviewed in Martienssen and 
Moazed 2015). In each case, non-coding RNAs are required only for nucleation of 
heterochromatin factors; once silencing is established, non-coding RNAs are not required to 
maintain silencing, even through DNA replication and cell division (Hall et al. 2002; Noma et al. 
2004).  
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At S. pombe centromeres, telomeres, and between mat2 and mat3, sense and anti-sense 
transcription of centromere-like repeats called dg and dh yields double-stranded RNA (dsRNA) 
(Figure 1.1B) (Volpe et al. 2002; Cam et al. 2005; Djupedal et al. 2005; Kato et al. 2005). This 
dsRNA is processed by Dicer into smaller fragments and then assembled as a single-stranded 
RNA in the RITS complex. The RITS (RNA-induced transcriptional silencing) and RDRC 
(RNA-directed RNA polymerase complex) complexes nucleate heterochromatin at the dg and dh 
repeats through complementary base-pairing (Hall et al. 2002; Noma et al. 2004; Verdel et al. 
2004; Colmenares et al. 2007; Zhang et al. 2008). Nucleation of RITS and RDRC is followed by 
recruitment of the histone deacetylase complex SHREC, the H3K9 methyltransferase complex 
CLRC, and Swi6 (HP1) (Nakayama et al. 2001; Zhang et al. 2008). Tethering of a single RITS 
subunit is sufficient to nucleate heterochromatin at an ectopic locus, but spreading and silencing 
depend on the presence of CLRC and Swi6 (Bühler et al. 2006). 
 
1.3.3 Spread 
 

The size of heterochromatin domains varies widely across and within eukaryotes. 
Domains range from the few kilobases of HML and HMR in S. cerevisiae to 150 megabases of 
the mammalian X chromosome. Transcriptional silencing of such extensive regions requires that 
spreading of heterochromatin proteins be largely independent of DNA sequence. Consistent with 
this view, genes ectopically placed within heterochromatin domains are usually repressed, and 
ectopic recruitment of heterochromatin factors can result in transcriptional silencing. Therefore, 
although nucleation depends on underlying DNA sequence, spreading of heterochromatin 
proteins, and the associated chromatin modifications and transcriptional silencing, does not. 
 
Spreading requires histone modifications 

In all known cases, spreading requires histone modification. S. cerevisiae and S. pombe 
mutants harboring a catalytically dead mutation in Sir2 or Clr3, respectively, retain binding of 
the heterochromatin factors at nucleation sites but have little to no binding within the target 
region (Hoppe et al. 2002; Rusche et al. 2002; Noma et al. 2004; Yamada et al. 2005; Zhang et 
al. 2008). The complexes that create heterochromatin marks also recognize the chromatin 
modification they make (Johnson et al. 1990; Hecht et al. 1995; Ivanova et al. 1998; Onishi et al. 
2007; Zhang et al. 2008; Johnson et al. 2009; Al-Sady et al. 2013; Swygert et al. 2018; Akoury et 
al. 2019). The SIR complex in S. cerevisiae deacetylates specific positions on the N-terminal 
tails of histones H3 and H4—most importantly H4K16—through the catalytic activity of Sir2 
(Landry et al. 2000; Imai et al. 2000; Hoppe et al. 2002; Borra et al. 2004), and Sir3 binds more 
strongly to deacetylated chromatin than acetylated chromatin. Likewise, in S. pombe, CLRC 
contains an H3K9 methyltransferase domain as well as a chromodomain that recognizes 
methylated histones. This duality inspires an intuitive model for spreading: after recruitment to 
nucleation sites, complexes iteratively modify and bind nucleosomes one after the other until 
they reach some barrier to their spread. 

A positive feedback loop involving complexes iteratively creating and binding chromatin 
marks as support for a sequential spreading model would require (1) a sufficiently large 
difference in affinity between modified and unmodified chromatin, (2) cooperative binding of 
silencing complexes to particular histone marks, (3) a difference in rate of catalysis when bound 
to modified and unmodified chromatin, or a combination of the three. Multiple components of S. 
pombe heterochromatin meet this requirement. Multiple heterochromatin proteins, including Clr4 
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and Swi6, contain a chromodomain, which binds to K9-methylated H3 with high specificity 
(Bannister et al. 2001; Lachner et al. 2001; Fischle et al. 2003; Yamada et al. 2005; Canzio et al. 
2013; Akoury et al. 2019). There is also one study that found cooperative binding of Swi6/HP1 
dimers to histone peptides in vitro (Mendez et al. 2011). Further, Clr4 catalysis is stimulated by 
binding methylated H3K9 (Al-Sady et al. 2013; Akoury et al. 2019). The combination of affinity 
and catalysis differences between modified and unmodified chromatin and possible cooperativity 
of silencing complexes lends support for a sequential spreading model, but does not exclude the 
possibility of other spreading mechanisms. 

In contrast to S. pombe heterochromatin proteins, S. cerevisiae Sir proteins do not display 
a large difference in affinity between acetylated or unacetylated chromatin. Two subunits of the 
complex, Sir2/Sir4, have no preference for acetylated vs. deacetylated chromatin in vitro, and 
although Sir3 displays a preference for deacetylated chromatin, it still associates strongly with 
acetylated chromatin (Onishi et al. 2007; Armache et al. 2011; Oppikofer et al. 2011; Swygert et 
al. 2018). There is, however, one in vitro study and two computational modeling studies that 
support cooperative binding of Sir proteins (Mendez et al. 2011; Sneppen and Dodd 2015; 
Behrouzi et al. 2016), and Sir2 in complex with Sir4 has a higher rate of catalysis than Sir2 alone 
(Tanny et al. 2004; Hsu et al. 2013). These results suggest that Sir2/4 could bind to any 
nucleosome and deacetylate it, followed by Sir3 recruitment or stabilization of the complex, 
perhaps through cooperative interactions. In principle, the SIR complex could bind stochastically 
within silenced regions after recruitment to silencers. Experiments to date have lacked sufficient 
temporal and spatial resolution to clarify the mechanism (Radman-Livaja et al. 2011; Lynch and 
Rusche 2009).  
 
Spreading results in discontinuous ‘islands’ of binding 

Telomeric silencing in S. cerevisiae has been thought to spread inward from telomere 
ends (Renauld et al. 1993; Hecht et al. 1996; Strahl-Bolsinger et al. 1997; Kimura et al. 2002; 
Suka et al. 2002). While a minority of telomere-adjacent regions (subtelomeres) display a 
decreasing gradient of Sir protein binding away from telomere ends, most show ‘islands’ of SIR 
binding as far as 15 kilobases away from telomeres, which suggests spreading may not be strictly 
sequential (Fourel et al. 1999; Pryde and Louis 1999; Radman-Livaja et al. 2011; Ellahi et al. 
2015). Discontinuous SIR binding distribution in subtelomeric regions argues against a simple 
sequential-spread model. Perhaps Sir proteins have the ability to ‘hop’ over some genomic 
features. Alternatively, sequential spreading of SIR may initially occur, but the islands of Sir-
protein binding revealed in ChIP-seq data may represent regions that stabilize otherwise dynamic 
SIR binding. We note that two studies found small islands of SIR binding in euchromatic regions 
of the genome (Radman-Livaja et al. 2011; Li et al. 2013), but these sites are due to a ChIP 
artifact that led interpretations astray (Fan and Struhl 2009; Park et al. 2013; Teytelman et al. 
2013). 

A sequential spread model also does not consider genome organization; 3D contacts, or 
‘looping’ with a nucleation site are conceivably an avenue for spread of heterochromatin factors 
that could result in discontinuous SIR complex binding. S. cerevisiae displays 3D contacts within 
and between HML and HMR (Hofmann et al. 1989; Valenzuela et al. 2008; Miele et al. 2009; 
Kirkland and Kamakaka 2013), and telomeres cluster in the nucleus (Gotta et al. 1996; Taddei et 
al. 2004). Telomeres and centromeres cluster in S. pombe as well, but only transiently during 
mitosis and meiosis (Funabiki et al. 1993; Scherthan et al. 1994). At least in S. cerevisiae, this 
clustering is not required to maintain silencing of HML or HMR (Gartenberg et al. 2004; Miele et 
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al. 2009). We do not know, however, the contribution of telomere and mating-type loci 
clustering on the process of heterochromatin establishment.  
 
Spreading as a dynamic process 

Transcriptional silencing is stable through major challenges to chromatin structure such 
as DNA replication and chromosome condensation and segregation during cell division, yet the 
factors that confer that silencing have dynamic associations with chromatin. This phenomenon is 
most well-studied for Swi6/HP1, for which high-resolution, single-molecule microscopy has 
shown short residence times on chromatin in vivo and in vitro (Cheutin et al. 2003; Festenstein et 
al. 2003; Cheutin et al. 2004; Müller et al. 2009; Kilic et al. 2015; Stunnenberg et al. 2015; 
Strom et al. 2017). The dynamics of Swi6 are also accompanied by dynamic spreading of 
transcriptional silencing at the mating-type loci (Greenstein et al. 2018). This transient binding 
may also be true for Sir proteins in S. cerevisiae, but the evidence is limited to observations that 
Sir proteins must be continually expressed for silencing maintenance (Miller and Nasmyth 1984) 
and one experiment that shows exchange of Sir3 molecules over time in vivo (Cheng and 
Gartenberg 2000). 

The highly dynamic nature of heterochromatin proteins adds another dimension to 
spreading models. Perhaps these factors, after nucleation, quickly sample a region around that 
nucleation site but bind more strongly or stably only when they can interact cooperatively with 
themselves and other factors. Testing such models is difficult but becoming more accessible with 
advances in microscopy and improved ChIP-seq-type experiments that can capture more 
transient interactions. Application of combinations of these new methods to heterochromatin will 
bring important quantitative understanding to the mechanism of heterochromatin spreading.  
 
1.3.4 Barriers 

 
Because heterochromatin factors can spread independently of DNA sequence, there must 

exist ways to protect euchromatic genes from the stifling influence of heterochromatic neighbors. 
The unifying theme within and between organisms is that there is not a single barrier determinant 
but rather a multiplicity of barrier determinants. Evidence for barriers comes from 
characterization of chromatin at the boundaries of euchromatin and heterochromatin and from 
mutants that cause spread beyond wild-type boundaries or ectopic binding of heterochromatin 
factors. Identifying and characterizing spreading barriers informs spreading mechanisms by 
highlighting the components crucial to spread. 

Conceptually, barriers could arise from a number of chromatin features: (1) A break in 
the nucleosome array due to nucleosome-poor DNA sequences or histone eviction by chromatin 
remodelers, (2) regions in which the rate of acetylation exceeds the rate of deacetylation, (3) the 
presence of histone variants or other histone modifications that could change the affinity of 
heterochromatin proteins for nucleosomes, or (4) 3D nuclear organization that defines or restricts 
the location of heterochromatin factors. 
 
Nucleosome-depleted regions 

The presence of nucleosome-depleted regions (NDRs) at transitions between 
heterochromatin and euchromatin is conserved among eukaryotes. These NDRs are commonly 
associated with the promoters of RNA Polymerase II and III-transcribed genes (Yuan et al. 2005; 
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Lee et al. 2007b; Ozsolak et al. 2007; Kirkland et al. 2013; Struhl and Segal 2013; Zhang et al. 
2015; Helbo et al. 2017).  

In S. cerevisiae, the silencers flanking HML and HMR are nucleosome-depleted (Weiss 
and Simpson 1998; Ravindra et al. 1999; Thurtle and Rine 2014). The binding of Sir proteins 
decreases distal to silencers, but there is still detectable binding, suggesting that these NDRs do 
not strictly limit the spread of Sir proteins (Thurtle and Rine 2014). DNA tracts of dA:dT or 
dG:dC can prevent nucleosome binding and act as barriers to heterochromatin spread (Iyer and 
Struhl 1995; Bi et al. 2004). Targeting the bacterial DNA binding protein LexA also creates a 
barrier to heterochromatin spread in S. cerevisiae by disrupting nucleosomes (Bi et al. 2004). In 
S. pombe, the inverted repeats that flank the silent 20-kilobase mating-type region (IR-R and IR-
L) are also nucleosome-depleted and are correlated with a sharp decrease in binding of 
heterochromatin factors and associated modifications (Noma K et al. 2001; Thon et al. 2002; 
Garcia et al. 2015). Work in S. pombe shows that heterochromatin factors eliminate NDRs within 
heterochromatin, but the NDRs in IR-R and IR-L (as well as other NDRs at boundaries in 
centromeric heterochromatin) are somehow resistant to this activity (Garcia et al. 2010). 

Outside of the telomere-proximal silencer at HMR lies a nucleosome-depleted tRNA 
gene, distal to which Sir protein binding to nucleosomes drops off dramatically (Oki and 
Kamakaka 2005; Dhillon et al. 2009). Deletion of this tRNA gene allows more extensive Sir 
protein binding beyond that site. (Donze et al. 1999; Donze and Kamakaka 2001). Interestingly, 
recruitment of RNA polymerase III is not required for the tRNA gene to serve a barrier function, 
but recruitment of TFIIIC and TFIIIB, which bind before RNA polymerase III at tRNA 
promoters, is.  (Donze and Kamakaka 2001; Simms et al. 2008; Valenzuela et al. 2009). tRNA 
genes are found at the boundaries of pericentromeric heterochromatin of S. pombe, and DNA 
sequences that contain a tRNA gene can block heterochromatin proteins (Partridge et al. 2000; 
Scott et al. 2006). The nucleosome-depleted inverted repeats that flank the silent mating-type 
loci in S. pombe also have binding sites for the basal transcription factor, TFIIIC, but RNA 
Polymerase III is not recruited (Noma et al. 2006; Charlton et al. 2020). Therefore, it is not the 
transcription of the tRNA or IR elements, but possibly an NDR, that blocks the spread of 
heterochromatin. We cannot exclude the possibility, however, that some other aspect of tRNA 
promoters or TFIIIC binding sites, such as the recruitment of a histone acetyltransferase among 
the subunits of the RNA polymerase III holoenzyme or the recruitment of a Mediator-like 
complex, is responsible for barrier function. 

The histone variant H2A.Z is enriched near nucleosome-depleted regions and active 
genes in most eukaryotes (Raisner et al. 2005; Zhang et al. 2005; Mavrich et al. 2008; 
Lantermann et al. 2010; Ranjan et al. 2013; reviewed in Altaf et al. 2009), and there is evidence 
that it plays a role at heterochromatin barriers. H2A.Z is enriched at telomere boundaries in S. 
cerevisiae, and its deletion results in spread of SIR beyond those boundaries (Meneghini et al. 
2003; Venkatasubrahmanyam et al. 2007). More specifically, acetylation of H2A.Z is required 
for its barrier function because unacetylatable H2A.Z mutants have impaired barrier function 
(Babiarz et al. 2006). In S. pombe, H2A.Z is depleted within heterochromatin domains 
(Buchanan et al. 2009; Zofall et al. 2009). Further, deletion of certain subunits in the H2A.Z 
chaperone, Swr1C, causes H2A.Z to mislocalize to heterochromatin in centromeres and 
subtelomeres, resulting in a loss of silencing in those regions (Buchanan et al. 2009; Hou et al. 
2010). H2A.Z is also acetylated in S. pombe, but we do not know how acetylation affects 
heterochromatin function (Buchanan et al. 2009; Kim et al. 2009). 
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Opposing chromatin-binding proteins and histone modifiers 
The most conserved feature of heterochromatin is deacetylation of histone H3 and H4 

tails. Studies using reconstituted chromatin in vitro demonstrate that histone acetylation prevents 
tight nucleosome packaging (Shogren-Knaak et al. 2006; Wang and Hayes 2008). This evidence 
in combination with sharp changes in histone acetylation at the boundaries of heterochromatin 
and euchromatin in vivo suggests that there are opposing acetyltransferases and deacetylases that 
balance heterochromatin spread and chromatin compaction. 

With few exceptions, the action of a chromatin modifier can be reversed by a competing 
enzyme. Achieving balance between active and repressive marks is important for determining 
the extent of heterochromatin spreading. Competition for binding to particular histone marks also 
exists between heterochromatin proteins and other heterochromatin factors. Balancing the 
expression of competing chromatin modifiers prevents the spread of heterochromatin into 
regions containing essential genes: The combination of mutations in SAS2 and RPD3 that oppose 
H4K16 deacetylation by Sir2 in S. cerevisiae (Ehrentraut et al. 2010) and MST1 and EPE1 that 
oppose H3K9 methylation by Clr4 in S. pombe (Wang et al. 2015) are lethal, likely due to 
unconstrained heterochromatin silencing essential genes. In addition to directly opposing 
chromatin modifications, other modifications can weaken or strengthen the ability of 
heterochromatin factors to bind, such as H3K79 methylation, which precludes Sir3 association 
with the nucleosome (Park et al. 2002a; Ng et al. 2002; van Leeuwen et al. 2002; Ng et al. 2003; 
Xu et al. 2005; Altaf et al. 2007; Martino et al. 2009; Armache et al. 2011; Ehrentraut et al. 2011; 
Oppikofer et al. 2011; Stulemeijer et al. 2011; Hocher et al. 2018; Goodnight and Rine 2020). 

In S. cerevisiae, Sir2 deacetylates, whereas Sas2 acetylates, H4K16 (Osada et al. 2001; 
Kimura et al. 2002; Suka et al. 2002; Imai et al. 2000; Borra et al. 2004). Somewhat 
paradoxically, Sas2-deficient cells experience a mild loss of silencing despite the loss of a 
heterochromatin-opposing mark (Dodson and Rine 2016; Thurtle-Schmidt et al. 2016). This 
decreased silencing may be an indirect effect if the global reduction of H4K16 acetylation 
permits the SIR complex to associate ectopically throughout the genome, titrating Sir proteins 
away from the mating-type loci and telomeres. Consistent with this hypothesis, Sir proteins 
spread past wild-type boundaries in Sas2-deficient cells (Kimura et al. 2002; Suka et al. 2002). 
Although ectopic binding to other regions of the genome in Sas2-deficient cells has not been 
confirmed in S. cerevisiae, there is evidence of genome-wide binding of the H3K9 
methyltransferase SU(VAR)3-9 in Drosophila when specificity for heterochromatin has been 
lost or dampened (Schotta et al. 2002).  

Histone acetylation and deacetylation also oppose one another in S. pombe 
heterochromatin. Clr3, the catalytic deacetylase subunit in SHREC, is opposed by Mst2, a 
histone acetyltransferase (Wang et al. 2015). Furthermore, in a mutant that results in ectopic 
heterochromatin spreading, tethering a different histone acetyltransferase, Mst1, to boundary 
regions suppresses that spread (Verrier et al. 2015). 

In S. pombe and metazoans, another striking difference between heterochromatin and 
euchromatin is the enrichment of H3K9 methylation in heterochromatin. In S. pombe, H3K9 
methylation by CLRC is opposed by the demethylase Epe1 (Ayoub et al. 2003; Trewick et al. 
2007; Zofall et al. 2012; Audergon et al. 2015; Garcia et al. 2015; Ragunathan et al. 2015; Sorida 
et al. 2019). Epe1 is enriched at the inverted repeats flanking the silenced region between mat2 
and mat3 and at centromere and telomere boundaries (Zofall and Grewal 2006). Epe1 also 
recruits the structural protein Bdf2 to compete with deacetylases to bind acetylated H3 and H4 
(Wang et al. 2013), paralleling the barrier function of the S. cerevisiae homolog Bdf1 (Ladurner 
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et al. 2003). Similar to Sas2-deficient cells in S. cerevisiae, a loss of Epe1 also paradoxically 
results in a loss of silencing due to titration of CLRC and other factors that recognize H3K9 
methylation away from target regions (Trewick et al. 2007). 
 
Dosage of heterochromatin factors 

The dosage of silencing proteins has been a strong hypothesis for delimiting 
heterochromatin since position effect variegation was discovered in Drosophila (Locke et al. 
1988; Henikoff 1996), and was strengthened by later discoveries of variegation in S. cerevisiae 
and S. pombe (Allshire and Ekwall 2015; Gartenberg and Smith 2016). Many enhancers and 
suppressors of heterochromatin variegation are dosage sensitive: Overexpression results in a 
stronger phenotype, and reduced expression results in a weaker phenotype. These dosage-
sensitive enhancers and suppressors are enriched for the structural components of 
heterochromatin rather than the catalytic components. By finely tuning the expression of 
heterochromatin factors, organisms could impose a physical limit on the size of heterochromatin. 

Consistent with dosage determining heterochromatin boundaries, overexpression of Sir3 
in S. cerevisiae and Swi6 in S. pombe results in the spread of each protein beyond some, but not 
all, boundaries, accompanied by repression or silencing of genes in those extended regions 
(Renauld et al. 1993; Hecht et al. 1996; Strahl-Bolsinger et al. 1997; Ng et al. 2003; Hocher et al. 
2018). Accordingly, abnormally long telomeres cause silencing loss at HMR, probably due to 
titration of Sir proteins away from HMR (Buck and Shore 1995). There is also Sir2 and Sir4 
dosage-sensitive transcriptional silencing at rDNA, the major region of the genome that Sir2 
associates with other than heterochromatin (Smith et al. 1998). Recent work in S. cerevisiae even 
suggests that there is a feedback loop on Sir2 expression in response to varying levels of rDNA 
(Iida and Kobayashi 2019). Although there is no evidence that a loss of silencing changes the 
expression of Sir proteins, it is reasonable to imagine that this rDNA-Sir2 feedback loop would 
influence Sir protein distribution and thus have indirect effects on transcriptional silencing at 
HML, HMR, and telomeres in the absence of compensating mechanisms. 
 
3D genome organization 

The 3D organization that may contribute to spreading of heterochromatin factors may 
also be important to barrier function. Telomeres, HML, and HMR cluster at the nuclear periphery 
in S. cerevisiae. Mutations that disrupt that clustering do not cause a loss of silencing, but do 
result in repression of a few euchromatic genes containing Abf1 binding sites, suggesting that 
clustering may limit SIR diffusion (Taddei et al. 2009). There is also some evidence IR-R and 
IR-L in S. pombe exert their barrier function by tethering heterochromatin to the nuclear 
periphery (Noma et al. 2006; Charlton et al. 2020). 
 
Phase separation 

Swi6 in S. pombe and its homolog in Drosophila and mammals, HP1, show evidence of 
phase separation in vitro and in vivo (Larson et al. 2017; Strom et al. 2017; Sanulli et al. 2019). 
In principle, phase separation could form a barrier between heterochromatin and euchromatin, 
but experiments to test this in vivo are difficult; chemogenetic approaches to disrupt these phase-
separated compartments, such as treatment with 6-hexanediol, are highly pleiotropic and we do 
not know their effect on transcriptional silencing. Mutations in Swi6/HP1 that could separate 
silencing and phase separation functions have yet to be discovered but would be pivotal in 
evaluating the potential contribution of phase separation to heterochromatin. 
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1.4 Case studies in spreading: Dosage compensation in mammals, C. elegans, and 
Drosophila 
 

The biological sex of C. elegans, Drosophila, and mammals is determined by sex 
chromosomes. Female Drosophila and mammals have two X chromosomes whereas males have 
one X and one Y. C. elegans hermaphrodites have two X chromosomes whereas males have only 
one X chromosome. The difference in X chromosome number requires that the animal modify 
the transcription from one or both X chromosomes in one sex to equalize gene expression 
between the two sexes, a process called dosage compensation. Inability to compensate for dosage 
is often lethal or results in infertility. Each of these organisms has a different mechanism to 
achieve dosage compensation, but each involves the nucleation and DNA sequence-independent 
spread of specific dosage-compensation factors. We present short descriptions of the nucleation 
and spread of dosage compensation complexes, as well as their barriers, to highlight general 
features of chromatin-based spreading of gene expression states. 
 
1.4.1 X-chromosome inactivation in female mammals 
 

To accomplish dosage compensation in the expression of X-linked genes between males 
(XY) and females (XX) mammals, the females heterochromatinize one of their two X 
chromosomes, forming a highly condensed chromosome first described cytologically as a Barr 
body (Barr and Bertram 1949; reviewed in Galupa and Heard 2018). Whereas S. cerevisiae and 
S. pombe silence transcription within multi-kilobase domains, female mammals silence 
transcription of nearly an entire ~150 Mb X chromosome, a mighty task, with only a few genes 
escaping inactivation. In particular the gene Xist initiates the very compensation it avoids! The 
inactive X chromosome has a wealth of features: transcription of the long non-coding RNA Xist, 
extensive DNA methylation, major changes in 3D organization, incorporation of the histone 
variant macroH2A, and enrichment of various heterochromatin factors including histone 
deacetylases, H3K9 methyltransferases, Swi6/HP1 homologs, and Polycomb complexes 
(reviewed in Galupa and Heard 2018). 
 
Nucleation 

In mammals, transcription of the long non-coding RNA called Xist initiates silencing 
during X chromosome inactivation (Figure 1.2A). The Xist locus itself is the nucleation site for 
X chromosome inactivation, much like sites of non-coding RNA transcription in S. pombe serve 
as nucleation sites. It is contained within a cluster of non-coding RNA genes on the X 
chromosome known as the X-Inactivation Center. The Xist locus within the X-Inactivation 
Center is required to form heterochromatin along the entire X chromosome (Augui et al. 2011), 
and its ectopic insertion or translocation into an autosome triggers heterochromatin formation in 
cis along that autosome (Minks et al. 2013; Kelsey et al. 2015; Loda et al. 2017). 

Xist is a multi-kilobase-long transcript with multiple domains, each of which binds to and 
recruits different silencing factors. The transcript localizes to nearly the entire X chromosome 
and recruits histone deacetylases and methyltransferases (including polycomb group complexes) 
to confer transcriptional silencing (Brockdorff et al. 2020). 

Much like the DNA sequence-specific factors in S. cerevisiae and S. pombe serve as a 
bridge between DNA and silencing factors, the transcription factor YY1 may serve to tether Xist 
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to the X-Inactivation Center of the inactive X chromosome (Figure 1.2A). Loss of YY1 results in 
a loss of Xist localization on the X chromosome (Donohoe et al. 2007; Jeon and Lee 2011; Syrett 
et al. 2017), but conflicting results on whether YY1 regulates the expression of Xist itself 
muddies YY1’s physical role as a nucleation factor (Donohoe et al. 2007; Jeon and Lee 2011; 
Makhlouf et al. 2014). 
 
Spread 

Characteristic of the contexts described in this review, spreading of the heterochromatin 
factors involved in mammalian X chromosome inactivation is DNA-sequence independent. 
Famous mouse studies from the late 1950s and early 1960s found that translocation of an 
autosome carrying a coat-color gene onto the female X chromosome results in a mosaic, rather 
than solid, coat color due to X chromosome inactivation (Cattanach 1961; Russell and Bangham 
1961). 

Some of the strongest evidence for 3D structure influencing the spread of 
heterochromatin factors comes from two studies on the spread of Xist during X chromosome 
inactivation (Engreitz et al. 2013; Simon et al. 2013). In contrast to the other contexts described 
in this review, the first sites of Xist localization along the X chromosome lack a shared DNA 
sequence motif. Instead, these early binding sites correlate with points of frequent 3D-contact 
with the Xist locus. During X chromosome inactivation, Xist and Polycomb complexes first 
localize to regions of the X chromosome that contact the Xist locus at ‘early-entry’ sites before 
they cover the entire chromosome. This proposed two-step mechanism, however, does not 
address the mechanism of spread in cis to those early-entry sites. Studies to address this issue 
require higher temporal and spatial resolution. 

Although the large majority of the inactive X is transcriptionally silent, there are a few 
‘escaper’ genes that are not repressed and not bound by heterochromatin factors (Brown and 
Willard 1989; Carrel and Willard 2005; Balaton and Brown 2016). The escapers in this context 
are consistent with a conserved characteristic of spreading factors discussed throughout this 
review: discontinuous binding within a larger region of repression. This is consistent with a 
spreading mechanism that cannot be purely sequential from nearby nucleation sites. 
 
Barriers 

The barriers that allow some genes to remain active on the inactive X chromosome has 
been the subject of intense study with few clear answers, but there are correlations between these 
escaper genes and various DNA sequences and 3D organization (reviewed in Peeters et al. 2014; 
Galupa and Heard 2018). Escaper genes tend to be present within the same Topologically 
Associated Domain (TAD) prior to X chromosome inactivation (Marks et al. 2015; Giorgetti et 
al. 2016). The transcription factor CTCF, which binds at TAD boundaries, may enforce a barrier 
between heterochromatin and euchromatin (Horvath et al. 2013; Loda et al. 2017). However, the 
importance of 3D structure for X chromosome inactivation has recently been called into 
question: Abolishing the formation of the inactive X-specific 3D structure called a 
“megadomain” by deletion of its coordinating noncoding locus Dxz4 has no impact on 
transcriptional silencing or the expression of escaper genes, and the ectopic expression of Xist on 
an autosome does not affect the 3D structure of that chromosome (Froberg et al. 2018). 

Once the choice of which X to inactivate is made, the physical distance between the 
active and inactive X may provide another type of barrier that helps ensure that Xist does not act 
in trans to compromise the expression of the active X (Brockdorff 2019). Indeed, the discovery 
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of the Barr body noted that it was always seen near the outer periphery of the nucleolus (Barr and 
Bertram 1949), away from other chromosomes. Other influences restricting the potential of Xist 
to act in trans may be the attachment of Xist to the nuclear matrix (Ridings-Figueroa et al. 2017; 
Sunwoo et al. 2017) and tethering of nascent Xist to the inactive X chromosome by transcription 
factors like YY1 to prevent its diffusion within the nucleus (Syrett et al. 2017). 
 
1.4.2 Upregulation of the X chromosome in male Drosophila 
 

Drosophila upregulate the transcription of genes on the X chromosome in males (XY) by 
approximately two-fold to match transcription from the two X chromosomes in females 
(reviewed in Samata and Akhtar 2018). Despite achieving the opposite transcriptional output 
compared to S. cerevisiae and S. pombe heterochromatin and mammalian X chromosome 
inactivation, many of the features of repressive complex spreading are conserved in Drosophila 
dosage compensation. As opposed to hypoacetylation of chromatin in heterochromatin context, 
the male X chromosome in Drosophila is marked by hyperacetylation, particularly of H4K16 
(Bone et al. 1994; Smith et al. 2001; Gelbart et al. 2009). The spreading complex in this context 
is known as the Male Specific Lethal (MSL) complex, so named for the male-specific lethality 
associated with mutations affecting the complex. MSL is made up of five protein subunits 
(MSL1, MSL2, MSL3, MLE, and MOF) and one of two non-coding RNAs (roX1 or roX2) 
(Samata and Akhtar 2018). 

 

 
 
Figure 1.2. Nucleation of X-chromosome dosage compensation in mammals, Drosophila, and C. elegans 
A) Female mammals transcriptionally silence one X chromosome to match expression of the single X chromosome 
in males. Nucleation of heterochromatin on the silent X chromosome begins with the transcription of the non-coding 
RNA Xist from the X Inactivation Center (XIC). YY1 may help to tether Xist to the X inactivation center. Xist then 
recruits heterochromatin proteins to the X inactivation center and along the entire X chromosome as it spreads. B) 
Male Drosophila upregulate transcription of genes on their single X chromosome by two-fold to match expression 
of the two X chromosomes in females. Transcriptional upregulation is mediated by the MSL (Male Specific Lethal) 
complex, which is composed of both proteins and a non-coding RNA (roX1 or roX2). MSL1 in the MSL complex 
(continued on next page) 
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and CLAMP (Chromatin-Linked Adaptor for MSL Proteins), a zinc-finger protein, bind to DNA sequences in 
hundreds of High-Affinity Sites on the male X chromosomes. These two proteins recruit the rest of the MSL 
complex to upregulate genes on the X chromosomes. C) Hermaphrodite C. elegans repress transcription by half on 
each X chromosome to match expression of the single X in males C. elegans. Transcriptional downregulation is 
mediated by the DCC (Dosage Compensation Complex), a condensin-like protein complex. SDC-2 is first recruited 
to hundreds of rex (Recruitment Elements on the X) sites on the X chromosomes. SDC-2 then recruits DPY-30, 
followed by SDC-3. All three of these DCC members are sufficient to recruit the remainder of the DCC to the X 
chromosomes. 
 
Nucleation 

The X chromosome in Drosophila has approximately 130-150 sites where MSL binds 
before spreading to cover genes on the 24 Mb X chromosome of males (Dahlsveen et al. 2006; 
Alekseyenko et al. 2008; Straub et al. 2008). These initial binding sites, called High-Affinity 
Sites or Chromatin Entry Sites, contain DNA motifs bound by MSL2 and the zinc-finger protein 
CLAMP (Figure 1.2B) (Soruco et al. 2013; Villa et al. 2016; Albig et al. 2019; Rieder et al. 
2019; Tikhonova et al. 2019). Like Abf1 and Rap1 in S. cerevisiae and Atf1 and Pcr1 in S. 
pombe, CLAMP serves as a DNA sequence-specific adaptor protein that helps recruit the MSL 
complex. However, the CLAMP DNA motif alone is not sufficient to nucleate MSL; other 
factors such as DNA structure or nearby satellite repeats may also play a role in recruiting MSL 
(Menon et al. 2014; Villa et al. 2016; Joshi and Meller 2017). 

MSL1 and MSL2 together are sufficient to target the entire MSL complex to High-
Affinity Sites (Gu et al. 1998). The other subunits of MSL are not necessary to localize MSL1 
and MSL2 to these nucleation sites (Lyman et al. 1997; Gu et al. 1998). Like Xist in mammals 
and RNAi in S. pombe heterochromatin, the non-coding RNAs roX1 and roX2 are required for 
nucleation of MSL, and the roX1 and roX2 genes themselves serve as High-Affinity Sites 
(Kelley et al. 1999; Meller and Rattner 2002; Park et al. 2002b; Oh et al. 2003; Kelley and 
Kuroda 2003; Kelley et al. 2008; Ramírez et al. 2015). 
 
Spread 

The enzymatic activity of MOF, a histone acetyltransferase subunit of MSL, is required 
for spreading of MSL from nucleation sites (Gu et al. 2000; Conrad et al. 2012). However, no 
binding module for acetylation of H4 on lysine 16 (H4K16ac) has been described. 
Trimethylation of lysine 36 on histone H3 (H3K36me3) and methylation of lysine 20 on histone 
H4 (H4K20me1) may contribute to the spread of MSL from High-Affinity Sites to gene bodies 
on the male X chromosome. MSL and H3K36me3 colocalize on the X chromosome (Larschan et 
al. 2007; Bell et al. 2008; Sural et al. 2008; Straub et al. 2013), and set2 mutants that cannot 
methylate H3K36 show reduced occupancy of MSL on the X chromosome (Larschan et al. 
2007). A crystal structure of MSL3 bound to an H4K20me1 peptide fragment suggests this 
histone modification could play a role in vivo (Kim et al. 2010; Moore et al. 2010). How each of 
these histone modifications contribute mechanistically to spread is unclear and requires further 
investigation. 

As in each spreading context discussed in this review, MSL binding along the male X is 
discontinuous (Gu et al. 1998; Alekseyenko et al. 2006; Gilfillan et al. 2006; Bell et al. 2008). It 
is enriched over gene bodies, especially toward the 3’ end of the gene, suggesting that 
transcription itself might drive the spread of MSL (Alekseyenko et al. 2006; Gilfillan et al. 
2006). But not every gene is near a High-Affinity Site, so there must be some mechanism of 
spreading from those High-Affinity Sites to distant gene bodies. Interestingly, histone acetylation 
on the X has a wider distribution than MSL binding by ChIP (Gelbart et al. 2009). MSL might 
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have transient interactions with the entire X chromosome and is only stabilized over gene bodies, 
perhaps due to interactions between H3K36me3 and/or H4K20me1 and MSL3 (Sural et al. 2008; 
Kim et al. 2010; Moore et al. 2010). Experiments to address this difference between MSL and 
histone acetylation distribution would bring clarity to the mechanism of MSL spreading and 
inform models of spreading in other contexts. 

High-Affinity MSL binding sites are enriched at TAD boundaries and are in frequent 3D 
contact with one another (Grimaud and Becker 2009; Ramírez et al. 2015), which could help 
concentrate MSL and aid in spreading outward from High-Affinity Sites. Higher time-resolved 
ChIP-seq experiments are needed to address this hypothesis. 
 
Barriers 

The pericentromeric regions and telomeres of the X chromosome are heterochromatic in 
both males and females. Therefore, something limits the spread of MSL on the male X 
chromosome at these regions. Dosage of MSL subunits and the balance of heterochromatin and 
euchromatin factors may play a role in restricting MSL to euchromatin on the X chromosome 
(Henikoff 1996; Demakova et al. 2003). Upon roX1 and roX2 deletion, or upon overexpression 
of MSL components, MSL mislocalizes to heterochromatin (Meller and Rattner 2002; 
Demakova et al. 2003). Further, overexpression of at least one heterochromatin factor, Su(var)3-
7, also causes mislocalization of MSL to heterochromatin (Spierer et al. 2008). In seeming 
contradiction, expression of genes within heterochromatin decreases in roX mutants compared to 
wild-type (Koya and Meller 2015), but position effect variegation is suppressed (Deng et al. 
2009; Koya and Meller 2015). Thus, the expression and distribution of MSL balances that of 
heterochromatin factors in male flies, but the molecular details are unsolved. 

DNA sequences may also play a barrier role, through reducing MSL affinity or recruiting 
MSL-antagonizing factors. Repetitive elements specific to the X chromosome are found at the 
euchromatin/heterochromatin boundaries, but whether they have a barrier function is unknown 
(Tudor et al. 1996; O’Hare et al. 2002). Whether the boundary between heterochromatin and 
MSL binding on the Drosophila male X chromosome is enforced by a physical barrier, by the 
relative level of components, or by some dynamic equilibrium between the two spreading 
mechanisms awaits determination with new tools that provide time-resolved, single-molecule 
resolution at the single-cell level. 
 
1.4.3 Repression of the X chromosomes in hermaphrodite C. elegans 
 

Dosage compensation in C. elegans is the conceptual inverse of the outcome in 
Drosophila. Hermaphrodite C. elegans (XX) repress transcription of genes on both X 
chromosomes by half to equal the dosage of transcripts from the single X chromosome in males 
(X0) (Meyer and Casson 1986). Dosage compensation in C. elegans is conferred by the 
nucleation and spread of the Dosage Compensation Complex (DCC). DCC is homologous to 
condensin, a conserved, multi-subunit complex that condenses chromosomes during mitosis. The 
DCC is bound along the X chromosome only in hermaphrodites and is thought to cause two-fold 
transcriptional repression by compacting the X chromosome, limiting the accessibility of 
transcription factors and RNA polymerase (reviewed in Ercan and Lieb 2009; Strome et al. 2014; 
Albritton and Ercan 2018; Meyer In press). 
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Nucleation 

Mirroring the nucleation of MSL at High-Affinity Sites in Drosophila dosage 
compensation, the C. elegans DCC is recruited to hundreds of nucleation sites along the 17 Mb 
X chromosome called recruitment elements on the X (rex) (Figure 1.2C) (Csankovszki et al. 
2004; McDonel et al. 2006; Ercan et al. 2007; Jans et al. 2009). These sites share a 12 bp DNA 
sequence that is required to recruit DCC (McDonel et al. 2006; Jans et al. 2009; Albritton et al. 
2017). In contrast to the other nucleation sites discussed in this review, rex is not sufficient to 
recruit DCC. Ectopic insertion of a rex site on an autosome does not result in DCC recruitment 
(Csankovszki et al. 2004; Anderson et al. 2019). Additionally, this 12 bp sequence is found 
throughout autosomes without any DCC recruitment (McDonel et al. 2006; Jans et al. 2009). The 
context and density of rex sites within the X chromosome or within the nucleus is important, but 
the determinants of DCC recruitment beyond rex sites are not clear. 

A subunit of the DCC, SDC-2, is the first subunit on the scene and is required to recruit 
the rest of the DCC to rex sites (Chuang et al. 1996; Dawes et al. 1999). SDC-2 recruits DPY-30, 
followed by SDC-3 (Figure 1.2C) (Pferdehirt et al. 2011). All three of these DCC members are 
required to recruit the remainder of the DCC (Davis and Meyer 1997; Pferdehirt et al. 2011). 
There is no evidence that any member of the DCC, including SDC-2, directly recognizes the rex 
sequence. But as SDC-2 binds independently of all other DCC subunits, it is the top candidate. 
 
Spread 

DCC is found along both X chromosomes in hermaphrodites, enriched in gene promoters. 
DCC localization shares the characteristic with other examples in this review in that it is 
discontinuous. Low levels of binding are punctuated by high enrichment of the DCC at gene 
promoters (Ercan et al. 2007, 2009; Jans et al. 2009; Pferdehirt et al. 2011). As with the other 
examples in this review, where the DCC nucleates and where it ends up are well characterized, 
but the mechanism(s) connecting the start and end points remains elusive. Perhaps 3D contact 
sites help; rex sites cluster together and the establishment of dosage compensation is 
accompanied by large-scale 3D-contact changes (Crane et al. 2015; Anderson et al. 2019; Bian et 
al. 2020). However, these topology changes are not required for dosage compensation, so their 
role in dosage compensation may be a consequence of compensation or some unrelated process 
(Anderson et al. 2019). 

H4K20me1 is found along the hermaphrodite X chromosome but not on the X 
chromosome of males (Kramer et al. 2015; Liu et al. 2011). A DCC subunit, DPY-21, is a 
histone demethylase that converts H4K20me2 into H4K20me1 (Brejc et al. 2017). Because 
demethylation occurs temporally after transcriptional downregulation, any role it plays is likely 
to be in the maintenance of dosage compensation. So far, no other chromatin modifications have 
been linked to spreading of the DCC from recruitment sites. 
 
Barriers 

A 12 bp rex site is not sufficient for recruitment of DCC on autosomes, so there must be 
contexts on the X chromosome that achieve DCC specificity. One possibility consistent with 
results in S. cerevisiae is that H2A.Z serves as a barrier to DCC binding or spreading. H2A.Z is 
depleted on the X chromosomes in hermaphrodites but not males, and the loss of H2A.Z in 
hermaphrodites results in a modest loss of dosage compensation and some mislocalization of 
DCC outside of the X chromosome territory in the nucleus (Petty et al. 2009). However, the 
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disruption of dosage compensation and DCC localization is minor, so there are likely other 
factors at play. 

There is also evidence of a balance between levels of DCC and levels of transcriptional 
activators in the nucleus. When DCC fails to assemble and turn down transcription on the X 
chromosome, transcription of many genes throughout the genome is reduced, while expression 
from the X chromosome slightly increases, probably due to titration of activators away from 
autosomes (Jans et al. 2009). It is possible that the DCC directly competes with transcriptional 
activators to achieve the appropriate level of transcription, but the transcriptional effects of 
overexpression of DCC components has not been assessed. 
 
1.5 Concluding Remarks 
 

The molecules and mechanisms of nucleation are well-established in contexts described 
here. Although the specific molecules differ among organisms, nucleation generally depends on 
some feature of the DNA sequence combined with other proteins or RNA molecules that recruit 
and/or tether spreading complexes to chromatin. Barriers lack a single mechanism, but there are 
several reasonable ways that spreading can be limited, whether it be the positioning of 
nucleosomes at a locus or the broader mechanism of balanced expression between transcriptional 
activation machinery and transcriptional silencing machinery. What is completely lacking is a 
detailed mechanism for spreading; we know where spreading complexes nucleate and we know 
(across a population) where those complexes exist at equilibrium, but how they get from state A 
to state B is unknown. To address these issues, we need single-molecule resolution at single-cell 
level. We need ways of capturing not just where these spreading complexes reside but a 
historical record of where they have been during the creation of the new state of expression. As 
these higher-resolution tools and methods are developed across disciplines–biochemistry, 
genomics, molecular, and cellular biology–those fascinating details are sure to come closer into 
focus. 
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Chapter 2: 
 

Distinguishing between recruitment and spread of silent chromatin structures in 
Saccharomyces cerevisiae 

 
2.1 Abstract 
 
The formation of heterochromatin at HML, HMR, and telomeres in Saccharomyces cerevisiae 
involves two main steps: Recruitment of Sir proteins to silencers and their spread throughout the 
silenced domain. We developed a method to study these two processes at single base-pair 
resolution. Using a fusion protein between the heterochromatin protein Sir3 and the non-site-
specific bacterial adenine methyltransferase M.EcoGII, we mapped sites of Sir3-chromatin 
interactions genome-wide using long-read Nanopore sequencing to detect adenines methylated 
by the fusion protein. A silencing-deficient mutant of Sir3 lacking its Bromo-Adjacent 
Homology (BAH) domain, sir3-bah∆, was still recruited to HML, HMR, and telomeres. 
However, in the absence of the BAH domain, it was unable to spread away from those 
recruitment sites. Overexpression of Sir3 did not lead to further spreading at HML, HMR, and 
most telomeres. A few exceptional telomeres, like 6R, exhibited a small amount of Sir3 
spreading, suggesting that boundaries at telomeres responded variably to Sir3 overexpression. 
Finally, by using a temperature-sensitive allele of SIR3 fused to M.ECOGII, we tracked the 
positions first methylated after induction and found that repression of genes at HML and HMR 
began before Sir3 occupied the entire locus. 
 
2.2 Introduction 
 

Cells have an interest in coordinating the expression of genes: It allows them to turn sets 
of genes on and off in response to various stimuli or ensure certain genes are always expressed or 
always repressed to create and maintain cell identity. There are multiple ways to coordinate 
transcription, including shared binding sites for activators or repressors in promoters, nuclear 
compartmentalization, and creation of large domains like heterochromatin. The establishment of 
coordinated, stable blocs of gene expression, such as heterochromatin, can be broken down into 
two main steps: Nucleation, which involves the recruitment of chromatin-modifying factors, 
followed by the expansion of these chromatin-modifying factors beyond recruitment sites in an 
ill-defined process known as spreading. 

An impressive example of the concepts of nucleation and spread is inactivation of the X 
chromosome in female mammals (reviewed in Galupa and Heard 2018). Nucleation begins with 
the transcription of the non-coding RNA Xist from one of the two X chromosomes, which 
recruits heterochromatin factors in cis that eventually coat and transcriptionally silence nearly the 
entire 167-megabase X chromosome. Two studies have characterized early steps in nucleation at 
the Xist locus and at recruitment sites throughout the X chromosome (Engreitz et al. 2013; Simon 
et al. 2013), but the mechanics of how the Xist transcript and associated heterochromatin 
proteins spread remains unclear even for this well-studied phenomenon. Furthermore, 
‘spreading’ itself is an inferred process that connects known recruitment sites to the final binding 
profile of heterochromatin proteins. A clear mechanistic distinction between nucleation and 
spread, with a characterization of intermediate steps, has not been achieved for any organism. 
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Transcriptional silencing in the budding yeast Saccharomyces cerevisiae is one of the 
best-studied heterochromatic phenomena (reviewed in Gartenberg and Smith 2016). 
Heterochromatin is created by the Silent Information Regulator (SIR) complex that silences the 
transcription of genes at HML and HMR and the 32 telomeres. Recruitment of the SIR complex 
to HML, HMR, and telomeres is sequence specific, whereas its spreading is sequence 
nonspecific. More specifically, different combinations of Rap1, Abf1, and Origin Recognition 
Complex (ORC) binding sites are present at the E and I silencers that flank HML and HMR 
(Shore and Nasmyth 1987; Shore et al. 1987; Buchman et al. 1988; Kimmerly et al. 1988) and at 
the TG repeats and X elements of telomeres (Longtine et al. 1989; Stavenhagen and Zakian 
1994; Buchman et al. 1988). These proteins in turn interact with and recruit the SIR complex 
(Cockell et al. 1995; Triolo and Sternglanz 1996; Moretti and Shore 2001). The SIR complex 
then deacetylates chromatin (Braunstein et al. 1993; Suka et al. 2001; Thurtle and Rine 2014; 
Ellahi et al. 2015), resulting in chromatin compaction (Gottschling 1992; Singh and Klar 1992; 
Loo and Rine 1994; Georgel et al. 2001; Johnson et al. 2009; Swygert et al. 2018). As a result, 
transcription is blocked at least in part by steric occlusion, though details remain unknown 
(Sekinger and Gross 2001; Chen and Widom 2005; Gao and Gross 2008; Lynch and Rusche 
2009; Johnson et al. 2013; Steakley and Rine 2015). Almost any gene placed within the defined 
domain can be transcriptionally silenced, establishing the locus-specific, gene non-specific 
nature of heterochromatic silencing (Schnell and Rine 1986; Gottschling et al. 1990; Sussel et al. 
1993; Dodson and Rine 2015; Saxton and Rine 2019). This difference in sequence dependence 
between recruitment and spread implies they are separable processes that rely on different factors 
and interactions. 

Of the three SIR complex members (Sir2, Sir3, and Sir4), Sir3 is thought to be the major 
structural driver of heterochromatin spread and compaction. Sir3 interacts with the silencer-
binding proteins Abf1 and Rap1 (Moretti et al. 1994; Moretti and Shore 2001), with the other 
members of the SIR complex, Sir2 and Sir4 (Strahl-Bolsinger et al. 1997; Chang et al. 2003; 
Rudner et al. 2005; Ehrentraut et al. 2011; Samel et al. 2017), with nucleosomes (Johnson et al. 
1990; Hecht et al. 1995; Onishi et al. 2007; Norris et al. 2008; Armache et al. 2011), and with 
itself (King et al. 2006; Oppikofer et al. 2013; Liaw and Lustig 2006). All of these Sir3 
interactions are required for transcriptional silencing. In vitro, Sir3 dimers can bridge 
neighboring nucleosomes and compact chromatin (Behrouzi et al. 2016). Among the SIR 
complex members, Sir3 has the largest difference in affinity for acetylated and deacetylated 
histone tails (Carmen et al. 2002; Onishi et al. 2007; Armache et al. 2011; Oppikofer et al. 2011; 
Swygert et al. 2018). By binding deacetylated histone tails more strongly than acetylated ones, 
Sir3 helps create a positive feedback loop wherein Sir2 deacetylates histone tails (Landry et al. 
2000; Imai et al. 2000; Smith et al. 2000; Ghidelli et al. 2001) and Sir3 reinforces and further 
recruits Sir2/4 to silent regions. 

Characterization of SIR complex nucleation and spread is limited by techniques like 
ChIP-seq that measure processes on populations of molecules and at a resolution limited by 
sequencing-read length. We developed a new method that allowed us to characterize the binding 
of heterochromatin proteins at base-pair resolution. Using long-read sequencing, we used this 
new method to resolve the distinction between the recruitment and spread of Sir3 and to track the 
establishment of heterochromatin over time. These data pinpointed when the process of 
transcriptional silencing begins. 

 
2.3 Results 
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2.3.1 The Sir3-M.EcoGII fusion protein strongly and specifically methylated HML and 
HMR 
 

To achieve a higher-resolution method for assessing SIR complex binding, we made a 
fusion protein between Sir3 and M.EcoGII (Figure 2.1A), a non-site-specific bacterial N6-
methyladenosine methyltransferase (Murray et al. 2018; Woodcock et al. 2020). In principle, 
wherever Sir3 binds chromatin, even transiently, M.EcoGII should methylate nearby accessible 
adenines to make m6A. S. cerevisiae has no endogenous DNA methylation and no demethylases, 
allowing us to attribute m6A only to the activity of the fusion protein, reflecting where it resides 
as well as where it has been. M. EcoGII has no specific recognition sequencing, which should 
provide more resolution than methyltransferases like E. coli Dam, which has a four base-pair 
recognition site. The positions of Sir3-M.EcoGII can be determined conventionally by 
immunoprecipitation with an antibody against m6A followed by sequencing the precipitated 
DNA using Illumina sequencing. The more powerful implementation would come from 
distinguishing between individual m6A bases and unmodified A bases using long-read Nanopore 
sequencing. (Xu and Seki 2020). 
 To test this concept, we first assessed the silencing ability of Sir3-M.EcoGII by growing 
colonies with GFP integrated at HMRα2 and RFP integrated at HMLα2. Colonies expressing 
Sir3-M.EcoGII produced colonies with no fluorescence (Figure 2.1B). Thus, the fusion protein 
retained full function of Sir3. 
 To compare the binding profile of Sir3-M.EcoGII to the distribution of methylation it 
produced, we performed DNA immunoprecipitation and Illumina sequencing (DIP-seq) using an 
antibody that specifically recognizes m6A alongside ChIP-seq for a V5 epitope-tagged Sir3-
M.EcoGII. ChIP-seq revealed strong Sir3-M.EcoGII occupancy over the E and I silencers at 
HML and over the E silencer at HMR with weaker but consistent signal above background 
between the two silencers (Figure 2.1C, top row). Compared to ChIP-seq, methylation measured 
by DIP-seq had a stronger signal over the entirety of HML and HMR and a broader signal that 
extended beyond the silencers (Figure 2.1C, Figure 2.1–figure supplement 1). The methylation 
over HML and HMR was from the fusion protein Sir3-M.EcoGII, as neither a strain without 
M.EcoGII nor a strain expressing unfused M.EcoGII from the SIR3 promoter showed 
appreciable DIP-seq signal (Figure 2.1C, Figure 2.1–figure supplement 1). 
 Methylation by Sir3-M.EcoGII measured by Nanopore sequencing agreed well with DIP-
seq, showing strong methylation over HML and HMR with little background methylation outside 
of these regions (Figure 2.1D, Figure 2.1–figure supplement 2A). Fusions of Sir2 and Sir4 with 
M.EcoGII were also fully silencing competent (Figure 2.1B) and produced methylation signals 
that matched Sir3-M.EcoGII at HML and HMR (Figure 2.1D), suggesting that all three members 
of the SIR complex were equally distributed, as expected. In addition to the aggregate 
methylation signal (% of reads methylated at each position), we analyzed methylation of single 
adenines on single reads across HML and HMR (Figure 2.1E, Figure 2.1–figure supplement 2B). 
Sir3-M.EcoGII methylated most strongly near the E and I silencers and at the HMLα1/α2 
promoter, with lower, but significant, methylation between these sites (Figure 2.1E, Figure 2.1–
figure supplement 2B). Analysis of single reads revealed a periodicity of methylation across 
HML and HMR (Figure 2.1E, Figure 2.1–figure supplement 2B). These small regions of higher 
methylation corresponded to linker regions between nucleosomes (Figure 2.1–figure supplement 
3). Sir3-M.EcoGII did methylate within nucleosome-occupied regions at HML and HMR but at a 
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lower frequency (Figure 2.1–figure supplement 3), consistent with in vitro studies that use 
methylation by M.EcoGII or another non-specific adenine methyltransferase, Hia5, as a 
measurement of chromatin accessibility (Abdulhay et al. 2020; Shipony et al. 2020; Stergachis et 
al. 2020; Altemose et al. 2021). 

Figure 2.1. The Sir3-M.EcoGII fusion protein strongly and specifically methylated HML and HMR 
A) Sir3-M.EcoGII is a fusion protein that non-specifically methylates adenines in regions that Sir3 binds. B) Genes 
encoding fluorescence reporters were placed at HMLα2 (RFP) and HMRα2 (GFP) to report on transcription from 
the two loci. Shown are representative images of colonies from each strain: no M.EcoGII (WT, JRY12731), unfused 
M.EcoGII (sir3∆::M.EcoGII, JRY12842), SIR2-M.ECOGII (JRY13660), SIR3-M.ECOGII (JRY12844), and SIR4-
M.ECOGII (JRY13019). C) ChIP-seq of Sir3-M.EcoGII-3xV5 (top row, JRY12839) and DNA m6A 
immunoprecipitation and sequencing (DIP-seq) of no EcoGII (row two, JRY11699), sir3∆::M.ECOGII (row three, 
JRY12838), and SIR3-M.ECOGII (row four, JRY12840). Shown are 10 kb regions centered at HML (left) and HMR 
(right). Input results are plotted but not visible due to the strong ChIP-seq and DIP-seq signals. D) Aggregate results 
(continued on next page) 
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from long-read Nanopore sequencing of sir3∆::M.ECOGII (black line, JRY12838), SIR2-M.ECOGII (green line, 
JRY13625), SIR3-M.ECOGII (purple line, JRY13027), and SIR4-M.ECOGII (pink line, JRY13021). The y-axis 
represents the percentage of reads in each position called as methylated by the modified-base calling software 
Megalodon (see Materials & Methods). Shown are 25 kb windows at a control region on chromosome III to show 
background methylation (top row), at HML (middle row), and at HMR (bottom row). E) Single-read plots from 
long-read Nanopore sequencing of SIR3-M.ECOGII (JRY13027). Each row of the plots is a single read the spans the 
entire query region, ordered by lowest average methylation on the top to highest average methylation on the bottom. 
Methylated adenines are colored purple, and unmethylated adenines are colored gray. Shown are 5 kb windows at a 
control region on chromosome III to show background methylation (top row), at HML (middle row), and at HMR 
(bottom row) 
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

 
Figure 2.1–Figure Supplement 1. Sir3-M.EcoGII strongly and specifically methylated HML and HMR 
Biological replicates of DIP-seq of no EcoGII (top row, JRY09316), sir3∆::M.ECOGII (middle row, JRY12838), 
and SIR3-M.ECOGII (bottom row, JRY13027) 
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

 
Figure 2.1–Figure Supplement 2. Sir3-M.EcoGII strongly and specifically methylated HML and HMR 
A) Aggregate results from long-read Nanopore sequencing of sir3∆::M.ECOGII (black line, JRY12838, same as 
figure 2.1D), SIR3-M.ECOGII (blue line, JRY13027, same as figure 2.1D), and a biological replicate of SIR3-
M.ECOGII (purple line, JRY12840). Plots are as described in Fig 1D. B) Single-read plots from a biological 
replicate of long-read Nanopore sequencing of SIR3-M.ECOGII (JRY13027). Plots are as described in Fig 1E. 
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
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Figure 2.1–Figure Supplement 3. Sir3-M.EcoGII preferentially methylated linker regions 
A) Aggregate methylation signal by Nanopore sequencing (purple line) of SIR3-M.ECOGII (JRY13027) plotted 
against nucleosome occupancy (gray line, Chereji et al. 2018) over a 3 kb window at HML (top) and HMR (bottom). 
The y-axis represents the signal of both % of reads methylated and nucleosome occupancy scaled to fit in the same 
plot. Data were smoothed using a loess function. B) The average % of methylated reads from SIR3-M.ECOGII 
(JRY13027) in linker regions at HML and HMR (nucleosome occupancy below a threshold of 0.4 from Chereji et al. 
2018) compared to nucleosomal regions at HML and HMR (nucleosome occupancy above a threshold of 0.4 from 
Chereji et al. 2018). The center line of each box plot represents the median. The boxes represent the 25th and 75th 
percentiles. Whiskers represent the range of values within 1.5× the interquartile range. P-value was calculated using 
a quasibinomial general linear model (glm). 
 
2.3.2 Nucleosome binding was required for spreading, but not recruitment, of Sir3 
 
 Recruitment of the SIR complex to silencers is sequence specific. Rap1, Abf1, and ORC 
bind at these recruitment sites and recruit the Sir proteins directly through protein-protein 
interactions. In contrast, SIR complex binding away from recruitment sites is sequence 
independent and instead relies on interactions with nucleosomes and among the Sir proteins 
themselves. 
 We therefore hypothesized that the interaction between Sir3 and nucleosomes would not 
be required for nucleation at recruitment sites but would be required for binding outside of those 
recruitment sites. Sir3 has multiple recognized domains (Figure 2.2A): The BAH domain, which 
interacts with nucleosomes (Rudner et al. 2005; Onishi et al. 2007; Buchberger et al. 2008; 
Norris et al. 2008; Sampath et al. 2009; Armache et al. 2011), the AAA+ domain, which interacts 
with Sir4 (King et al. 2006; Ehrentraut et al. 2011; Samel et al. 2017), and the winged helix (wH) 
domain, which allows for homodimerization (King et al. 2006; Oppikofer et al. 2013; Liaw and 
Lustig 2006). We deleted the BAH domain of Sir3-M.EcoGII (bah∆), which largely abrogates 
Sir3-nucleosome interactions in vitro (Onishi et al. 2007; Buchberger et al. 2008; Sampath et al. 
2009). Previous studies established that deletion of the BAH domain causes a phenotypic loss of 
silencing, likely due to a loss of interaction with nucleosomes (Gotta et al. 1998; Onishi et al. 
2007; Buchberger et al. 2008), but did not characterize its binding at regions of heterochromatin. 
Importantly for what follows, deletion of the BAH domain did not destabilize Sir3 (Figure 2.2B). 
We also confirmed that sir3-bah∆-M.ECOGII strains displayed a loss of silencing, but found that 
the loss was more severe at HML than at HMR (Figure 2.2C). 
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Figure 2.2. Nucleosome binding was required for spread, but not recruitment, of Sir3 to regions of 
heterochromatin (continued on next page) 
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A) Schematic of Sir3 protein domains. B) Protein immunoblotting in strains expressing Sir3 (no tag, JRY11699), 
Sir3-3xV5 (JRY12601), and sir3-bah∆-3xV5 (JRY13621). Top row are 3xV5-tagged Sir3 proteins, and bottom row 
is the loading control Hxk2. C) RT-qPCR of HMLα2 and HMRa1 mRNA, normalized to ACT1 mRNA, in strains 
expressing SIR3-M.ECOGII (JRY12840, JRY13027), sir3∆::M.ECOGII (JRY13029, JRY13030), and sir3-bah∆-
M.ECOGII (JRY13438, JRY13439). Bars are the average of three biological replicates, and bars mark one standard 
deviation. D) Aggregate methylation results at HML (top) and HMR (bottom) from long-read Nanopore sequencing 
of sir3∆::M.ECOGII (JRY13029, JRY13030), SIR3-M.ECOGII (JRY12840, JRY13027), and sir3-bah∆-M.ECOGII 
(JRY13438). Plots are as described in Fig 1D. E) Single-read plots from long-read nanopore sequencing of sir3-
bah∆-M.ECOGII (JRY13438) at HML (top) and HMR (bottom). Plots are as described in Fig 1E. F) Aggregate 
methylation results at four representative telomeres (1L, 2L, 4R, and 11R) from long-read Nanopore sequencing of 
the same strains as Fig 2D. Shown are 15 kb windows of each telomere. Plots are as described in Fig 1D. G) Single-
read plots from long-read nanopore sequencing of SIR3-M.ECOGII (JRY13027) and sir3-bah∆-M.ECOGII 
(JRY13438) at two representative telomeres (1L and 2L). Shown are 10 kb windows of each telomere. 
 
 Despite the loss of silencing at HML and HMR in the sir3-bah∆-M.ECOGII strain, there 
was still detectable methylation across the two loci (Figure 2.2D, 2.2E, Figure 2.2–figure 
supplement 1A). At the aggregate level, sir3-bah∆-M.EcoGII methylated silencers at HML and 
HMR at the same level as Sir3-M.EcoGII but showed decreased methylation between them 
(Figure 2.2D). Analysis of single reads spanning HML and HMR in the bah∆ mutant showed 
similarly strong levels of methylation at silencers, and revealed strong methylation both at the 
promoters of HML and HMR and the recognition site for the HO endonuclease (Figure 2.2E). In 
contrast, little methylation was seen over gene bodies between these sites (Figure 2.2E). 
 

 
 
Figure 2.2–Figure Supplement 1. DIP-seq of SIR3-M.ECOGII (top row, JRY13027), sir3∆::M.ECOGII 
(middle row, JRY13030), and sir3-bah∆-M.ECOGII (bottom row, JRY13438) 
Input results are plotted but not visible due to the strong DIP-seq signals. 
A) Shown are 10 kb regions centered at HML (left) and HMR (right). B) Shown are 10 kb regions at two 
representative telomeres (1L and 2L) 

The technology’s long-read capacity also allowed analysis of the repetitive and highly 
homologous telomeres. In addition to methylating HML and HMR (Figure 2.1), Sir3-M.EcoGII 
strongly methylated telomeres at TG repeats and X elements (Figure 2.2F, Figure 2.2–figure 
supplement 1B, Figure 2.2–figure supplement 2), and the periodicity of methylation was 
apparent on single reads as well (Figure 2.2G), likely corresponding to more-accessible linker  
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Figure 2.2–Figure Supplement 2. Methylation by Sir3-M.EcoGII and sir3-bah∆-M.EcoGII at all 32 telomeres 
Aggregate methylation results from long-read Nanopore sequencing of the same strains as Fig 2D. Shown are 15 kb 
windows of each telomere. Plots are as described in Fig 1D. Highlighted in yellow are windows shorter than 15kb 
due to discrepancies between the S288C and W303 genomes (see Ellahi et al. 2015) 
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regions. The loss of binding outside of recruitment sites of sir3-bah∆-M.EcoGII was more 
striking at telomeres than HML and HMR, where methylation by the bah∆ mutant matched wild-
type levels at TG and X repeats but dropped off steeply centromere-proximal to the X elements 
(Figure 2.2F, 2.2G, Figure 2.2–figure supplement 1B, Figure 2.2–figure supplement 2). The 
results at telomeres, supported by the data at HML and HMR, suggested that the nucleosome 
binding activity of Sir3 was required for Sir3 to spread away from recruitment sites, but not for 
its initial recruitment. 
 
2.3.3 SIR3 expression level did not limit its spread from recruitment sites 
 
 In addition to understanding what enables Sir3 spreading, we were also interested in what 
limits its spread. One common feature of heterochromatin proteins is that their activity is dose-
dependent: lowered expression causes loss of heterochromatin whereas elevated expression can 
cause silencing of genes near heterochromatin (Locke et al. 1988; Henikoff 1996). Indeed, it was 
previously reported that overexpression of Sir3 results in its spread beyond wild-type boundaries, 
accompanied by repression of genes in those extended regions (Renauld et al. 1993; Hecht et al. 
1996; Strahl-Bolsinger et al. 1997; Ng et al. 2003; Hocher et al. 2018). To provide an 
independent test of those conclusions, we tested whether the expression level of Sir3 limited how 
far it could spread beyond recruitment sites at HML, HMR, and telomeres. 

 
Figure 2.3. Sir3 expression was not limiting for its spread from recruitment sites (continued on next page) 
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A) RT-qPCR of SIR3 and M.ECOGII mRNA normalized to ACT1 mRNA in strains carrying an empty multi-copy 
2µ vector (JRY13670, JRY13671) and strains carrying a multi-copy 2µ SIR3-M.ECOGII plasmid (JRY13672, 
JRY13673). Data are the average of four biological replicates, and bars mark one standard deviation. B) RT-qPCR 
of HMLα2 and HMRa1 mRNA normalized to ACT1 mRNA in the same strains as Fig 3A as well as 
sir3∆::M.ECOGII (JRY13029, JRY13030). Data are the average of four biological replicates, and bars mark one 
standard deviation. C) Aggregate methylation results at a control region on chromosome III to show background 
levels of methylation (top row), at HML (middle row) and HMR (bottom row) from long-read Nanopore sequencing 
of the same strains in Fig 3A. The two colors for each genotype correspond to two biological replicates. Plots are as 
described in Fig 1D. D) RT-qPCR of CHA1 and OCA4 mRNA normalized to ACT1 mRNA in the same strains as 
Fig 3B. E) Aggregate methylation results at three representative telomeres (6R, 15R, and 10R) from long-read 
Nanopore sequencing of the same strains as Fig 3A. The two colors for each genotype correspond to two biological 
replicates Shown are 15 kb windows of each telomere. Plots are as described in Fig 1D. 
 
Expression of both SIR3-M.ECOGII from a multi-copy 2µ plasmid was 10-fold higher than the 
endogenous level of SIR3-M.ECOGII in a strain carrying an empty 2µ plasmid (Figure 2.3A). 
Overexpression of SIR3-M.ECOGII had no effect on silencing at HML and HMR (Figure 2.3B). 

Overexpression of SIR3-M.ECOGII had little effect on the boundaries of methylation at 
HML and HMR. Strains overexpressing SIR3-M.ECOGII had increased methylation over both 
loci but no new methylation outside the bounds of strains expressing only one copy of SIR3-
M.ECOGII (Figure 2.3C). There was some increase in methylation over the promoters of two 
genes closest to HML and HMR (CHA1 and OCA4, respectively), but it did not result in any 
change in the level of their expression (Figure 2.3D). 

Surprisingly, the results at telomeres were qualitatively similar but revealed three 
categories of effects. Some telomeres showed a large increase in the amount of methylation upon 
overexpression of SIR3-M.ECOGII with a small extension of binding farther into the 
chromosome (Figure 2.3E, top row, Figure 2.3–figure supplement 1). Some telomeres showed a 
modest increase in the amount methylation upon overexpression of SIR3-M.ECOGII with little, 
if any, extension of range (Figure 2.3E, middle row, Figure 2.3–figure supplement 1). Finally, 
some telomeres showed no appreciable change in methylation (Figure 2.3E, bottom row, Figure 
2.3–figure supplement 1). Only three of the 32 telomeres, including the paradigmatic telomere 
6R from earlier studies, showed convincing spread of methylation to new sites compared to 
telomeres in strains expressing one copy of SIR3-M.ECOGII (Figure 2.3E, Figure 2.3–figure 
supplement 1). Therefore, the expression level of SIR3 was not a universal limiting factor in 
heterochromatin spread. These results imply the existence of other chromatin features that create 
boundaries for Sir3 spreading. 
 
2.3.4 Repression of HML and HMR preceded heterochromatin maturation 
 
 To evaluate the dynamics of Sir3 recruitment and spreading during the establishment of 
heterochromatin over time, we used a temperature-sensitive allele of SIR3, sir3-8, fused to 
M.ECOGII and took samples at various time points for Nanopore sequencing after switching 
from the restrictive (37°C) to the permissive (25°C) temperature (Figure 2.4A). In agreement 
with previous studies (Stone et al. 2000), growth at 37°C caused lower protein levels of sir3-8 
(Figure 2.4B). Over the course of 150 minutes, the protein levels of sir3-8 slowly increased to 
match levels in constitutive 25°C growth conditions (Figure 2.4B). In cells grown at 37°C, sir3-
8-M.ECOGII did not methylate HML and HMR, but when grown constitutively at 25°C, there 
was strong methylation over both loci (Figure 2.4C, Figure 2.4–figure supplement 1). 
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Figure 2.3–Figure Supplement 1. Methylation upon overexpression of SIR3-M.ECOGII at all 32 telomeres 
Aggregate methylation results from long-read Nanopore sequencing of the same strains as Fig 3B. Shown are 15 kb 
windows of each telomere. Plots are as described in Fig 1D. Highlighted in yellow are windows shorter than 15kb 
due to discrepancies between the S288C and W303 genomes (see Ellahi et al. 2015) 
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Figure 2.4. Repression of HML and HMR preceded heterochromatin maturation 
A) Schematic of temperature-shift time course with sir3-8-M.ECOGII. B) Protein immunoblotting in a strain 
expressing sir3-8-3xV5 (JRY13467) constitutively at 25°C (first lane), constitutively at 37°C (second lane), and at 
30 min, 60 min, 90 min, 120 min, and 150 min after a shift to 25°C. Top row is 3xV5-tagged sir3-8 protein, the 
middle row is the same as the top row but at a higher exposure, and the bottom row is the loading control Hxk2. C) 
Aggregate methylation results at HML (top) and HMR (bottom) from long-read Nanopore sequencing of strains 
expressing sir3-8-M.ECOGII (JRY13114) grown constitutively at 25°C or 37°C. Plots are as described in Fig 1D. 
D) Aggregate methylation results at HML (top) and HMR (bottom) from long-read Nanopore sequencing of a strain 
expressing sir3-8-M.ECOGII (JRY13134) grown constitutively at 25°C (dotted gray line) and collected at 0 min, 15 
min, 45 min, and 90 min after a temperature switch from 37°C to 25°C. E) RT-qPCR of HMLα2 (left) and HMRa1 
(right) mRNA in strains expressing SIR3-M.ECOGII (black, JRY13027, JRY12840), sir3∆::M.ECOGII (green, 
JRY13029, JRY13030) or sir3-8-M.ECOGII (purple, JRY13114, JRY13134) collected at 0 min, 30 min, 60 min, 90 
min, 120 min, and 150 min after a temperature switch from 37°C to 25°C. Points are the average of three biological 
replicates and bars mark one standard deviation. 
 

Over a 90-minute time course, methylation increased only over the silencers and 
promoters of HML and HMR (Figure 2.4D, Figure 2.4–figure supplement 2, solid lines). 
Methylation at the promoter of HML during the time course and in the sir3-bah∆ mutant was 
expected, as it contains a Rap1 binding site, and Rap1 interacts directly with Sir3 and Sir4. 
However, methylation at the promoter of HMR at these early time points and in the sir3-bah∆ 
mutant was a surprise, as there is not a known SIR complex-interacting protein that binds at the 
promoter. In the absence of Sir3, Sir4 is still bound at silencers (Rusche et al. 2002; Hoppe et al. 
2002; Goodnight and Rine 2020), so the faster recruitment at these sites, and perhaps the 
promoters as well, might be due to the interaction of Sir3 with Sir4 and Rap1. 
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By 90 minutes (~1 cell division), methylation at no position reached the level found in 
cells constitutively grown at 25°C–the level of methylation of mature, stable heterochromatin 
(Figure 2.4D, Figure 2.4–figure supplement 2, dotted line). Strikingly, even by 30 minutes after 
the temperature shift, when methylation was just rising above background at silencers, partial 
repression of HML and HMR was apparent (Figure 2.4E). This result suggested that binding of 
Sir3 at silencers and promoters was sufficient for partial repression and preceded its spread over 
the entirety of both loci. 

 

 
Figure 2.4–Figure Supplement 1. DIP-seq of sir3-8-M.ECOGII (JRY13114) 
Shown are 10 kb regions centered at HML (left) and HMR (right). Cells were grown constitutively at either 25°C or 
37°C. Input results are plotted but not visible due to the strong DIP-seq signals. 
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

 
Figure 2.4–Figure Supplement 2. Nanopore sequencing over temperature switch time course (biological 
replicate) 
Aggregate methylation results at HML (top) and HMR (bottom) from long-read Nanopore sequencing of a strain 
expressing sir3-8-M.ECOGII (JRY13114) grown constitutively at 25°C (dotted gray line) and collected at 0 min, 15 
min, 45 min, and 90 min after a temperature switch from 37°C to 25°C. 
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2.4 Discussion 
 

In this study, we developed a new method to study the process of recruitment and spread 
of the S. cerevisiae heterochromatin protein Sir3 in living cells with a resolution approximating 
the frequency of single A-T base pairs. We created a fusion protein between a key structural 
protein of heterochromatin, Sir3, and the bacterial adenine methyltransferase M.EcoGII that 
retained function and activity of each. We used DNA methylation as a read-out for Sir3 
occupancy on chromatin. Long-read Nanopore sequencing allowed us to distinguish directly 
between methylated and unmethylated adenine and transcended the limitations of earlier studies 
imposed by repetitive regions common at telomeres. 

The methylation by Sir3-M.EcoGII at HML and HMR was stronger and had a larger 
footprint than its occupancy as judged by ChIP-seq, suggesting that our method captured 
transient contacts of Sir3 with chromatin that ChIP-seq could not. This result reinforced the idea 
that protein-chromatin interactions are dynamic, even for a feature like heterochromatin, 
commonly thought of as ‘stable’. We also harnessed the power of single base-pair resolution 
afforded by Nanopore sequencing to distinguish between recruitment and spread of Sir3 by 
studying a mutant of Sir3 whose distribution and binding profile had not yet been characterized, 
sir3-bah∆. This mutant cannot bind to nucleosomes and loses transcriptional silencing at HML 
and HMR (Gotta et al. 1998; Onishi et al. 2007; Buchberger et al. 2008). The mutant sir3-bah∆-
M.EcoGII was still recruited to silencers at HML, HMR, and to telomeres where it methylated 
local adenines. However, the mutant did not spread beyond those recruitment sites, unlike wild-
type Sir3-M.EcoGII. Our findings supported that recruitment and spread were separate processes 
that involved different interactions between Sir3 and other proteins at silenced loci and 
telomeres. 

The ability to unambiguously map long reads to telomeres allowed us to challenge 
historic conclusions about Sir3 dosage-driven heterochromatin spreading. Overexpressing Sir3-
M.EcoGII increased the methylation signal where there already was methylation at endogenous 
levels of expression, but the boundaries where methylation dropped off at HML, HMR, and 
telomeres mainly remained fixed in the two conditions. This result suggested that overexpression 
of Sir3 was not sufficient for spreading past most wild-type boundaries. The original idea that 
overexpression of Sir3 results in its further spread relied on low-resolution RT-PCR at two 
telomeres, 5R and 6R (Renauld et al. 1993; Hecht et al. 1996; Strahl-Bolsinger et al. 1997). In 
our genome-wide analysis, telomere 6R was an exception, not the rule, as most telomeres did not 
show spreading of Sir3 upon its overexpression. We were not able to reproduce the result at 
telomere 5R (Hecht et al. 1996).  

Our data suggested that binding of Sir3 outside of HML, HMR, X elements, and telomere 
TG repeats was probabilistic: When Sir3 was overexpressed, its interactions outside of 
recruitment sites became more frequent, thus increasing the methylation signal produced by Sir3-
M.EcoGII. However, most boundaries were left largely unchanged under overexpression 
conditions, in agreement with more recent Sir3 ChIP-seq results (Radman-Livaja et al. 2011). 
Perhaps other features, such as transcription, tRNA genes (Donze and Kamakaka 2001; Simms et 
al. 2008; Valenzuela et al. 2009), the presence of histone variants like H2A.Z (Meneghini et al. 
2003; Babiarz et al. 2006; Venkatasubrahmanyam et al. 2007; Giaimo et al. 2019), or the 
presence of Sir3-inhibiting chromatin marks like methylation of H3 on lysine 79 (Park et al. 
2002a; Ng et al. 2002, 2003; Oki et al. 2004; Altaf et al. 2007; Stulemeijer et al. 2011), enforce a 
boundary that overexpression of Sir3 itself cannot overcome.  
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Two results suggested that repression of HML and HMR did not require that Sir3 occupy 
the entire locus to the level seen in wild-type cells. During the temperature-switch time course, 
methylation by sir3-8-M.EcoGII appeared first and most strongly at promoters and silencers of 
HML and HMR, with little or no detectable methylation between these sites. Yet, partial 
transcriptional repression was already evident at both loci within 30 minutes. The gradual 
repression that appeared during the time course was consistent with single-cell studies that show 
gradual tuning down of transcription during silencing establishment (Goodnight and Rine 2020). 
The level of repression achieved during the time course was commensurate with that expected 
within the first cell cycle following restoration of Sir3 function (Goodnight and Rine 2020). We 
also found that sir3-bah∆, a nucleosome-binding mutant that was recruited to silencers and 
promoters but could not bind outside of them, achieved some repression at both HML and HMR. 
Repression was stronger at HMR than at HML in the bah∆ mutant, perhaps because HMR is 
smaller and less dependent on spreading. The time course and bah∆ results together suggested a 
difference between repression of transcription per se and the stability of silencing ultimately 
achieved by the SIR complex binding over the entirety of HML and HMR. 

We focused our efforts on the heterochromatin protein Sir3 in S. cerevisiae, but this 
method may have broad utility. By relaxing the requirement for stable binding to detect 
interaction of a protein with DNA or chromatin, the method could find binding sites of 
transcription factors and/or chromatin-binding proteins that elude detection by ChIP-seq. Further, 
with an inducible M.EcoGII fusion protein, one could track processes over time like the spread 
of heterochromatin proteins during X-chromosome inactivation, the movement of cohesin and 
condensin along chromosomes during chromosome pairing and condensation, and the homology 
search during homologous recombination. Improvements in Nanopore technology and modified 
base-calling software will likely extend the method’s utility to other processes that have 
directional movement along chromosomes. 

 
2.5 Materials and Methods 
 
Strains 
All strains in this study were derived from W303 (Table 2.1). M.ECOGII integrations were 
created by one-step integration of a PCR-amplified M.ECOGII-natMX cassette from pJR3525 
using the primers listed in Table 2.3. Deletion of the BAH domain of SIR3 was done using 
CRISPR-Cas9 gene editing using the guide RNA and repair template listed in Table 2.3. The 
guide RNA target and nontarget strands were integrated into a single guide RNA dropout-Cas9 
expression plasmid (pJR3428, (Brothers and Rine 2019) by Golden Gate cloning, using the 
restriction enzyme BsmBI as described in (Lee et al. 2015). The repair template was made by 
annealing oligos described in Table 2.3 and extending the 3’ ends using Phusion Polymerase 
(New England Biolabs, Beverly, MA). SIR3 overexpression strain and its control strain was 
created by transformation and maintenance of 2-micron plasmids pJR3526 and YEp24, 
respectively. 
 
Plasmids 
Plasmids used in this study are listed in Table 2.2. The M.ECOGII-NatMX6 tagging plasmid 
(pJR3525) was made using standard Gibson cloning into pFA6a-natMX6 (Hentges et al. 2005). 
The codon-optimized M.ECOGII ORF with homology to the vector backbone was on a gene 
block (Table 2.3) from Integrated DNA Technologies (IDT, Coralville, IA) and was inserted into 
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pFA6a-natMX6 linearized by PCR. The SIR3p-SIR3-M.ECOGII overexpression plasmid 
(pJR3526) was made using standard Gibson cloning into YEp24, a 2µ yeast expression plasmid 
carrying a URA3 selectable marker. 
 
Growth and fluorescence imaging of colonies 
Strains were grown in a patch on YPD overnight at 30°C. Cells were then resuspended in water 
and plated for single colonies on a YPD plate. Colonies were imaged after 3 days of growth at 
30°C. At least 10 colonies per genotype were imaged using a Leica M205FA fluorescence 
stereomicroscope, a Leica DFC3000G CCD camera, and a Plan Apo x0.63 objective. All 
colonies were imaged at a magnification of 10X. Image analysis and assembly was performed 
using Fiji software (Schindelin et al. 2012). 
 
ChIP-seq 
Sample Collection 
Strains were grown to mid-log phase in YPD at 30°C. Approximately 109 cells were collected, 
washed, and fixed for 15 minutes at 30°C in a final concentration of 1% formaldehyde. Fixation 
was quenched with a final concentration of 300mM glycine for 10 minutes at 30°C. Cells were 
washed 1X with PBS and 2X with FA lysis buffer (50mM HEPES pH7.5, 150 mM NaCl, 1 mM 
EDTA, 1% v/v Triton X-100, 0.1% w/v sodium deoxycholate, 0.1% SDS) before flash freezing 
pellets in a 2 mL screw-cap tube. Pellets were resuspended in 1 mL FA lysis buffer and 500 µL 
of 0.5 mm zirconium ceramic beads (BioSpec Products, Bartlesville, OK, Cat # 11079105z) 
were added. Resuspended cells were bead beat with in a FastPrep-24 (MP Biomedicals, 
Burlingame, CA) at 5.5 amplitude, 4 cycles of 40 sec ON/2 min on ice. Each tube was punctured 
at the bottom with a hot 20G needle and placed into a new 1.5 mL tube, and sample was spun out 
of the tube into the new tube by spinning at 150 xg for 1 min. The sample was moved into a 15 
mL Bioruptor sonication conical tube with 100 µL of Bioruptor sonication beads (Diagenode, 
Denville, NJ, Cat # C01020031) and sonicated using the Bioruptor Pico (Diagenode) for 10 
cycles of 30 sec ON / 30 sec OFF. 
 
Immunoprecipitation 
The sonicated extract was moved into a new 1.5 mL tube and spun at 16,000 xg for 15 min at 
4°C. The supernatant was moved into a new 1.5mL tube and adjusted to 1 mL volume with FA 
lysis buffer. 50 µL of sample was taken aside as input, and then 25 µL of 20 mg/mL BSA and 5 
µL of anti-V5 antibody (Invitrogen, Waltham, MA, Cat # R960-25) was added to the rest of the 
sample and rotated overnight at 4°C. 50 µL of Protein A magnetic Dynabeads (Thermo-Fisher, 
Waltham, MA, Cat # 10002D) were added to the sample and rotated at 4°C for 1 hr. Magnetic 
beads were immobilized using a magnetic rack and washed by resuspension in 1mL of various 
buffers in the following order: FA lysis buffer + 0.05% Tween-20, FA lysis buffer + 0.05% 
Tween-20 + 0.25 mM NaCl, ChIP wash buffer (10 mM Tris pH 8.0, 0.25 M LiCl, 1mM EDTA, 
0.5% Nonidet P-40, 0.5% sodium deoxycholate, 0.05% Tween-20), and TE (10 mM Tris pH 8.0, 
1 mM EDTA) + 0.05% Tween-20. The washed beads were resuspended in 130 µL of ChIP 
elution buffer (10 mM Tris pH 7.5, 1 mM EDTA, 1% SDS) and incubated at 65°C shaking at 
900rpm overnight. The next day, 2.5 µL of 10 mg/mL Proteinase K (New England Biolabs, 
Ipswich, MA, Cat # P8107S) and 2.5 µL of 10 mg/mL RNase A (Thermo-Fisher, Cat # EN0531) 
were added to the elution and incubated at 42°C for 2 hr. Beads were immobilized on a magnetic 
rack and the supernatant containing the desired DNA to be sequenced was taken and purified 
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using 1X v/v SPRI Select magnetic beads (Beckman Coulter, Brea, CA, Cat # B23317) 
according to the manufacturer’s instructions. 
 
Library Preparation and Sequencing 
Samples were prepared for sequencing using NEBNext Ultra II DNA Library Prep Kit for 
Illumina (New England Biolabs, Cat # E7645) according to the manufacturer’s instructions. 
Samples were multiplexed using NEBNext Multiplex Oligos for Illumina (New England Biolabs, 
Cat # E7335/E7500). Library-prepped samples were sequenced on a MiniSeq System (Illumina, 
San Diego, CA) 
 
Analysis 
Sequencing reads were aligned to the S288C sacCer3 reference genome (release R64-2-
1_20150113, yeastgenome.org), modified to include mat∆ using Bowtie2 with the options “--
local --soft-clipped-unmapped-tlen --no-unal --no-mixed --no-discordant” (Langmead and 
Salzberg 2012). Reads were normalized to the genome-wide median, excluding rDNA, 
chromosome III, and subtelomeric regions (the first and last 10 kb of each chromosome). 
Analysis was performed using custom Python scripts modified from (Goodnight and Rine 2020) 
and displayed using IGV (Thorvaldsdóttir et al. 2013). 
 
DIP-seq 
DNA extraction 
Cells were grown to mid-log phase in YPD, Complete Supplement Mixture (CSM) or CSM 
without Uracil (Sunrise Science Products, Knoxville, TN) at 30°C. Approximately 109 cells were 
pelleted by centrifugation at 3200 xg for 2 min, washed with 1 mL of water, moved to a 2 mL 
screw-cap tube, and flash frozen. Cells were resuspended in 400 µL of Triton SDS Lysis Buffer 
(10 mM Tris pH 8.0, 100 mM NaCl, 1 mM EDTA, 2% Triton X-100, 1% SDS), and 400 µL of 
phenol:chloroform:isoamyl alcohol 25:24:1 and 300 µL of 0.5 mm zirconium ceramic beads 
(BioSpec Products, Cat # 11079105z) were added to the resuspension. Cells were lysed by bead 
beating with in a FastPrep-24 (MP Biomedicals) at 5.5 amplitude, 4 cycles of 40 sec ON/2 min 
on ice. The aqueous and organic phases were separated by centrifugation at 21,000 xg for 5 min, 
and the aqueous phase was moved to a new 1.5 mL tube. 400 µL of chloroform was added, 
vortexed at top speed for ~ 10 sec, and spun down at 21,000 xg for 5 min to separate the aqueous 
and organic phases. The aqueous phase was moved to a new 1.5 mL tube, and 1 mL of 100% 
ethanol was added to precipitate nucleic acids. The sample was incubated at 4°C for 10-15 min 
and then spun down at 21,000 xg for 2 min to pellet the precipitated nucleic acids. Supernatant 
was discarded, the pellet was air-dried, and then the pellet was resuspended in 400 µL of TE 
(10mM Tris-HCl pH 8.0, 1 mM EDTA) + 4 µL of 10 mg/mL RNase A (Thermo-Fisher, Cat # 
EN0531) and incubated at 37°C for 1 hour. 1 mL of 100% ethanol + 10 µL of 4M ammonium 
acetate was added to the RNase solution and incubated at 4°C for 10-15 min to precipitate DNA. 
The precipitate was pelleted by centrifugation at 21,000 xg for 2 min, washed 1X with 70% 
ethanol, air-dried, and resuspended in 150-300 µL of water. 
 
Sonication 
DNA concentration was measured using Qubit dsDNA HS reagents (Invitrogen, Cat #Q32854), 
and 6 µg of DNA was diluted to 20 ng/uL in 300 µL of water in 1.5 mL Bioruptor Pico 
Microtubes for sonication (Diagenode, Cat # C30010016). DNA was sonicated using a Bioruptor 
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Pico (Diagenode) for 18 cycles of 15 sec ON/90 sec OFF. The sonicated DNA was moved to a 
new 1.5 mL tube. 
  
m6A IP 
DNA was denatured by incubating at 95°C for 10 min and then immediately placed on ice for 5 
min. 200 µL of cold water and 500 µL of cold 5X DIP buffer (50 mM NaPO4 pH 7.0, 700 mM 
NaCl, 0.25% Triton X-100) were added to bring the volume up to 1 mL. 50 µL were taken aside 
as input. 25 µL of 20 mg/mL BSA and 1.8 µg of antibody (Synaptic Systems rabbit anti-m6A, 
Cat 202-003) were added to the rest of the sample and rotated overnight at 4°C. 50 µL of Protein 
A magnetic Dynabeads (Thermo-Fisher, Cat # 10002D) were added to the sample and rotated at 
4°C for 1 hr. Magnetic beads were immobilized using a magnetic rack and washed by 
resuspension and rotation for 5 min at 4°C in 1mL of various cold buffers in the following order: 
2X with 1X DIP buffer + 0.05% Tween-20, 1X with 1X DIP buffer. For elution, beads were 
resuspended in 190 µL of DIP Digestion Buffer (50 mM Tris-HCl pH 8.0, 10 mM EDTA, 0.5% 
SDS) + 10 µL of 10 mg/mL Proteinase K (New England Biolabs, Cat # P8107S). DIP digestion 
buffer was added to input samples up to 200 µL. Both the input and IP samples were incubated at 
50°C for 2 hr and then cleaned up using the Qiaquick PCR Purification Kit (Qiagen, Hilden, 
Germany, Cat # 28104) and eluted in 35 µL of water. 
 
Library Preparation and Sequencing 
Samples were prepared for sequencing using Accel-NGS 1S Plus DNA Library Kit (Swift 
Biosciences, Ann Arbor, MI, Cat # 10024) according to the manufacturer’s instructions. Samples 
were multiplexed using Swift Single Indexing Primers Set A (Swift Biosciences, Cat # X6024). 
Library prepped samples were sequenced on a MiniSeq System (Illumina). 
 
Analysis 
Analysis was done as described in the section on ChIP-seq above. 
 
Nanopore sequencing 
DNA extraction 
Cells were grown to mid-log phase in YPD, CSM (Sunrise Science Products), or CSM without 
Uracil at 30°C. Approximately 108 cells were pelleted, washed with 1 mL of water, and pellets 
were flash frozen. gDNA was extracted using the YeaStar Genomic DNA Kit (Genesee 
Scientific, San Diego, CA, Cat #11-323) according to the manufacturer’s “Protocol 1”. 
Specifically, thawed cell pellets were resuspended in 240 µL of YD Digestion Buffer + 10 µL R-
Zymolyase and incubated at 30°C for 1 hr. 240 µL of YD Lysis buffer was added to the solution 
and vortexed at top speed for 15 sec. 500 µL of chloroform was added to the solution and 
vortexed at top speed for 10 sec and then inverted 10 times. The aqueous and organic phases 
were separated by centrifugation at 10,000 xg for 2 min, and the aqueous phase was equally 
separated into two ZymoSpin columns. ZymoSpin columns were spun at 10,000 xg, washed 2X 
with 300 µL of DNA Wash Buffer, and DNA was eluted from each column with 75 µL of water. 
Eluates were combined. DNA was sheared to ~15-20kb by spinning through a Covaris g-TUBE 
(Covaris Inc., Woburn, MA, Cat #520079) at 4200 rpm for 1 min, and repeating 1X with the tube 
flipped the other way in an Eppendorf Centrifuge 5424, according to the Covaris protocol. DNA 
was purified and concentrated using 1X v/v SPRI Select beads (Beckman Coulter, Cat # 
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B23317) and eluted in 50 µL of water according to the manufacturer’s instructions. DNA 
concentration was measured using Qubit dsDNA HS reagents (Invitrogen, Cat # Q32854). 
 
Library Preparation and Sequencing 
Approximately 1-3 µg of purified, sheared genomic DNA was library prepped using the 
following reagents: NEB Oxford Nanopore Companion (New England Biolabs, Cat # E7180S), 
NEB Blunt/TA Ligase Master Mix (New England Biolabs, Cat # M0367), NEBNext Quick 
Ligation Reaction Master Mix (New England Biolabs, Cat # B6058), Oxford Ligation 
Sequencing Kit (Oxford Nanopore Technologies, Oxford, United Kingdom, Cat # SQK-
LSK109), and the Oxford Native Barcoding Expansion 1-12 (Oxford Nanopore Technologies, 
Cat # EXP-NBD104). The library was prepared and sequenced according to Oxford Nanopore’s 
protocol for Ligation Sequencing Kit + Native Barcoding Expansion 1-12. Sequencing was done 
on a MinION sequencer with v9.4 flow cells (Oxford Nanopore Technolgies, Cat # FLO-
MIN106). 
 
Analysis 
Basecalling was first done using Guppy v5.0.11 using the high-accuracy model 
(dna_r9.4.1_450bps_hac.cfg), and reads were demultiplexed using guppy_barcoder. Read IDs 
corresponding to each barcode were extracted and written to a .txt file using a custom Python 
script. Reads corresponding to each barcode were aligned to the S288C reference genome 
(release R64-2-1_20150113, yeastgenome.org, modified to include mat∆) and modifications 
called with Megalodon (https://github.com/nanoporetech/megalodon, v2.3.3) using the all-
context rerio model (https://github.com/nanoporetech/rerio, res_dna_r941_min_modbases-all-
context_v001.cfg) and the flags --mod-motif “Y A 0”, --files_out “basecalls mod_mappings 
per_read_mods” and --read-ids-filename “barcodeXX_readIDs.txt” (the file that contained the 
extracted list of readIDs for a given barcode).  
 
Results were aggregated into .bed files using “megalodon_extras aggregate run”, and these files 
were used for aggregate nanopore plots. Before plotting, aggregated data was filtered to include 
only adenines with at least 10X coverage, and lines were smoothed using base R loess() function 
with enp.target = 100 and weighted by the coverage at each position. 
 
Assessment of linker-region preference of Sir3-M.EcoGII used nucleosome-occupancy data from 
GEO Accession GSE97290 (Chereji et al. 2018). 
 
The per-read database from Megalodon was converted into a .txt file using “megalodon_extras 
per_read_text modified_bases”. For ease of use in RStudio, the data for each chromosome was 
extracted into its own .txt file using custom bash and awk scripts and these files were used for 
single-read nanopore plots. The probabilities output by Megalodon were made binary by calling 
adenines with a >0.8 probability of being methylated as “m6A” and all others “A”. 
 
Limitations 
This method showed possible limitations for some contexts: 1) The expression level of the fusion 
protein could increase the levels of background methylation. We found this to be true with the 
Sir2-M.EcoGII fusion protein, which is likely expressed at a higher level than Sir3-M.EcoGII 
due to the higher level of endogenous Sir2 expression. The level of methylation by Sir2-
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M.EcoGII in heterochromatin regions was higher than by Sir3-M.EcoGII, and background levels 
of methylation outside of heterochromatin regions was also higher than by Sir3-M.EcoGII. 
Importantly, the signal at heterochromatin was evident above even this raised background 
methylation. 2) Methylation at the level of single reads was variable and spotty, possibly due to 
at least two contributors. There may be occupancies that are too transient to allow methylation. 
Secondly, computational limitations for calling modified adenines without a guiding sequence 
motif meant that lower-confidence (probably < 0.8) m6A calls were not considered methylated. 
At present, qualitative conclusions based on single-read data can be made with confidence, but as 
nanopore technology improves, single-read data will become more amenable to statistical and 
spatial analysis. 3) Because this method can capture transient interactions better than methods 
like ChIP-seq it may overestimate degrees of occupancy unless combined with DIP-seq or ChIP-
seq. 
 
RT-qPCR 
RNA extraction 
Cells were grown to mid-log phase in YPD, CSM (Sunrise Science Products), or CSM–Uracil at 
30°C, and RNA was extracted using the Qiagen RNeasy kit (Qiagen, Cat # 74104) according to 
the manufacturer’s instructions for Purification of Total RNA from Yeast. Briefly, ~6 x 107 cells 
were resuspended in 600 µL of buffer RLT, 500 µL of 0.5 mm zirconium ceramic beads 
(BioSpec Products, Cat # 11079105z) were added, and cells were lysed by bead beating with in a 
FastPrep-24 (MP Biomedicals) at 5.5 amplitude, 3 cycles of 40 sec ON/2 min on ice. Cells were 
pelleted by spinning at 21,000 xg for 2 min, and the supernatant was moved to a new tube. One 
volume of 70% ethanol was added to the supernatant and the sample was spun through an 
RNeasy spin column. The column was washed with 350 µL of buffer RW1, then 10 µL of DNase 
+ 70 µL of buffer RDD (Qiagen, Cat # 79256) were added to the column and incubated for 15 
min at room temperature. 500 µL of buffer RW1 was added and spun through the column. The 
column was then washed with 500 µL of buffer RPE 2X, and RNA was eluted with 80-150 µL of 
RNase-free water. 
 
RT-qPCR 
Complementary DNA was synthesized using the SuperScript III First-Strand Synthesis System 
(Invitrogen, Cat # 18080051) and oligo(dT) primers according to the manufacturer’s protocols. 
Quantitative PCR of complementary DNA was performed using the DyNAmo HS SYBR Green 
kit (Thermo-Fisher, Cat # F410L) on an Mx3000P machine (Stratagene, La Jolla, CA) using the 
primers listed in Table 2.3. Standard curves were generated using a 10-fold dilution series of one 
of the prepared samples. 
 
Protein Immunoblotting 
Each strain was grown to saturation overnight in 5mL YPD. Overnight cultures were diluted to 
~2 x 105 cells/mL in fresh YPD, grown to mid-log phase, and ~108 cells were harvested and 
pelleted. Pellets were resuspended in 1 mL of 5% trichloroacetic acid and incubated at 4°C for 
10-30 min. The precipitates were pelleted, washed once with 1mL of 100% acetone, and air-
dried. Dried pellets were resuspended in 100 µL of protein breakage buffer (50mM Tris-HCl, pH 
7.5, 1mM EDTA, 3mM DTT) and an equal volume of 0.5 mm zirconium ceramic beads 
(BioSpec Products, Cat # 11079105z) followed by four cycles of 40 sec bead beating / 2 min on 
ice in a FastPrep-24 (MP Biomedicals). 100 µL of 2X Laemmli buffer (120mM Tris-HCl pH 7.5, 
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20% glycerol, 4% SDS, 0.02% bromophenol blue, 10% beta-mercaptoethanol) was added to 
each sample and incubated at 95°C for 5 min. Insoluble material was pelleted by centrifugation 
and an equal volume of the soluble fraction from each sample was run on an SDS-
polyacrylamide gel (Mini-PROTEAN TGS Any kD precast gel; Bio-Rad, Hercules, CA Cat # 
4569033) and transferred to a nitrocellulose membrane using a TransBlot Turbo Mini 0.2 µm 
Nitrocellulose Transfer Pack (Bio-Rad, Cat # 1704158) on the High MW setting of a TransBlot 
Turbo machine (Bio-Rad). The membrane was blocked in Intercept Blocking Buffer (LI-COR 
Biosciences, Lincoln, NE, Cat # 927-70001), and the following primary antibodies and dilutions 
were used for detection: V5 (R960-25, 1:5000; Invitrogen), Hxk2 (#100-4159, 1:20,000; 
Rockland Immunochemicals Inc., Pottstown, PA). The secondary antibodies used were IRDye 
800CW (926-32210) and 680RD (926-68071) (1:20,000; LI-COR Biosciences), and the 
membrane was imaged on a LI-COR Odyssey Imager. All washing steps were performed with 
PBS + 0.1% Tween-20. 
 
Data Availability 
All strains and plasmids are available upon request. Sequencing data is available in GEO under 
the SuperSeries GSE190137. ChIP-seq and DIP-seq data are under accession code GSE189038 
in the SuperSeries. Nanopore are under accession code GSE190136 in the SuperSeries.  
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Table 2.1. Strains used in this study. 
All strains listed were derived from the W303 background. Unless otherwise noted, all strains are can1-100, his3-
11,15, leu2-3,112, lys2, trp1-1, ura3-1. Genotypes with [ ] denote a strain that carries the plasmid designated within 
the brackets. K.l. stands for Kluyveromyces lactis. 

Strain 
Number MAT Genotype 
JRY09316 ∆ mat∆::HphMX,  
JRY11699 ∆ mat∆::K.l.LEU2 
JRY12601 ∆ mat∆::K.l.LEU2, SIR3-3xV5-NatMX 
JRY12731 ∆ mat∆::K.l.LEU2, hmlα2∆::yEmRFP, hmrα2∆::yEGFP 
JRY12838 ∆ mat∆::K.l.LEU2, sir3∆::M.ECOGII-NatMX 
JRY12839 ∆ mat∆::K.l.LEU2, SIR3-M.ECOGII-3xV5-NatMX 
JRY12840 ∆ mat∆::K.l.LEU2, SIR3-M.ECOGII-NatMX 
JRY12842 ∆ mat∆::K.l.LEU2, hmlα2∆::yEmRFP, hmrα2∆::yEGFP, sir3∆::M.ECOGII-NatMX 
JRY12844 ∆ mat∆::K.l.LEU2, hmlα2∆::yEmRFP, hmrα2∆::yEGFP, SIR3-M.ECOGII-NatMX 
JRY13019 ∆ mat∆::K.l.LEU2, hmlα2∆::yEmRFP, hmrα2∆::yEGFP, SIR4-M.ECOGII-NatMX 
JRY13021 ∆ mat∆::HphMX, SIR4-M.ECOGII-NatMX 
JRY13027 ∆ mat∆::HphMX, SIR3-M.ECOGII-NatMX 
JRY13029 ∆ mat∆::HphMX, sir3∆::M.ECOGII-NatMX 
JRY13030 ∆ mat∆::HphMX, sir3∆::M.ECOGII-NatMX 
JRY13114 ∆ mat∆::KanMX, sir3-8-M.ECOGII-NatMX 
JRY13134 ∆ mat∆::KanMX, sir3-8-M.ECOGII-NatMX 
JRY13438 ∆ mat∆::KanMX, sir3-bah∆-M.ECOGII-NatMX 
JRY13439 ∆ mat∆::KanMX, sir3-bah∆-M.ECOGII-ΝatMX 
JRY13467 α sir3-8-3xV5 
JRY13621 ∆ mat∆::K.l.LEU2, sir3-bah∆-3xV5-ΝatMX 
JRY13625 ∆ mat∆::HphMX, SIR2-M.ECOGII-NatMX 
JRY13660 α hmlα2∆::yEmRFP, hmrα2∆::yEGFP, SIR2-M.ECOGII-NatMX,  
JRY13670 ∆ mat∆::K.l.LEU2, SIR3-M.ECOGII-NatMX, [YEp24: URA3 2micron] 
JRY13671 ∆ mat∆::K.l.LEU2, SIR3-M.ECOGII-NatMX, [YEp24: URA3 2micron] 
JRY13672 ∆ mat∆::K.l.LEU2, SIR3-M.ECOGII-NatMX, [pJR3526: SIR3-M.ECOGII URA3 2micron] 
JRY13673 ∆ mat∆::K.l.LEU2, SIR3-M.ECOGII-NatMX, [pJR3526: SIR3-M.ECOGII URA3 2micron] 

 
Table 2.2. Plasmids used in this study. 

Plasmid Description Published Source 

pJR42 (YEp24) 2µ ori, URA3, AmpR   

pJR3428 cas9, URA3, ARS4, KanR Brothers & Rine 2019, Lee et al. 2015 

pJR3525 M.ECOGII, NatMX, AmpR This study 

pJR3526 SIR3p-SIR3-M.ECOGII-natMX, 2µ ori, URA3, AmpR This study 
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Table 2.3. Oligonucleotides used in this study. 
Name Sequence (5' -> 3') 
Oligonucleotides used for genome insertions 

SIR2-M.ECOGII-NatMX fwd 
GGGCGTGTATGTCGTTACATCAGATGAACATCCCAAAACCCTCGGTG
GATCTGGTGGATC 

SIR2-M.ECOGII-NatMX rev 
TATTAATTTGGCACTTTTAAATTATTAAATTGCCTTCTACGAATTCGA
GCTCGTTTAAAC 

SIR3-M.ECOGII-NatMX fwd 
CGCCTTTTCGATGGATGAAGAATTCAAAAATATGGACTGCATTGGTG
GATCTGGTGGATC 

SIR3-M.ECOGII-NatMX rev 
TAGGCATATCTATGGCGGAAGTGAAAATGAATGTTGGTGGGAATTC
GAGCTCGTTTAAAC 

SIR4-M.ECOGII-NatMX fwd 
GATGGAAAAAGATTTTCAAGTGAATAAGGAGATAAAACCGTATGGT
GGATCTGGTGGATC 

SIR4-M.ECOGII-NatMX rev 
ACACTTCGTTACTGGTCTTTTGTAGAATGATAAAAAGTCAGAATTCG
AGCTCGTTTAAAC 

sir3∆::M.ECOGII-NatMX fwd 
TTAAGAAAGTTGTTTTGTTCTAACAATTGGATTAGCTAAAATGGGTG
GATCTGGTGGATC 

sir3∆::M.ECOGII-NatMX rev 
TAGGCATATCTATGGCGGAAGTGAAAATGAATGTTGGTGGGAATTC
GAGCTCGTTTAAAC 

guide RNA sequences used for CRISPR-Cas9 gene editing 

sir3-bah∆ top gactttAAGTATTCATCAGATTGTTT 
sir3-bah∆ bottom aaacAAACAATCTGATGAATACTTaa 

CRISPR repair templates 

sir3-bah∆ fwd 
ACAGGGGTTTAAGAAAGTTGTTTTGTTCTAACAATTGGATTAGCTAA
AATGGTGAGTGGG 

sir3-bah∆ rev 
AACTCCCATCTTATGCATCACCTGTCTATTTGTCTTCTGCCCACTCAC
CATTTTAGCTAA 

primers used for quantitative PCR 

ACT1 fwd TTTTGTCCTTGTACTCTTCCGGTAGAAC 
ACT1 rev CCAAATCGATTCTCAAAATGGCGTGAG 
HMLα2 fwd TCCACAAATCACAGATGAGT 
HMLα2 rev GTTGGCCCTAGATAAGAATCC 
HMRa1 fwd GGCGGAAAACATAAACAGAAC 
HMRa1 rev GGGTGATATTGATGATTTTCCC 
CHA1 fwd GGAAACGAATGGATGTCATG 
CHA1 rev GTTGTATTTGCGAGCGTATTC 
OCA4 fwd CATTGAGATAGAACAGGAGAAGG 
OCA4 rev GCAAAGGTCATCTTCATTTACTC 
SIR3 fwd ATTGGTAGTGTCACAGGAG 
SIR3 rev CAAGCGTATGACGATTCGT 
M.ECOGII fwd CAACAGGGAAGAAGAACATGG 
M.ECOGII rev ATGATGGGGTTTCTCTAACTCC 

M.ECOGII gene block for pJR3525 construction 
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M.ECOGII 

aaccttatgtatcatacacatacgatttaggtgacactatagaacgcggccgccagctgaagcttcgtacgctgcag
gggtggatctggtggatctATGTTGAACACGGTGAAAATAAGCTCCTGTGAGCT
TATTAATGCTGACTGCCTAGAATTTATCCGTTCTTTACCCGAAAACTC
CGTAGATTTAATTGTCACCGACCCGCCGTACTTCAAAGTAAAACCGG
AGGGGTGGGACAACCAGTGGAAGGGTGACGATGATTATCTGAAATG
GCTGGATCAGTGTTTAGCTCAGTTTTGGCGTGTCTTGAAGCCCGCGG
GGAGTCTGTATTTATTCTGTGGCCACAGGTTAGCATCAGATATAGAG
ATCATGATGCGTGAAAGGTTCAGTGTACTAAACCATATTATATGGGC
GAAACCATCTGGAAGATGGAATGGCTGCAACAAAGAGTCTCTTAGA
GCGTATTTTCCCGCCACAGAGCGTATTCTGTTTGCGGAGCACTACCA
AGGTCCATATCGTCCAAAAGACGCTGGATATGAAGCTAAAGGAAGA
GCCCTGAAACAGCACGTTATGGCCCCCCTTATAGCGTACTTTCGTGA
TGCGCGTGCTGCTCTAGGCATCACTGCGAAGCAGATTGCAGATGCAA
CAGGGAAGAAGAACATGGTGCCACATTGGTTCAGTGCAAGCCAATG
GCAACTACCGAATGAATCAGATTACCTGAAATTGCAATCATTATTCG
CTAGGGTTGCTGAGGAGAAGCACCAGAGAGGGGAGTTAGAGAAACC
CCATCATCAACTGGTATCCACTTATTCTGAGTTGAACCGTAAATACA
TGGAATTACTATCAGAATACAAAAACCTACGTAGATACTTCGGAGTG
ACGGTGCAGGTGCCCTATACAGATGTATGGACTTACAAACCCGTGCA
GTATTATCCGGGGAAGCATCCGTGTGAAAAACCCGCAGAGATGTTA
CAACAGATCATAAGTGCATCCTCACGTCCCGGTGACTTGGTTGCGGA
TTTCTTCATGGGCAGTGGCTCCACGGTCAAAGCTGCCATGGCATTGG
GTAGGCGTGCCATTGGAGTTGAACTAGAGACTGGAAGATTCGAGCA
GACAGTACGTGAGGTACAAGACCTTATCGTCtgaggcgcgccacttctaaataagc
gaatttcttatgatttat 
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Chapter 3: 
 

Mutations in the PCNA DNA polymerase clamp of Saccharomyces cerevisiae reveal 
complexities of the cell cycle and ploidy on heterochromatin assembly1 

 
3.1 Abstract 
 
In Saccharomyces cerevisiae, transcriptional silencing at HML and HMR maintains mating-type 
identity. The repressive chromatin structure at these loci is replicated every cell cycle and must 
be re-established quickly to prevent transcription of the genes at these loci. Mutations in a 
component of the replisome, the Proliferating Cell Nuclear Antigen (PCNA), encoded by 
POL30, cause a loss of transcriptional silencing at HMR. We used an assay that captures 
transient losses of silencing at HML and HMR to perform extended genetic analyses of the 
pol30-6, pol30-8, and pol30-79 alleles. All three alleles destabilized silencing only transiently 
and only in cycling cells. Whereas pol30-8 caused loss of silencing by disrupting the function of 
Chromatin Assembly Factor 1 (CAF-I), pol30-6 and pol30-79 acted through a separate genetic 
pathway but one still dependent on histone chaperones. Surprisingly, the silencing-loss 
phenotypes depended on ploidy but not on POL30 dosage or mating-type identity. Separately 
from silencing loss, the pol30-6 and pol30-79 alleles also displayed high levels of mitotic 
recombination in diploids. These results established that histone trafficking involving PCNA at 
replication forks is crucial to the maintenance of chromatin state and genome stability during 
DNA replication. They also raised the possibility that increased ploidy may protect chromatin 
states when the replisome is perturbed. 
 
3.2 Introduction 

Eukaryotic genomes include tightly packaged and transcriptionally repressed domains 
referred to as heterochromatin. The nucleosomes in heterochromatin are enriched for particular 
chromatin marks made by specialized chromatin-modifying enzymes. The marks left by these 
enzymes are recognized by other proteins that silence gene transcription. Although the exact 
histone modifications and heterochromatin proteins differ from organism to organism, there are 
unifying characteristics of heterochromatin including independence from underlying DNA 
sequence, replication late in S phase, and structural compaction. 

To maintain the repression of genes within heterochromatin, histone modifications and 
chromatin-binding proteins must be faithfully replicated onto both daughter strands during DNA 
replication. The process that is required for inheritance of chromatin state through DNA 
replication is unclear but requires the interaction of chromatin regulators with various factors in 
the eukaryotic replisome (reviewed in Alabert et al. 2017). 

Proliferating Cell Nuclear Antigen (PCNA) is a DNA polymerase processivity clamp 
conserved from yeast to human (reviewed in Choe and Moldovan 2017). PCNA is a homotrimer 
that assembles around individual DNA molecules, and, through protein-protein interactions, 
coordinates many activities at the DNA replication fork, including the processivity of DNA 
polymerase, Okazaki fragment processing, and chromatin assembly and remodeling. PCNA is 

                                                        
1 A version of this work was originally published as: Brothers M, Rine J. 2019. Mutations in the PCNA DNA 
Polymerase Clamp of Saccharomyces cerevisiae Reveal Complexities of the Cell Cycle and Ploidy on 
Heterochromatin Assembly. Genetics 213: 449–463. http://dx.doi.org/10.1534/genetics.119.302452. 
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also required for many different DNA repair pathways. Many chromatin modifiers and 
remodelers are recruited to replication forks through direct and indirect interactions with PCNA. 

PCNA has a direct role in the stability of heterochromatin. In mice, heterochromatin 
Protein 1 (HP1) is recruited to replication forks through direct interaction with the histone 
chaperone complex Chromatin Assembly Factor 1 (CAF-I) (Murzina et al. 1999), which itself is 
recruited to replication forks through direct interaction with PCNA (Shibahara and Stillman 
1999; Zhang et al. 2000; Ben-Shahar et al. 2009). PCNA, in concert with CAF-I, is also required 
for the asymmetric specification of cell fate in the C. elegans nervous system, an epigenetic 
process (Nakano et al. 2011). Additionally, the maintenance of transcriptional silencing requires 
functional and stable DNA-bound PCNA in Saccharomyces cerevisiae (Zhang et al. 2000; Miller 
et al. 2008; Janke et al. 2018). These results suggest an important role for PCNA and CAF-I in 
the inheritance of chromatin states through DNA replication.  

Circumstantial evidence for the importance of PCNA in the assembly of heterochromatin 
is also found in humans and D. melanogaster. In humans, Histone Deacetylase 1 (HDAC1), 
which is associated with transcriptional repression, interacts with PCNA in vitro and colocalizes 
with PCNA at replication forks in vivo (Milutinovic et al. 2002). In D. melanogaster, Polycomb 
Group (PcG) proteins, required for the establishment and maintenance of facultative 
heterochromatin, transiently associate with PCNA and CAF-I during DNA replication (Petruk et 
al. 2012). 

Saccharomyces cerevisiae contains well-characterized heterochromatin domains that we 
used here to study the role of PCNA in epigenetic inheritance through DNA replication. Two of 
these loci, HML and HMR, share characteristics of heterochromatin in other organisms. Silencing 
of HML and HMR requires the activity of the SIR (Silent Information Regulator) complex, 
composed of Sir2, Sir3, and Sir4. The Sir proteins are recruited first to the E and I silencers, 
nucleation sites flanking HML and HMR, and subsequently bind to nucleosomes that span the 
entire 3-4kb region between the silencers. Through the histone deacetylation activity of Sir2 and 
nucleosome-bridging ability of Sir3, the SIR complex creates a hypoacetylated, compact 
chromatin structure (reviewed in Gartenberg and Smith 2016). 

In S. cerevisiae, alleles of PCNA, encoded by POL30, have been isolated that disrupt 
transcriptional silencing of reporter genes at telomeres and the silent mating-type locus, HMR. 
(Zhang et al. 2000). These alleles, pol30-6, pol30-8, and pol30-79, differ in phenotype and the 
degree of silencing loss they cause.  Using the ADE2 reporter at HMR, the pol30-8 allele results 
in sectored colonies, suggesting the existence of two heritable states of gene expression: heritable 
silencing (ADE2 expression off, resulting in red sectors), and heritable expression (ADE2 
expression on, resulting in white sectors). In contrast, colonies containing pol30-6 or pol30-79 
are pink, suggesting a partial reduction of silencing in all cells (Zhang et al. 2000). 

In combination with a deletion of CAC1, which encodes the large subunit of the histone 
chaperone CAF-I, the pol30-6 and pol30-79 alleles synergistically reduce silencing of URA3 at 
telomere VII-L and of ADE2 at HMR. However, the combination of cac1∆ and pol30-8 result in 
similarly-sectored ADE2 colonies as pol30-8 alone and no further decrease in telomeric silencing 
than pol30-8 alone. These two results suggest that PCNA may contribute to heritable silencing 
through at least two different mechanisms, one of which is through the histone-chaperone 
activity of CAF-I (Zhang et al. 2000). 

Although reporter genes have a long history of successful use in genetic studies, the 
reliability of the ADE2 and URA3 reporters has been called into question, especially for 
situations involving DNA metabolism (Takahashi et al. 2011; Rossmann et al. 2011). Using a 
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silencing-reporter assay that more sensitively captures loss-of-silencing events, better maintains 
the gene structure of HML and HMR, and is free of the complications of nucleotide metabolism, 
we have re-evaluated earlier claims about the silencing phenotypes of pol30-6, pol30-8, and 
pol30-79, extended the analyses substantially, and have provided new interpretations of 
published observations. 

 
3.3 Results 
 
3.3.1 Mutants of POL30 caused transient loss of silencing 
 

We introduced alleles of POL30 implicated in heterochromatic silencing, pol30-6, pol30-
8, and pol30-79 (Zhang et al. 2000) into a strain we previously constructed that allows sensitive 
detection of losses of heterochromatin silencing (Figure 3.1A, (Dodson and Rine 2015). In this 
strain, the α2 coding sequence at HMLα or HMRα is replaced with the coding sequence of Cre 
recombinase. The URA3 locus on chromosome V is replaced by loxP sites flanking the RFP gene 
and the selectable marker hphMX downstream of the strong TDH3 promoter. Downstream of 
loxP-RFP-hphMX-loxP is a promoter-less GFP gene. Upon loss of silencing at HMLα or HMRα, 
Cre recombinase is expressed and excises the RFP and hphMX sequences, resulting in a 
permanent switch from expressing RFP to expressing GFP (Figure 3.1A). Within a colony, a 
sector of green cells represents a loss-of-silencing event in a cell born at the vertex with the 
sector representing growth of the descendants following the loss event. This assay is referred to 
as the CRASH assay (Cre-Reported Altered States of Heterochromatin, (Dodson and Rine 2015). 

Each of the pol30 mutants resulted in increased sectoring compared to wild-type POL30 
at both HMLα and HMRα (Figure 3.1B). We also quantified loss-of-silencing events in these 
strains using flow cytometry. The apparent silencing-loss rate was calculated as the number of 
yellow cells (cells that had recently excised the RFP gene) divided by the sum of all yellow cells 
and red cells. The loss rates from flow cytometry experiments mirrored qualitative assessments 
of loss rates from colony sectoring (Figure 3.1C). pol30-8 cells had the most unstable silencing 
followed by pol30-6 and then pol30-79 (Figure 3.1B, 3.1C). There was no significant difference 
between silencing instability at HML and HMR for each of the mutants (Figure 3.1C). 

The CRASH assay reveals how unstable transcriptional silencing is in a given strain, but 
because it is a permanent switch, the assay is unable to capture the heritability of the de-
repressed state at HML and HMR. To determine how heritable the loss-of-silencing events were 
in strains with the pol30-6, pol30-8, and pol30-79 alleles, we first performed an α-factor halo 
assay (Figure 3.1D). When MATa cells are exposed to the mating pheromone α-factor, they 
arrest in G1. On a lawn of MATa cells, this results in a halo of arrested cells surrounding the 
source of α-factor (Figure 3.1D, wild type) However, if MATa cells lose silencing at HMLα, they 
no longer arrest in response to α-factor (Figure 3.1D, sir4∆). If the loss-of-silencing events 
created by the pol30 mutants were heritable, colonies would grow within the halo, as noted for 
the sir4∆ strain. However, for all three alleles, we observed no cell growth within the halos 
(Figure 3.1D). In agreement with the α-factor halo results, strains containing pol30-6, pol30-8, or 
pol30-79 also showed only low levels of HMLα1, HMLα2, and HMRa1 transcripts by RT-qPCR 
(Figure 3.1E). Analysis of cre transcripts from CRASH strains with the POL30 alleles also 
revealed only low levels of transcription (data not shown). 
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Figure 3.1. Mutants of POL30 caused transient loss of silencing.  
A) Schematic of the CRASH loss-of-silencing assay. Expression of cre from HMLα2::cre occurs when 
transcriptional silencing is disturbed. In cells that lose silencing even transiently, Cre causes a permanent switch 
from expressing RFP to expressing GFP. In a similar strain, cre is expressed from HMRα2 to detect loss-of-silencing 
events at HMR. B) Colonies of HMLα2::cre (left panel) and HMRα2::cre (right panel) strains for each POL30 allele. 
Each green sector represents a loss-of-silencing event. Wild-type strains (JRY10790, left and JRY10710, right) had 
few sectors. Strains containing pol30-6 (JRY11137, left and JRY11186, right), pol30-8 (JRY11188, left and 
JRY11187, right), or pol30-79 (JRY11141, left and JRY11608, right) had elevated sectoring compared to wild type. 
C) The apparent silencing-loss rates for each of the strains in B were quantified by flow cytometry as described 
(continued on next page) 
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in Materials and Methods and in Janke et al. (2018). Significance (Nonsignificant difference = n.s.) was determined 
by one-way ANOVA and Tukey’s honestly significant difference post hoc test. The center line of each box plot 
represents the median of at least five biological replicates. The boxes represent the 25th and 75th percentiles. 
Whiskers represent the range of values within 1.5× the interquartile range. Values extending past 1.5× the 
interquartile range are marked as outliers (circles). D) α-Factor halo assay. Filter papers soaked in the mating 
pheromone α-factor (200 µM in 100 mM sodium acetate) were placed onto a freshly spread lawn 
of MATa cells of each indicated genotype. MATa cells that maintain silencing at HMLα will arrest in G1 phase 
around the filter paper, creating a “halo.” Cells that heritably lose silencing at HMLα do not arrest in response to α-
factor. Representative images of wild type (JRY4012), sir4Δ (JRY4577), pol30-6 (JRY11645), pol30-
8 (JRY11647), and pol30-79 (JRY11649) are shown. E) Quantitative RT-PCR of α 1 and α2 transcripts from HMLα 
and a1 from HMRa. Quantification was performed using a standard curve for each set of primers and normalized 
to ACT1 transcript levels. Error bars represent SD. Bars represent the normalized average of three technical 
replicates of each indicated strain: WT (JRY11699 matΔ), sir3Δ (JRY9624, matΔhmrΔ) sir4Δ 
(JRY12174 MATα), pol30-6 (JRY11700 mat Δ), pol30-8 (JRY11701 matΔ), and pol30-79 (JRY11702 matΔ). F) 
Genes encoding fluorescence reporters were placed at HMLα2 (RFP) and HMRα2 (GFP) to report on transcription 
from the two loci. Shown are representative images of colonies from each strain: WT (JRY11129), sir4Δ 
(JRY11131), sir1Δ (JRY11130) pol30-8 (JRY11132). WT, wild type. 
 

The absence of a notable increase in transcripts from HML and HMR was particularly 
surprising for pol30-8, which had an extremely high CRASH sectoring rate (Figure 3.1B, 3.1C) 
and was previously suggested to have bi-stable epigenetic states based upon the HMR::ADE2 
reporter (Zhang et al. 2000; Miller et al. 2010). Therefore, we also placed this allele in another 
reporter strain that encodes GFP at HMRα2 and RFP at HMLα2. In sir4∆ colonies, every cell 
expresses both RFP and GFP, whereas sir1∆ colonies have GFP and RFP sectors (Figure 3.1F), 
representing the bi-stable epigenetic states characteristic of this deletion (Pillus and Rine 1989). 
If the pol30-8 allele resulted in a population of cells with stable expression from HML or HMR, 
we would expect fluorescent sectors, just like sir1∆ (Figure 3.1F). Instead, pol30-8 colonies were 
not sectored, meaning that any transcription occurring from the locus following a loss-of-
silencing event was not stable (Figure 3.1F). 

 

 
Figure 3.2. Loss-of-silencing events in strains with defective POL30 alleles occurred predominantly in cycling 
cells. 
Representative images of two loss-of-silencing events in one micro-clone of cycling cells in 
the HMLα2::cre CRASH assay containing the pol30-8 allele (JRY11635, bar1Δ). See Table 1 for calculation of 
switching rates for all POL30 alleles. 
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3.3.2 Loss-of-silencing events in strains with defective POL30 alleles occurred 
predominantly in cycling cells 

 
Given the major role of PCNA in DNA replication, we considered that the loss-of-

silencing events may occur only during S-phase. Alternatively, because PCNA is involved in 
replication-independent roles such as DNA repair, it was possible that heterochromatin 
assembled in the pol30 mutants might be unstable at any point in the cell cycle. We performed 
time-lapse microscopy using CRASH strains to compare the rate that silencing is lost in G1-
arrested cells to the rate in cycling cells. As an example, in cycling pol30-8 cells, switches were 
readily visible over the time-course of 8 hours (Figure 3.2). In wild-type cells, the rate of 
switching was about the same for arrested versus cycling cells. However, in cells containing each 
of the pol30 mutants, losses of silencing predominantly occurred in cycling cells. Arrested pol30 
mutants exhibited a low frequency of silencing loss comparable to that seen in wild type (Table 
1). These results suggested that the pol30-6, pol30-8, and pol30-79 alleles caused only transient 
losses of silencing in actively cycling cells, with quick re-establishment of the silent state. 
 
3.3.3 Silencing loss caused by POL30 alleles was dependent on ploidy 
 

To determine whether each of the pol30 mutants disrupted silencing in the CRASH assay 
through the same mechanism, we performed pairwise complementation testing among the three 
alleles. As a necessary prerequisite, we tested each allele in a diploid in combination with wild-
type POL30. pol30-6, pol30-8, and pol30-79 were all recessive to POL30 by this assay (Figure 
3.3A). 

If two recessive pol30 mutants disrupt heterochromatin through different mechanisms, 
then the combination of those two alleles in the diploid should complement, decreasing the 
frequency of RFP-to-GFP switches compared to each allele alone. All three combinations of 
pol30 mutants in heteroallelic diploids decreased sectoring relative to haploids with each allele 
individually, most dramatically evident in the pol30-6 / pol30-8 diploid (Figure 3.3B, 3.3C). 
Because the sectoring phenotype of pol30-79 was weak on its own, its effect in combination with 
the other alleles was not as striking but still noticeably in combination with both pol30-6 and 
pol30-8 (Figure 3.3B, 3.3C).  

In the simplest manifestation of the complementation test in yeast genetics, the phenotype 
of haploids containing each mutant of interest is compared to the phenotype of diploids 
containing both mutations, often ignoring potential complications of ploidy in assessing whether 
the mutations complement. Surprisingly, homozygosity of each allele at least partially 
suppressed the loss-of-silencing phenotype as measured by the CRASH assay (Figure 3.4A, 
3.4B, 3.4C). 

To test whether the phenotypic suppression of pol30 mutations reflected mating-type 
differences between haploids and diploids, we created MATα / mat∆ diploids homozygous for 
each POL30 allele. These cells, though diploid, express only α-specific genes and therefore 
behave as MATα haploids. If mating-type were the cause of sectoring suppression in the pol30-6, 
pol30-8, and pol30-79 diploids, then MATα / mat∆ diploids would be expected to increase the 
sectoring rate back to the same level as the haploids. For all three alleles, changing the mating 
type had little or no effect on the reduced sectoring phenotype of diploids (Figure 3.4A, 3.4C). 
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Therefore, mating type was not responsible for the difference between haploid and diploid pol30 
mutants. 
 

Figure 3.3. POL30 alleles complemented in 
diploids. 
A) Each pol30 allele was recessive to wild-
type POL30 in the CRASH 
assay POL30/POL30 (JRY11159), pol30-
6/POL30 (JRY11160), pol30-
8/POL30 (JRY11169), and pol30-
79/POL30 (JRY11161). Only the GFP channel 
is shown. These diploid strains contained only 
one HMLα2::cre and one RFP-hphMX-
GFP cassette. B) Complementation of pol30-
6, pol30-8, and pol30-79 in the CRASH assay. 
Only the GFP channel is shown. The top row 
shows representative haploid colonies 
containing the indicated allele: pol30-
6 (JRY11137), pol30-8 (JRY11188), 
and pol30-79 (JRY11141). The bottom row 
shows representative diploid colonies 
containing a combination of the indicated 
alleles: pol30-6/pol30-8 (JRY11656), pol30-
6/pol30-79 (JRY11657), and pol30-8/pol30-
79 (JRY11658). Diploid strains contained only 
one HMLα 2::cre and one RFP-hphMX-
GFP cassette. C) The apparent silencing-loss 
rates for each of the strains in B 
and POL30 (JRY10790) were quantified by 
flow cytometry as described in Figure 3.1C. 

 
 
 
 
 
Alternatively, the reduced sectoring in diploids could reflect a difference in gene dosage 

of POL30 between haploids and diploids. We therefore created hemizygotes for each allele in 
which diploids contained only one copy of the allele instead of two. Although hemizygosity did 
not increase the sectoring rate to the same level as the haploid, the pol30-8 hemizygote had a 
statistically significant increase in the loss of silencing rate compared to the homozygote (Figure 
3.4C). In contrast to pol30-8, the pol30-6 and pol30-79 hemizygotes had only minor, 
statistically-insignificant increases in sectoring (Figure 3.4B, 3.4C). Immunoblot of Pol30 
protein levels and qRT-PCR of POL30 RNA levels in the various mutants revealed that pol30-6 
and pol30-79 expression was comparable in hemizygotes and homozygotes, whereas wild-type 
POL30 and pol30-8 expression decreased by half at both the protein and RNA level (Figure 
3.4D, 3.4E).  

The effect of pol30 mutants on heterochromatin stability was different in haploids and 
diploids, and this difference was independent of mating type and largely independent of gene 
dosage. Moreover, silencing in tetraploid cells with just one copy of POL30 was as stable as in 
haploids and homozygous or hemizygous diploids (Figure 3.4F), even with a quarter the 
expression of POL30 relative to the amount of chromatin the cell (Figure 3.4D, 3.4E). 
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Figure 3.4. The effect of POL30 mutants on silencing was dependent on ploidy. 
A) Representative images of haploids, MATα/MATa homozygotes, and MATα/matΔ homozygotes for each 
indicated POL30 allele in the CRASH assay. Homozygous diploid strains contained two copies of each indicated 
allele. Only the GFP channel is shown. Diploid strains contained only one HMLα 2::cre and one RFP-hphMX-
GFP cassette. POL30 row: JRY10790, JRY11159, and JRY11718. pol30-6 row: JRY11137, JRY11686, and 
JRY11719. pol30-8 row: JRY11188, JRY11687, and JRY11744. pol30-79 row: JRY11141, JRY11688, and 
JRY11720. B) Representative images of haploids, homozygotes, and hemizygotes for each indicated POL30 allele 
in the CRASH assay. Homozygotes are diploid strains containing two copies of each indicated allele. Hemizygotes 
are diploid strains containing one copy of the indicated allele over a deletion of POL30 (pol30Δ). Diploid strains 
contained only one HMLα2::cre and one RFP-hphMX-GFP cassette. POL30 row: JRY10790, JRY11159, and 
JRY11745. pol30-6 row: JRY11137, JRY11686, and JRY11822. pol30-8 row: JRY11188, JRY11687, and 
JRY11749. pol30-79 row: JRY11141, JRY11688, and JRY11823. C) The apparent silencing-loss rates for each of 
the strains in A and B were quantified by flow cytometry as described in Figure 3.1C. D) Immunoblot analysis of 
PCNA protein levels in homozygotes and hemizygotes of each allele (same strains as B) as well as a tetraploid 
containing just one copy of wild-type POL30 (WT/Δ/Δ/Δ, JRY12026). The tetraploid contained two copies 
of HMLα2::cre and the RFP-hphMX-GFP cassette. Hxk2 levels served as a loading control. POL30 allele 
nomenclature was abbreviated. Each PCNA band intensity was normalized to Hxk2 intensity. After normalization to 
Hxk2, the relative intensity of each lane to its corresponding POL30, pol30-6, pol30-8, or pol30-79 homozygote was 
calculated and displayed. E) Quantitative RT-PCR analysis of POL30 RNA levels in homozygotes and hemizygotes  
(continued on next page) 
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of each allele and a tetraploid with one copy of wild-type POL30 (same strains as B and D). Quantification was 
performed as in Figure 3.1E. F) Representative images of a wild-type haploid (POL30 JRY10790), homozygote 
(POL30/POL30 JRY11159), hemizygote (POL30/Δ JRY11745), and tetraploid with one copy 
of POL30 (POL30/Δ/Δ/Δ JRY12026). The haploids and diploids contained only one HMLα2::cre and one RFP-
hphMX-GFP cassette. The tetraploid contained two copies of HMLα2::cre and the RFP-hphMX-GFP cassette. The 
increased background in the GFP channel of the tetraploid was due to loop-out of one RFP-hphMX cassette, leaving 
just one RFP-hphMX-GFP cassette able to switch. WT, wild type. 
 
3.3.4 pol30-6 and pol30-79 caused high rates of mitotic recombination and gene conversion 
in diploids 

 
In the course of characterizing the POL30 mutants, we found that pol30-6 and pol30-79 

homozygous diploids had high rates of mitotic recombination/gene conversion in diploids that 
was dependent on mating type but not on POL30 gene dosage. CRASH colonies of pol30-6 and 
pol30-79 homozygotes revealed mitotic recombination of the RFP-GFP cassette through the 
existence of sectors that were twice as bright and sectors that were non-fluorescent suggesting 
duplication and loss of the cassette, respectively (Figure 3.5A). pol30-8 homozygotes did not 
display mitotic recombination (data not shown). In mat∆ / MATα diploids homozygous for 
pol30-6 and pol30-79, this phenotype was suppressed (Figure 3.5A). Hemizygosity for pol30-6 
or pol30-79 did not suppress the high levels of mitotic recombination seen in homozygous 
diploids (Figure 3.5A).  

 
Figure 3.5. pol30-6 and pol30-79 caused high rates of mitotic recombination and gene conversion in diploids. 
A) Representative CRASH colonies of each indicated genotype. The pol30-6 homozygote MATa/MATα diploid 
(JRY11686) and the pol30-79 homozygote MATa/MATα diploid (JRY11688) both had extrabright sectors and 
nonfluorescent sectors (examples illustrated by arrows). No, or very few, sectors were observed in POL30 
MATa/MATα (JRY11159), POL30 matΔ/ MATα (JRY11718), pol30-6 matΔ/MATα (JRY11719), or pol30-79 
matΔ/MATα (JRY11720). Hemizygosity of POL30 (JRY11745), pol30-6 (JRY11822), or pol30-79 (JRY11823) 
in MATa/ MATα diploids had no effect on the mitotic recombination phenotype. B) Patch-mating assay. Each 
indicated strain was patched onto complete medium plates seeded with a freshly plated lawn of either MATa 
or MATα haploid cells with complementary auxotrophies. After ∼18 hr, mating patches were replica plated onto 
minimal medium plates. Growth occurs within the patch only if the indicated strains mated with the mating tester 
lawn. WT, wild type. 
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Both homozygotes and hemizygotes of pol30-6 and pol30-79 had higher rates of spore 
inviability than expected whereas wild type and pol30-8 did not (Table 2). The pol30-6 and 
pol30-79 alleles complemented one another by this assay, and their combination with pol30-8 
also reduced the high levels of spore inviability (Table 2). The consistency between spore 
inviability and recombination of the GFP cassette in pol30-6 and pol30-79 diploids suggested 
that the increased spore death might be a result of high levels of mitotic recombination. The 
inviability was suggestive of unequal or intra-chromosomal crossing over, since well-aligned 
reciprocal recombination would not be expected to cause inviability. 

Further evidence of genome instability of pol30-6 and pol30-79 mutants came from 
mating-type testing of diploids homozygous for these alleles. Diploid cells express both MATa 
and MATα information, which prevents them from mating. However, if they undergo mitotic 
recombination between the centromere and MAT or gene conversion event at the MAT locus, 
they could become MATa / MATa or MATα / MATα, resulting in some cells in a patch of cells 
gaining the ability to mate with MATα or MATa tester lawns, respectively. We patched each 
strain onto normal growth medium with a lawn of either MATa or MATα haploids with 
complementary auxotrophies. After allowing time for mating, we replica plated these patches 
onto minimal media, selecting for diploid cells by the complementation of auxotrophic markers. 

As expected, haploid MATa strains mated only with the MATα tester (Figure 3.5B, top 
row). Additionally, MATα / mat∆ diploids mated robustly with the MATa tester (Figure 3.5B, 
bottom row). There is some mitotic recombination/gene conversion that occurs in wild-type 
diploids allowing them to mate inefficiently with MATa and MATα cells (Figure 3.5B, WT/WT 
MATa/α). However, pol30-6 and pol30-79 homozygous diploids had much higher levels of 
mitotic recombination/gene conversion, demonstrated by the greater density of colonies in those 
patches (Figure 3.5B, row 2).  

Combination of pol30-6 or pol30-79 with a wild-type POL30 allele or the pol30-8 allele 
reduced the mating efficiency back to wild-type levels (Figure 3.5B, rows 3 and 4). Although 
still elevated compared to wild-type, MATα / mat∆ diploids of pol30-6 and pol30-79 had lower 
amounts of mitotic recombination/gene conversion. Mutations that elevate the rate of 
chromosome loss would be expected to have a similar phenotype, but the involvement of mating 
type was suggestive of recombination events rather than chromosome losses being elevated in 
the homozygous diploids.  

In contrast to the spore inviability results, where pol30-6 and pol30-79 complemented 
one another, there was no detectable complementation by this assay: The diploids with both 
pol30-6 with pol30-79 still had increased ability to mate as a diploid (Figure 3.5B, row 4) 
compared to the wild-type diploid.  
 
3.3.5 Coordination of histone chaperones at replication forks by PCNA was required for 
full transcriptional silencing 
 

Because the pol30 mutants appeared to have separable defects in heterochromatic 
silencing, we combined each of the alleles with known mutants affecting histone chaperone 
events at the replication fork: cac1∆, dpb3∆, and mcm2-3A. We made each combination in a 
CRASH assay strain and compared the sectoring phenotype of the double mutants with the 
corresponding single mutants.  

CAC1 is a subunit of the histone chaperone complex CAF-I. CAF-I deposits newly 
synthesized H3/H4 tetramers on daughter strands of DNA during replication (Smith and Stillman 
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1989; Serra-Cardona and Zhang 2018). Previous double-mutant analyses using a different 
silencing assay concluded that pol30-8 results in loss of silencing through a defect in CAF-I 
activity, but that pol30-6 and pol30-79 act through a different mechanism (Zhang et al. 2000). In 
contrast to previous reports of a weak silencing defect for cac1∆ (Zhang et al. 2000; Huang et al. 
2005), it had a severe sectoring phenotype in the CRASH assay, comparable to that of pol30-8 
alone (Figure 3.6A, 3.6B). The combination of cac1∆ with pol30-8 was similar in phenotype to 
the single mutants, in agreement with previous results and the hypothesis that pol30-8 and cac1∆ 
decrease silencing stability through the same mechanism (Figure 3.6A, 3.6B). Also, in agreement 
with previous results, the combination of cac1∆ with pol30-6 or pol30-79 worsened their 
phenotype significantly, suggesting that pol30-6 and pol30-79 had defects distinct from cac1∆ 
(Figure 3.6A, 3.6B). 

 

 
Figure 3.6. Coordination of histone chaperones by PCNA was required for transcriptional silencing. 
A) Double-mutant analysis of POL30 alleles with cac1Δ. Representative images of CRASH colonies. The left panel 
shows colonies with each of the POL30 alleles with wild-type CAC1 strain: POL30 (JRY10790), pol30-6  
(continued on next page) 
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(JRY11137), pol30-8 (JRY11188), and pol30-79 (JRY11141). The right panel shows colonies with each of 
the POL30 alleles in combination with deletion of CAC1 (cac1 Δ): POL30 cac1Δ (JRY11193), pol30-6 cac1Δ 
(JRY11192), pol30-8 cac1Δ (JRY11189), and pol30-79 cac1Δ (JRY11163). B) The apparent silencing-loss rates for 
each of the strains in A were quantified by flow cytometry as described in Figure 3.1C. C) Overexpression of the 
CAF-1 complex in combination with POL30 alleles. Representative images of CRASH colonies. The left panel 
shows colonies with each of the POL30 alleles in combination with a 2µ vector (pRS425): POL30 (JRY11175), 
pol30-6 (JRY11176), pol30-8 (JRY11177), and pol30-79 (JRY11178). The right panel shows colonies with each of 
the POL30 alleles in combination with a 2µ plasmid expressing all three subunits of the CAF-1 complex, CAC1, 
CAC2, and CAC3 (pJR3418): POL30 pCAF-1 (JRY11165), pol30-6 pCAF-1 (JRY11166), pol30-8 pCAF-1 
(JRY11167), and pol30-79 pCAF-1 (JRY11168). D) The apparent silencing-loss rates for each of the strains in C 
were quantified by flow cytometry as described in Figure 3.1C. E) Double-mutant analysis of POL30 alleles with 
dpb3Δ and mcm2-3A alleles. Representative images of CRASH colonies. In the left panel are each of the 
POL30 alleles in a wild-type strain: POL30 (JRY10790), pol30-6 (JRY11137), pol30-8 (JRY11188), and pol30-
79 (JRY11141). In the middle panel are each of the POL30 alleles in combination with deletion of DPB3 (dpb3Δ): 
POL30 dpb3Δ (JRY11760), pol30-6 dpb3Δ (JRY11806), pol30-8 dpb3Δ (JRY11808), and pol30-79 dpb3Δ 
(JRY11810). In the right panel are each of the POL30 alleles in combination with the mcm2-3A allele: POL30 
mcm2-3A (JRY11812), pol30-6 mcm2-3A (JRY11987), pol30-8 mcm2-3A (JRY11989), and pol30-79 mcm2-
3A (JRY11991). F) The apparent silencing-loss rates for each of the strains in E were quantified by flow cytometry 
as described in Figure 3.1C. The silencing-loss rate for pol30-8 mcm2-3A double mutant could not be quantified 
because it uniformly expressed GFP. 

 
To further test each allele’s dependence on CAF-I for their silencing phenotype, we 

overexpressed the three subunits of CAF-I, CAC1, CAC2, and CAC3, from a 2µ plasmid (pCAF-
I, pJR3418, Janke et al. 2018). If overexpression of CAF-I could suppress or rescue the 
phenotype of a pol30 mutant, it would be strong evidence that the pol30 mutant weakened 
silencing through reduced CAF-I activity. Compared to an empty vector control, overexpression 
of CAF-I strongly suppressed the phenotype of pol30-8 (Figure 3.6C, 3.6D), in agreement with 
the conclusion from the double-mutant analysis between pol30-8 and cac1∆ (Figure 3.6A, 3.6B). 
In contrast, overexpression of CAF-I in strains harboring pol30-6 and pol30-79 had no 
statistically significant effect on their silencing defects (Figure 3.6C, 3.6D). 

Whereas CAF-I chaperones newly-synthesized histones, recent evidence implicates both 
Dpb3 and Mcm2 as having a role in chaperoning parental histones at the replication fork. Dpb3 
and Dpb4 are part of DNA polymerase ε, the leading strand polymerase, and re-deposit parental 
(old) histones onto the leading strand during DNA replication (He et al. 2017; Bellelli et al. 
2018). Mcm2 is a subunit of the replicative helicase MCM2-7 and is responsible for re-
deposition of parental histones onto the lagging strand during DNA replication (Petryk et al. 
2018; Gan et al. 2018). Because MCM2 is an essential gene in yeast, we used the mcm2-3A 
allele, which has a defect in its histone chaperone activity but not in its helicase activity (Foltman 
et al. 2013). 

In the CRASH assay, dpb3∆ and mcm2-3A on their own had minor but statistically 
insignificant sectoring phenotypes (Figure 3.6E, 3.6F). Their combination with different pol30 
mutants showed an interesting pattern: If combination of an allele with dpb3∆ enhanced the 
sectoring phenotype, then combination with mcm2-3A weakened it, and vice versa (Figure 3.6F). 
Except for the pol30-6 dpb3∆ combination, the differences in phenotype between the single and 
double mutants are modest, suggesting that these effects might be indirect.  
 
3.4 Discussion 
 
3.4.1 The pol30-8 allele did not cause epigenetically bi-stable states as was previously 
reported 



 55 

 
Previous studies of transcriptional silencing in strains carrying pol30-8 used the ADE2 

gene within the HMR locus as a reporter of gene silencing. When transcriptional silencing is 
disrupted, cells expressed ADE2 and are white instead of red. pol30-8 colonies have red sectors 
and white sectors, previously thought to represent two stable populations of cells: silencing 
ADE2 or expressing ADE2. Surprisingly, even though pol30-8 had highly unstable silencing in 
the CRASH assay, we found no evidence of bi-stable populations in strains carrying the pol30-8 
allele. The CRASH assay relies on alleles of HML and HMR that more closely resemble the 
native structure of those loci; it uses the native α2 promoter and leaves the 5’ and 3’ UTRs and 
the α1 gene intact (Dodson and Rine 2015), none of which is true for the previously used 
HMR::ADE2 reporter. Moreover, the α-factor halo assay failed to reveal any clonally stable 
populations of cells expressing HML in any of the pol30 mutants, nor did the HMLα2::RFP, 
HMRα2::GFP reporter. Therefore, the ADE2 sectors were likely an artifact of the metabolically 
responsive ADE2 reporter in this context (Rossmann et al. 2011), as we found no evidence of bi-
stability among pol30 mutants by two independent and metabolically neutral assays. 
 
3.4.2 Defective assembly versus maintenance of silenced chromatin POL30 mutants  

 
Although the expression of PCNA is highest in S phase and its major role in the cell 

occurs at replication forks, it is still present at lower levels in all stages of the cell cycle, 
functioning in DNA damage signaling and repair (Bauer and Burgers 1990). By monitoring loss-
of-silencing events in unsynchronized cycling cells and cells arrested in G1 over time, we found 
that all three of the pol30 mutants increased loss of silencing rates compared to wild type POL30 
only in cycling cells. 
 As the replication fork progresses, nucleosomes in front of the fork are disassembled and 
reassembled onto daughter strands and newly-synthesized nucleosomes are also deposited onto 
daughter strands. Sir proteins must reassemble on nucleosomes to re-set the heterochromatin 
state. Heterochromatin is then maintained through G2, M, and G1 until it is assembled again in 
the next round of replication. Since pol30-6, pol30-8, and pol30-79 only caused loss of silencing 
in actively cycling cells, the predominant role of PCNA in silencing stability is most likely 
through heterochromatin assembly during S phase. 
 
3.4.3 Histone chaperones ensure the stability of heterochromatin through DNA replication 

 
Previous results and supporting results in the CRASH assay shown here suggest that the 

unstable silencing caused by pol30-8 is due to a defect in new histone deposition by the 
replication-coupled histone chaperone complex CAF-I (Zhang et al. 2000). Genetic evidence 
also suggests an interaction between two other histone chaperones, Hir1 and Asf1, and the pol30-
6 and pol30-79 alleles (Sharp et al. 2001). If the pol30 mutants caused slower or defective 
histone deposition during DNA replication, with fewer nucleosomes to bind, the SIR complex 
would be less able to properly block transcription at HML and HMR until the chromatin state was 
restored. 

We explored the possibility that the pol30 mutants might affect histone recycling from 
the mother DNA duplex to daughter strands chromatids by performing double-mutant analysis 
with dpb3∆ and mcm2-3A. The effects on CRASH sectoring phenotypes were minor but 
displayed an intriguing pattern: mcm2-3A and dpb3∆ had opposite effects for each given pol30 
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mutant. These results could be interpreted as a leading strand or lagging strand bias for each 
allele. Biochemical studies of pol30-79 show that it has a defect in binding to DNA polymerase δ 
(DNA Pol δ), the lagging-strand polymerase, but not DNA polymerase ε (DNA Pol ε), the 
leading-strand polymerase (Eissenberg et al. 1997). In contrast to pol30-79, pol30-6 is 
completely unable to bind DNA Pol ε, with only reduced binding to DNA Pol δ (Ayyagari et al. 
1995). Its CRASH phenotype in combination with mcm2-3A and dpb3∆ also mirror pol30-79 
analyses. Binding studies between the DNA polymerases and pol30-8 have not been done, but 
the phenotype of the double-mutant analyses, interpreted in the light of a strand-bias model, 
suggested that pol30-8 may exhibit weakened binding to DNA Pol δ but not Pol ε. 
 
3.4.4 A surprising effect of ploidy on silencing instability 
 

Complementation tests revealed that any combination of pol30-6, pol30-8, or pol30-79 in 
diploids complemented, resulting in colonies with fewer sectors in the CRASH assay than the 
haploids with each allele alone. These results suggested that POL30 contributed at least two, and 
maybe three, separable roles in the assembly of stable silent chromatin. However, we also found 
that diploids carrying homozygous copies of pol30-6 or pol30-79 displayed no CRASH 
phenotype, and diploids homozygous for pol30-8 had fewer sectors than a pol30-8 haploid. 
Diploids homozygous for POL30 alleles and expressing only MATα mating type information all 
displayed the same suppression, establishing that the phenotype was not an unexpected 
manifestation of mating-type regulation. Likewise, hemizygosity of each allele in diploids failed 
to restore their CRASH sectoring phenotype back to haploids levels. Thus ploidy, independently 
of mating type and dosage of PCNA, changed the sensitivity of diploid cells to defects in histone 
deposition caused by the pol30 mutant. To our knowledge, this wrinkle is unique among 
complementation tests, though we caution that most complementation tests are inadequately 
powered to detect the impact of ploidy. We note that none of the genes studied here are among 
the set shown to have ploidy-dependent impacts on their expression (Storchová et al. 2006). 

HML and HMR cluster at the nuclear periphery with a higher local concentration of Sir 
proteins in the cluster than in the rest of the nucleoplasm (Gotta et al. 1996; Bystricky et al. 
2009; Miele et al. 2009; Kirkland and Kamakaka 2013). The two copies of HML and HMR and 
the SIR genes in diploids might increase the local concentration of Sir proteins, despite the larger 
volume associated with increases in ploidy, enough that it could overcome a brief disruption in 
histone deposition during DNA replication in pol30 mutants. Even though tethering to the 
nuclear periphery is not required for silencing in an otherwise wild-type strain (Gartenberg et al. 
2004), the pol30 mutants might create a sensitized background that is more dependent on 
clustering of the SIR complex with HML and HMR for maintenance of silencing through 
replication. 
 
3.4.5 A note on PCNA expression in hemizygotes 
 

Compared to expression in homozygotes, the expression of PCNA in pol30-6 and pol30-
79 strains did not decrease by half, whereas PCNA levels in POL30 and pol30-8 strains did. The 
expression of POL30 is cell-cycle regulated (Bauer and Burgers 1990) and increases in response 
to DNA damage (Jelinsky and Samson 1999; Lee et al. 2007a). Differences in cell-cycle 
distribution or levels of DNA damage in pol30-6 and pol30-79 hemizygotes compared to 
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homozygotes would be compatible explanations for observations on PCNA levels produced by 
the various alleles. 
 
3.4.6 High levels of DNA damage and defective repair in pol30-6 and pol30-79 
 

The high rates of mitotic recombination and gene conversion we observed in pol30-6 and 
pol30-79 diploids presumably reflected higher levels of DNA damage in these mutants. Work 
from multiple labs shows that all three alleles, and especially pol30-6 and pol30-79, are more 
sensitive to DNA damaging agents (Ayyagari et al. 1995; Eissenberg et al. 1997; Zhang et al. 
2000; Miller et al. 2008). Additionally, pol30-79 causes higher rates of substitutions and small 
insertions and deletions compared to wild-type cells (Eissenberg et al. 1997).  

The published studies were done using haploid cells, where mitotic recombination is 
seldom detected. MATa / MATα diploids avoid non-homologous end-joining because the a1-α2 
transcription factor represses required genes NEJ1 and LIF1 (Åström and Rine 1999; Lee et al. 
1999; Frank-Vaillant and Marcand 2001; Kegel et al. 2001; Valencia et al. 2001). Deleting 
MATa in the pol30-6 and pol30-79 homozygous diploids suppressed the increase in mitotic 
recombination, suggesting that the higher rates of mitotic recombination and gene conversion 
might be caused by homology-directed repair in lieu of non-homologous end-joining. We 
observed synthetic lethality in the haploid double mutants pol30-6 rad54∆, pol30-79 rad54∆, 
and pol30-6 rad9∆ and synthetic growth defects in the double mutants pol30-79 rad9∆, pol30-6 
H3K56R, and pol30-79 H3K56R (data not shown). These synthetic phenotypes fit with a higher 
DNA damage load in strains carrying pol30-6 and pol30-79.  Our work in diploids provided 
more evidence that the pol30-6 and pol30-79 alleles have DNA damage and repair defects. It is 
unlikely that the mitotic recombination and silencing phenotypes of the pol30-6 and pol30-8 
alleles are directly related since one phenotype was dependent on mating type (mitotic 
recombination) and the other was not (silencing). 

The mutants pol30-6 and pol30-79 alleles reduce global levels of histone H3 lysine 56 
(H3K56) acetylation (Recht et al. 2006; Miller et al. 2008), a histone modification that increases 
the affinity of CAF-I for H3/H4 dimers (Masumoto et al. 2005; Recht et al. 2006; Li et al. 2008). 
Misregulation of H3K56 acetylation, both hypoacetylation and hyperacetylation, is associated 
with increased DNA damage and sensitivity to DNA-damaging agents (Hyland et al. 2005; 
Masumoto et al. 2005; Recht et al. 2006; Clemente-Ruiz et al. 2011; Wurtele et al. 2012). 
Additionally, Many DNA repair factors contain PCNA-Interacting Protein (PIP) or PIP-like 
motifs (reviewed in Boehm and Washington 2016). The pol30-6 and pol30-79 mutations disrupt 
the cleft of PCNA that bind PIP motifs (Kondratick et al. 2018), which could prevent the 
recruitment of DNA repair factors to sites of DNA damage. These results could explain the high 
levels of DNA damage and mitotic recombination in pol30-6 and pol30-79. Furthermore, the 
recessive nature of these alleles in all of our assays suggests that PCNA trimers containing both 
mutant and wild-type alleles are fully functional for DNA repair and transcriptional silencing. 
 
3.5 Materials and Methods 
 
Yeast Strains 
All strains in this study were derived from W303 and are listed in Table S1. Plasmids used in this 
study are listed in Table 3.2. Gene deletions (except for bar1∆) were created by one-step 
integration of PCR-amplified disruption cassettes (Goldstein and McCusker 1999; Gueldener et 
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al. 2002), using primers listed in Table 3.3. The pol30-8 (R61A, D63A) allele, mcm2-3A (Y79A, 
Y82A, Y91A) allele, and bar1∆ were introduced using Cas9 technology. Guide RNAs targeting 
POL30, MCM2, and BAR1 are listed in Table 3.3. The sgRNA dropout-Cas9 expression plasmid 
(pJR3428) was assembled using a toolkit from (Lee et al. 2015). The gRNA target and non-target 
strands were integrated into pJR3428 by Golden Gate cloning using the restriction enzyme 
BsmBI as described in Lee et al. 2015. The repair templates were made by annealing oligos in 
Table 3.3 and extending the 3’ ends using Phusion Polymerase (New England Biolabs). 
  
Creation of pol30-6 and pol30-79 by URA3 swap 
The pol30-6 (D41A, D42A) and pol30-79 (L126A, I128A) alleles were created by integration of 
two overlapping gene blocks (gBlocks, Integrated DNA Technologies) at the POL30 locus. Two 
gene blocks were used because the full sequence needed was too long to synthesize. One block 
contained the pol30-6 or pol30-79 allele followed by the first two-thirds of the Candida albicans 
URA3 gene and the other contained the second two-thirds of the Candida albicans URA3 gene 
followed by the pol30-6 or pol30-79 allele. The sequence of gene blocks is in Table 3.3. 
Selection for pop-out of the URA3 gene was performed using the drug 5-fluoroorotic acid. 
Confirmation of the pol30-6 and pol30-8 allele was performed by PCR-amplification of the 
entire POL30 locus followed by Sanger sequencing. 
 
Creation of POL30 hemizygotes 
Hemizygotes were created by mating between MATα strains containing POL30 (JRY11131), 
pol30-6 (JRY11133), pol30-8 (JRY11135), or pol30-79 (JRY11137) with a MATa strain with a 
deletion of POL30 (pol30∆) complemented by a plasmid carrying POL30 with a TRP1 marker 
(ZGY5-0, Zhang et al. 2000). The resulting diploids were streaked out for single colonies twice 
and checked for tryptophan auxotrophy, indicating they had lost the POL30 plasmid. 
Hemizygosity for POL30 was further confirmed by sporulation and tetrad analysis. Each strain 
resulted in at least 50% spore inviability (POL30 is an essential gene) and no spores grew on 
CSM – Trp plates, indicating they did not carry the POL30, TRP1 plasmid. 
 
Creation of tetraploid 
The tetraploid POL30 / pol30∆ / pol30∆ / pol30∆ strain (JRY12026) was created in multiple 
steps. First, a POL30 hemizygous diploid carrying a POL30, TRP1 plasmid was screened for 
spontaneous MATa/MATa diploids by ability to mate with a haploid MATα mating tester. The 
resulting MATa/MATa diploid was confirmed by sporulation in the presence of nicotinamide and 
tetrad analysis; all spores mated only with a MATα mating tester. The remaining chromosomal 
copy of POL30 in this strain was deleted and replaced with a Kluyveromyces lactis LEU2 gene, 
leaving a MATa/MATa diploid with the only POL30 gene present on a plasmid. This 
MATa/MATa; pol30∆/pol30∆ diploid was mated with a MATα/MATα POL30/pol30∆ 
hemizygous diploid (screened in the same manner as above for spontaneous MATα/MATα 
diploids). The resulting tetraploid was streaked out for single colonies twice and checked for 
tryptophan auxotrophy, indicating they had lost the POL30 plasmid. The final strain, JRY12026, 
was confirmed by sporulation and tetrad dissection. 
 
Colony Growth and Imaging 
Strains were patched onto YPD and grown overnight. CRASH strains were first patched onto 
selective medium plates to select for cells expressing hphMX, and thus had not lost silencing and 



 59 

excised the RFP-hphMX cassette (Figure 3.1A): YPD containing 200µg/mL G418 (Geneticin; 
Life Technologies) for strains carrying the kanMX cassette or YPD containing 300µg/mL 
Hygromycin B (MilliporeSigma) for strains carrying the hphMX cassette. Cells were then 
resuspended in water and plated onto Complete Supplement Mixture (CSM) or CSM –Trp 
(Sunrise Science Products), 1.5% agar, at a density of ~30 cells per plate. Colonies were imaged 
after 5-6 days of growth at 30°C. At least 10 colonies per genotype were imaged using a Leica 
M205FA fluorescence stereomicroscope, a Leica DFC3000G CCD camera, and a PlanApo 
0.63X Objective. Image analysis and assembly was performed using ImageJ software (Fiji, 
(Schindelin et al. 2012). 
 
Quantification of Silencing Loss by Flow Cytometry 
For each strain, 3-5 single colonies were inoculated in 1mL in selective media to select for cells 
that had not lost silencing. These 1mL cultures were grown in deep 96-well plates (VWR) at 
30°C overnight to saturation. Overnight cultures were diluted into 1mL of fresh, non-selective 
YPD to ~105 cells/mL in a deep 96-well plate and grown for 5-6 hours before flow cytometry. 
For each culture, a minimum of 15,000 events were collected using a BD High-Throughput 
Sampler on a BD LSR Fortessa X20 Cell Analyzer. Gating and quantification were performed as 
previously described (Janke et al. 2018). 
 
α-factor Halo Assay 
MATa strains were scraped from a YPD plate with a toothpick, resuspended in water, and 
~150,000 cells were freshly spread onto Complete Supplement Mixture plates (CSM, Sunrise 
Science Products). Hole-punched Whatman filter papers were soaked for ~5 sec in 200µg/uL α-
factor in 100mM sodium acetate and then placed onto the plates. Three soaked filter-paper 
circles were placed on each plate. Plates were incubated at 30°C for 36-48 hours before imaging. 
 
RNA preparation for quantitative qPCR 
Cells were grown to mid-log phase in YPD and RNA was extracted using hot acidic phenol and 
chloroform (Collart and Oliviero 2001). Samples were treated with DNase I (New England 
Biolabs) and subsequently purified using the Qiagen RNeasy Mini Kit. Complementary DNA 
(cDNA) was synthesized using the SuperScript III First-Strand Synthesis System (Invitrogen) 
and oligo(dT) primers. Quantitative PCR of cDNA was performed using the DyNAmo HS 
SYBR Green kit (Thermo Fisher Scientific) on an Mx3000P machine (Stratagene) using the 
primers listed in Table 3.3. Standard curves were generated using the sir3∆ mat∆ hmr∆ 
(JRY9624) or sir4∆ strain (JRY12714). 
 
Live-cell Imaging 
All single-cell microscopy images were collected on a Zeiss Axio Observer Z1 inverted 
microscope equipped with a Plan-Apochromat 63x oil-immersion objective (Zeiss) and the 
Definite Focus System for maintenance of focus over time. yEGFP was excited with the 420-
500nm spectrum range at 20% intensity, and yEmRFP was excited with the 500-755nm spectrum 
range at 20% intensity from a CoolLED pE-300 ultra and collected with the Multiband Semrock 
Filter (LF405/488/594-A-ZHE). Images were acquired with a Teledyne Photometrics Prime 95B 
sCMOS camera. For time-lapse experiments, images were collected every 5 or 7 minutes, using 
an exposure time of 20msec for brightfield, 50msec for yEGFP, and 200msec for yEmRFP. At 
each time point, multiple stage positions were collected using an ASI MS-2000 XYZ piezo stage. 
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The microscope, camera, and stage were controlled with the Micro-manager software (Edelstein 
et al. 2014). Image analysis and assembly was performed using Fiji software (Schindelin et al. 
2012). 
 
For the CRASH time course setup, each strain was inoculated in 5mL of selective media to select 
for cells that had not lost silencing. Cultures were grown to saturation overnight at 30°C. 
Overnight cultures were diluted back to 106 cells/mL in 10mL of YPD containing G418 or 
Hygromycin B and grown to early-log phase (~ 4 x 106 cells/mL). The culture was then split into 
5mL of YPD containing G418 or Hygromycin B and 40nM α-factor in 100mM sodium acetate, 
and 5mL of YPD containing G418 or Hygromycin B. The cultures were grown for another 90 
minutes (~1 doubling). The cells were then harvested and resuspended in water. The resuspended 
cells were diluted to ~2 x 107 cells/mL, and 5uL were pipetted onto a 1cm x 1cm square of CSM 
– Trp + 2% agar with or without 40nM α-factor in 100mM sodium acetate. Both agar pads were 
placed into a 27mm glass dish (Thermo Scientific) and mounted in a Pecon Incubator XL with 
Heating Unit XL S (Zeiss) controlled by TempModule S (Zeiss) and kept at 30°C for the 
duration of the experiment. To calculate the number of switches per 10,000 cells in the arrested 
condition, the number of cells that were RFP-expressing at time zero were counted. The total 
number of switches (RFP-to-GFP) were counted for all of those cells and divided by the total 
number of RFP-expressing cells at time zero. To calculate the number of switches per 10,000 
divisions in the cycling condition, the number of switches over the entire time course was 
divided by the calculated total number of divisions. The number of divisions was calculated 
using the following formula: 
 

D = n0*2tf – n0 

 
value t: total number of minutes in the time course (480 minutes for an 8hr time course) 
value f: division rate (per minute). To determine this value, the time from small bud to the next 
small bud for five cells at the beginning of the time course, five cells at the end of the time 
course in the center of a micro-colony, and five cells at the end of the time course at the edge of a 
micro-colony was averaged to get the time for one division. 
value n0: number of RFP-expressing cells at time 0 
 
Protein Isolation and Immunoblotting 
Each strain was inoculated in 5mL of YPD and grown overnight to saturation. Overnight cultures 
were diluted to ~2 x 105 cells/mL in fresh YPD and grown to mid-log phase, and ~108 cells were 
harvested and pelleted. Pellets were resuspended in 1mL of 5% trichloroacetic acid and 
incubated at 4°C for 90 minutes. The precipitates were pelleted, washed twice with 1mL of 
100% acetone, and air-dried. Dried pellets were resuspended in 100uL of protein breakage buffer 
(50mM Tris-HCl pH 7.5, 1mM EDTA, 3mM DTT) and an equal volume of 0.5mm zirconium 
ceramic beads (BioSpec Products) followed by five cycles of vortexing, 1min bursts with 1min 
of incubation on ice between each cycle. 50µL of 3X SDS sample buffer (188mM Tris-HCl pH 
6.8, 30% glycerol, 150mM DTT, 6% SDS, 0.03% bromophenol blue, 2% BME) was added to 
each sample and incubated at 95°C for 5min. Insoluble material was pelleted by centrifugation 
and an equal volume of the soluble fraction from each sample was run on an SDS-
Polyacrylamide gel (Mini-PROTEAN TGX Any kD pre-cast gel, BioRad) and transferred to a 
nitrocellulose membrane using a TransBlot Turbo Transfer Pack (BioRad) on the Mixed MW 
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setting of a TransBlot Turbo machine (BioRad). The membrane was cut horizontally in half 
between the 50kD and 37kD markers and separated to blot for Hxk2 on the top half and PCNA 
on the bottom half. The membranes were blocked in Odyssey Blocking Buffer (LI-COR 
Biosciences), and the following primary antibodies and dilutions were used for detection: PCNA 
(Abcam ab221196, 1:1000), Hxk2 (Rockland #100-4159, 1:10,000). The secondary antibody 
used was IRDyeCW800 goat anti-rabbit (LI-COR Biosciences, 1:20,000), and the membrane 
was imaged on a Li-Cor Odyssey Imager. All washing steps were performed with Phosphate 
Buffered Saline + 0.1% Tween-20. Quantitative analysis was performed using Fiji software 
(Schindelin et al. 2012): The area under the intensity peak above background for each band was 
used for normalization to Hxk2 followed by comparison between lanes. 
 
Tetrad Analysis 
Diploid cells were sporulated on 1% potassium acetate, 2% agar, 0.25X CSM plates for 2-3 days 
at room temperature. Tetrads were dissected onto YPD plates using a micromanipulator and 
grown for 2 days before replica plating and scoring. 
 
Patch Mating Assay 
All strains were patched on YPD and grown at 30°C for 3 days. A small sample of yeast was 
scraped from the center of each patch and patched onto a fresh YPD plate and grown overnight 
at 30°C. The following day, the YPD plate was replica plated onto a YPD plate with a fresh lawn 
of MATa haploid testers and a YPD plate with a fresh lawn of MATα haploid testers. The replica 
plates were grown overnight and then replica plated onto minimal media plates the next day. 
Minimal media plates were grown for 2 days at 30°C and then imaged. 
 
Data Availability 
All data necessary for confirming the conclusions presented in the article are represented fully 
within the article. Supplemental material has been uploaded to the GSA figshare public 
repository. Table 3.1 contains details about the yeast strains used in this study. Table 3.2 contains 
the plasmids used in this study. Table 3.3 contains oligonucleotides used in this study. 
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Table 3.1. Strains used in this study. 
All strains listed were derived from the W303 background. Unless otherwise noted, all strains are can1-100, his3-
11,15, leu2-3,112, lys2, ura3-1. Genotypes with [ ] denote a strain that carries the plasmid designated within the 
brackets. K.l. stands for Kluyveromyces lactis. “RFP-GFP(KanMX)” refers to the cassette containing GPDpro-loxP-
yEmRFP-CYC1term-kanMX-loxP-yEGFP-ADH1term. “RFP-GFP(HphMX)” refers to the cassette containing 
GPDpro-loxP-yEmRFP-CYC1term-hphMX-loxP-yEGFP-ADH1term. 

Strain 
Number 

MAT Genotype 

JRY4012 a trp1-1 
JRY4577 a trp1-1, sir4∆::HIS3 
JRY9624 ∆ trp1-1, mat∆::kanMX, hmr∆::hygMX, sir3∆::K.l.URA3 
JRY10710 α hmrα2∆::cre, ura3∆::RFP-GFP(KanMX) 
JRY10790 a hmrα2∆::cre, ura3∆::RFP-GFP(HphMX) 
JRY11129 a trp1-1, hmlα2∆::yEmRFP, hmrα2∆::yEGFP 
JRY11131 a trp1-1, sir4∆::HIS3, hmlα2∆::yEmRFP, hmrα2∆::yEGFP 
JRY11132 a trp1-1, pol30-8, hmlα2∆::yEmRFP, hmrα2∆::yEGFP 
JRY11137 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), pol30-6 
JRY11141 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), pol30-79 
JRY11159 a/α TRP1/trp1-1, hmlα2∆::cre/HML, ura3∆::RFP-GFP(HphMX)/ura3-1 
JRY11160 a/α TRP1/trp1-1, hmlα2∆::cre/HML, ura3∆::RFP-GFP(HphMX)/ura3-1, POL30/pol30-6 
JRY11161 a/α TRP1/trp1-1, hmlα2∆::cre/HML, ura3∆::RFP-GFP(HphMX)/ura3-1, POL30/pol30-79 
JRY11163 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), cac1∆::K.l.URA3, pol30-79 
JRY11165 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), [pJR3418] 
JRY11166 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), pol30-6, [pJR3418] 
JRY11167 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), pol30-8, [pJR3418] 
JRY11168 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), pol30-79, [pJR3418] 
JRY11169 a/α TRP1/trp1-1, hmlα2∆::cre/HML, ura3∆::RFP-GFP(HphMX)/ura3-1, POL30/pol30-8 
JRY11175 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), [pRS425] 
JRY11176 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), pol30-6, [pRS425] 
JRY11177 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), pol30-8, [pRS425] 
JRY11178 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), pol30-79, [pRS425] 
JRY11186 α HMRα, hmrα2∆::CRE, ura3∆::RFP-GFP(KanMX), pol30-6 
JRY11187 α HMRα, hmrα2∆::CRE, ura3∆::RFP-GFP(KanMX), pol30-8 
JRY11188 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), pol30-8 
JRY11189 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), cac1∆::K.l.URA3, pol30-8 
JRY11192 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), cac1∆::K.l.URA3, pol30-6 
JRY11193 α hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), cac1∆::K.l.URA3 
JRY11597 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), bar1∆ 
JRY11599 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), bar1∆, pol30-79 
JRY11608 α HMRα, hmrα2∆::CRE, ura3∆::RFP-GFP(KanMX), pol30-79 
JRY11635 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), bar1∆, pol30-8 
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JRY11645 a pol30-6 
JRY11647 a pol30-8 
JRY11649 a  pol30-79 
JRY11656 a/α TRP1/trp1-1, hmlα2∆::cre/HML, ura3∆::RFP-GFP(HphMX)/ura3-1, pol30-6/pol30-8 
JRY11657 a/α TRP1/trp1-1, hmlα2∆::cre/HML, ura3∆::RFP-GFP(HphMX)/ura3-1, pol30-6/pol30-79 
JRY11658 a/α TRP1/trp1-1, hmlα2∆::cre/HML, ura3∆::RFP-GFP(HphMX)/ura3-1, pol30-79/pol30-8 
JRY11682 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), bar1∆, pol30-6 
JRY11685 a/α TRP1/trp1-1, hmlα2∆::cre/HML, ura3∆::RFP-GFP(KanMX)/ura3-1, pol30-6/pol30-79 
JRY11686 a/α TRP1/TRP1, hmlα2∆::cre/HML, ura3∆::RFP-GFP(KanMX)/ura3-1, pol30-6/pol30-6 
JRY11687 a/α TRP1/trp1-1, hmlα2∆::cre/HML, ura3∆::RFP-GFP(HphMX)/ura3-1, pol30-8/pol30-8 
JRY11688 a/α TRP1/trp1-1, hmlα2∆::cre/HML, ura3∆::RFP-GFP(HphMX)/ura3-1, pol30-79/pol30-79 
JRY11699 ∆ trp1-1, mat∆::K.l.LEU2 
JRY11700 ∆ mat∆::K.l.LEU2, pol30-6 
JRY11701 ∆ trp1-1, mat∆::K.l.LEU2, pol30-8 
JRY11702 ∆ trp1-1, mat∆::K.l.LEU2, pol30-79 
JRY11714 a/α TRP1/TRP1, hmlα2∆::cre/HML, ura3∆::RFP-GFP(KanMX)/ura3-1, pol30-6/pol30-6 
JRY11715 a/α hmlα2∆::cre/HML, ura3∆::RFP-GFP(HphMX)/ura3-1, pol30-6/pol30-6 
JRY11716 a/α TRP1/trp1-1, hmlα2∆::cre/HML, ura3∆::RFP-GFP(HphMX)/ura3-1, pol30-79/pol30-79 
JRY11717 a/α TRP1/trp1-1, hmlα2∆::cre/HML, ura3∆::RFP-GFP(HphMX)/ura3-1, pol30-79/pol30-79 
JRY11718 ∆/α TRP1/trp1-1, hmlα2∆::cre/HML, ura3∆::RFP-GFP(HphMX)/ura3-1, 

MATα/mat∆::K.l.LEU2 
JRY11719 ∆/α TRP1/trp1-1, hmlα2∆::cre/HML, ura3∆::RFP-GFP(HphMX)/ura3-1, 

MATα/mat∆::K.l.LEU2, pol30-6/pol30-6 
JRY11720 ∆/α TRP1/trp1-1, hmlα2∆::cre/HML, ura3∆::RFP-GFP(HphMX)/ura3-1, 

MATα/mat∆::K.l.LEU2, pol30-79/pol30-79 
JRY11744 ∆/α TRP1/trp1-1, hmlα2∆::cre/HML, ura3∆::RFP-GFP(HphMX)/ura3-1, 

MATα/mat∆::K.l.LEU2, pol30-8/pol30-8 
JRY11745 a/α trp1-1/trp1-1, ADE2/ade2-1, HMR/hmr::ADE2, hmlα2∆::cre/HML, ura3∆::RFP-

GFP(HphMX)/ura3-1, POL30/pol30∆ 
JRY11746 a/α trp1-1/trp1-1, ADE2/ade2-1, HMR/hmr::ADE2, hmlα2∆::cre/HML, ura3∆::RFP-

GFP(HphMX)/ura3-1, POL30/pol30∆ 
JRY11747 a/α trp1-1/trp1-1, ADE2/ade2-1, HMR/hmr::ADE2, hmlα2∆::cre/HML, ura3∆::RFP-

GFP(HphMX)/ura3-1, pol30-6/pol30∆ 
JRY11748 a/α trp1-1/trp1-1, ADE2/ade2-1, HMR/hmr::ADE2, hmlα2∆::cre/HML, ura3∆::RFP-

GFP(HphMX)/ura3-1, pol30-6/pol30∆ 
JRY11749 a/α trp1-1/trp1-1, ADE2/ade2-1, HMR/hmr::ADE2, hmlα2∆::cre/HML, ura3∆::RFP-

GFP(HphMX)/ura3-1, pol30-8/pol30∆ 
JRY11750 a/α trp1-1/trp1-1, ADE2/ade2-1, HMR/hmr::ADE2, hmlα2∆::cre/HML, ura3∆::RFP-

GFP(HphMX)/ura3-1, pol30-8/pol30∆ 
JRY11751 a/α trp1-1/trp1-1, ADE2/ade2-1, HMR/hmr::ADE2, hmlα2∆::cre/HML, ura3∆::RFP-

GFP(HphMX)/ura3-1, pol30-79/pol30∆ 
JRY11752 a/α trp1-1/trp1-1, ADE2/ade2-1, HMR/hmr::ADE2, hmlα2∆::cre/HML, ura3∆::RFP-

GFP(HphMX)/ura3-1, pol30-79/pol30∆ 
JRY11760 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), dpb3∆::hisMX 
JRY11806 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), dpb3∆::hisMX, pol30-6 
JRY11808 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), dpb3∆::hisMX, pol30-8 
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JRY11810 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), dpb3∆::hisMX, pol30-79 
JRY11812 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), mcm2-3A 
JRY11822 a/α trp1-1/trp1-1, ADE2/ade2-1, HMR/hmr::ADE2, hmlα2∆::cre/HML, ura3∆::RFP-

GFP(HphMX)/ura3-1, pol30-6/pol30∆ 
JRY11823 a/α trp1-1/trp1-1, ADE2/ade2-1, HMR/hmr::ADE2, hmlα2∆::cre/HML, ura3∆::RFP-

GFP(HphMX)/ura3-1, pol30-79/pol30∆ 
JRY11987 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), mcm2-3A, pol30-6 
JRY11989 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), mcm2-3A, pol30-8 
JRY11991 a hmlα2∆::cre, ura3∆::RFP-GFP(HphMX), mcm2-3A, pol30-79 
JRY12174 α trp1-1, sir4∆::TRP1 
JRY12026 a/a/α

/α 
trp1-1, ade2-1/ADE2/ade2-1/ADE2, LYS2/lys2/LYS2/lys2, 
hmr::ADE2/HMR/hmr::ADE2/HMR, HML/hmlα2∆::cre/HML/hmlα2∆::cre, ura3-
1/ura3∆::RFP-GFP(HphMX)/ura3-1/ura3∆::RFP-GFP(HphMX), 
POL30/pol30∆/pol30∆/pol30∆::K.l.LEU2 

 
Table 3.2 Plasmids used in this study 

Plasmid Description Published Source 
pBL230-0 POL30, TRP1, ampR, CEN/ARS  (Ayyagari et al. 1995) 
pJR3418 CAC1, CAC2, CAC3, LEU2, ampR, 2µ (Janke et al. 2018) 

pJR3428 cas9, URA3, ARS4, KanR This study, (Lee et al. 2015) 

pRS425 LEU2, ampR, 2µ (Sikorski and Hieter 1989) 

 
Table 3.3 Oligonucleotides used in this study 

Name Sequence (5'-3') 

Oligonucleotides used for cassette knockouts 

pol30∆::K.l.LEU2 fwd CTTCAATATCTAATTATTTAGCATTTTTCTTCTCCATCCGgctgtgaagatcccagcaaa 

pol30∆::K.l.LEU2 rev TTGGAAACAAAGCAATATTCCATTTGGAAGGGTTCATAGCaaccggaacctgtattattt 

mat∆::K.l.LEU2 fwd CTCACTATCTTGCCAATAAGACTCTACCCAGATTTGTATTgctgtgaagatcccagcaa
a 

mat∆::K.l.LEU2 rev GGTTAAGATAAGAACAAAGAATGATGCTAAGAATTGATTGaaccggaacctgtattatt
t 

dpb3∆::hisMX fwd TGATAAAAACAAGCAAGGGTCAACCGTGTTGCAAAAAAAgacatggaggcccagaat
acc 

dpb3∆::hisMX rev CATCGAATAGTAATTACATAGCAATAATAGCAATAACAcagtatagcgaccagcattca
c 

cac1∆::K.l.URA3 fwd TGAACCTCAAGACAGAAGAGAATCGAAAGGAAAAGGGAAAcccaatacaacagatc
acgt 

cac1∆::K.l.URA3 rev GTTTATCTGTATGTTTCTATATACTAAAGATCCGTTCAAGctgggtagaagatcggtctg 

guide RNA sequences used for CRISPR-Cas9 editing 

POL30 top gactttCCATACCTAACGTAACAGGA 

POL30 bottom aaacTCCTGTTACGTTAGGTATGGaa 

MCM2 top gactttTAATATGTATGACGATTATG 
MCM2 bottom aaacCATAATCGTCATACATATTAaa 

BAR1 top gactttAAATAAAAAGAGTGTCTAGA 

BAR1 bottom aaacTCTAGACACTCTTTTTATTTaa 
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CRISPR repair templates 

pol30-8 top TCTATTGGTCTCCTTGGAAATAGGTGTCGAAGCCTTCCAAGAATATGCTTGT
GCTCATCC  

pol30-8 bottom ATTTTACTTAGTGAGGTTAGATCCATACCTAACGTAACAGGATGAGCACAA
GCATATTCT  

mcm2-3A top AACGAAGTAGATTTGATGGACGATAATATGGCTGACGATGCAGCAGCTGAT
CATAATAGA 

mcm2-3A bottom TTGTTCCCTGTCGTCAACTTGATCTGGATCAGCTCTATCTCTATTATGATCAG
CTGCTGC 

bar1∆ top CGTGATTTAATTCTAGTGGTTCGTATCGCCTAAAATCATAGAAATCTGGA 
bar1∆ bottom TGATATTTATATGCTATAAAAAAATTGTACTCCAGATTTCTATGATTTTA 

primers used for quantitative PCR 

ACT1 fwd TTTTGTCCTTGTACTCTTCCGGTAGAAC 

ACT1 rev CCAAATCGATTCTCAAAATGGCGTGAG 

POL30 fwd GATCAACCTGTCGACTTGAC 
POL30 rev GGAATAAAGCAGGAGCTTCG 

HMLα1 fwd TCACAGGATAGCGTCTGGAA 

HMLα1 rev TCAGCGAGCAGAGAAGACAA 

HMLα2 fwd TCCACAAATCACAGATGAGT 
HMLα2 rev GTTGGCCCTAGATAAGAATCC 

HMRa1 fwd GGCGGAAAACATAAACAGAAC 

HMRa1 rev GGGTGATATTGATGATTTTCCC 

gene blocks for pol30-6 and pol30-79 URA3 swap 
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pol30-6 5' GCGAAACGCGTAACTTTTTTTTTTTGGATTTCAACTGATAGTTTTCGTACTTT
GCTTCCTCTGGTACATAAAATTATATATAAGAAACACTTTTGCTTTAGCCTT
CCTTTCTTTCCACTTGCACCTTTCACTTTCGCCGTCCTTTTTCACTCACAGCA
ACAAGCAGCAAGCACTAAGTACGCAGTCAAAAGAGAGAAAAAATGTTAGA
AGCAAAATTTGAAGAAGCATCCCTTTTCAAGAGAATAATTGATGGTTTCAA
AGATTGTGTCCAGTTGGTCAATTTCCAATGTAAAGAAGATGGTATCATTGCA
CAAGCTGTCGCTGCTTCAAGAGTTCTATTGGTCTCCTTGGAAATAGGTGTCG
AAGCCTTCCAAGAATATAGATGTGACCATCCTGTTACGTTAGGTATGGATCT
AACCTCACTAAGTAAAATCCTACGTTGTGGTAACAACACCGATACATTAAC
ACTAATTGCTGACAACACACCGGATTCCATCATCTTATTATTTGAGGATACC
AAGAAAGACCGTATAGCCGAATACTCTCTGAAATTGATGGATATCGATGCT
GATTTCTTAAAGATTGAAGAATTACAGTACGACTCCACCCTGTCATTGCCAT
CTTCCGAATTCTCTAAAATTGTTCGTGACTTGTCCCAATTGAGTGATTCTATT
AATATCATGATCACCAAAGAAACAATAAAGTTTGTAGCTGACGGTGATATC
GGATCAGGTTCAGTCATAATAAAACCATTCGTGGATATGGAACATCCTGAA
ACAAGCATCAAACTTGAAATGGATCAACCTGTCGACTTGACGTTCGGAGCT
AAATATTTATTGGACATCATTAAGGGCTCCTCCCTTTCTGATAGAGTTGGTA
TCAGGCTCTCCAGCGAAGCTCCTGCTTTATTCCAATTTGATTTGAAGAGTGG
GTTCCTACAGTTTTTCTTGGCTCCTAAATTTAATGACGAAGAATAAGACATG
GAGGCCCAGAATACCCTCCTTGACAGTCTTGACGTGCGCAGCTCAGGGGCA
TGATGTGACTGTCGCCCGTACATTTAGCCCATACATCCCCATGTATAATCAT
TTGCATCCATACATTTTGATGGCCGCACGGCGCGAAGCAAAAATTACGGCT
CCTCGCTGCAGACCTGCGAGCAGGGAAACGCTCCCCTCACAGACGCGTTGA
ATTGTCCCCACGCCGCGCCCCTGTAGAGAAATATAAAAGGTTAGGATTTGC
CACTGAGGTTCTTCTTTCATATACTTCCTTTTAAAATCTTGCTAGGATACAGT
TCTCACATCACATCCGAACATAAACAACCATGACAGTCAACACTAAGACCT
ATAGTGAGAGAGCAGAAACTCATGCCTCACCAGTAGCACAGCGATTATTTC
GATTAATGGAACTGAAGAAAACCAATTTATGTGCATCAATTGACGTTGATA
CCACTAAGGAATTCCTTGAATTAATTGATAAATTAGGTCCTTATGTATGCTT
AATCAAGACTCATATTGATATAATCAATGATTTTTCCTATGAATCCACTATT
GAACCATTATTAGAACTTTCACGTAAACATCAATTTATGATTTTTGAAGATA
GAAAATTTGCTGATATTGGTAATACCGTAAAGAAACAATATATTGGTGGAG
TTTATAAAATTAGTAGTTGGGCAGATATTACCAATGCTCATGGTGTCACTGG
GAATGGAGTGGTTGAAGGATTAAA 
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pol30-6 3' TCAACACTAAGACCTATAGTGAGAGAGCAGAAACTCATGCCTCACCAGTAG
CACAGCGATTATTTCGATTAATGGAACTGAAGAAAACCAATTTATGTGCAT
CAATTGACGTTGATACCACTAAGGAATTCCTTGAATTAATTGATAAATTAGG
TCCTTATGTATGCTTAATCAAGACTCATATTGATATAATCAATGATTTTTCCT
ATGAATCCACTATTGAACCATTATTAGAACTTTCACGTAAACATCAATTTAT
GATTTTTGAAGATAGAAAATTTGCTGATATTGGTAATACCGTAAAGAAACA
ATATATTGGTGGAGTTTATAAAATTAGTAGTTGGGCAGATATTACCAATGCT
CATGGTGTCACTGGGAATGGAGTGGTTGAAGGATTAAAACAGGGAGCTAAA
GAAACCACCACCAACCAAGAGCCAAGAGGGTTATTGATGTTAGCTGAATTA
TCATCAGTGGGATCATTAGCATATGGAGAATATTCTCAAAAAACTGTTGAA
ATTGCTAAATCCGATAAGGAATTTGTTATTGGATTTATTGCCCAACGTGATA
TGGGTGGCCAAGAAGAAGGATTTGATTGGCTTATTATGACACCTGGAGTTG
GATTAGATGATAAAGGTGATGGATTAGGACAACAATATAGAACTGTTGATG
AAGTTGTTAGCACTGGAACTGATATTATCATTGTTGGTAGAGGATTGTTTGG
TAAAGGAAGAGATCCAGATATTGAAGGTAAAAGGTATAGAAATGCTGGTTG
GAATGCTTATTTGAAAAAGACTGGCCAATTATAATCAGTACTGACAATAAA
AAGATTCTTGTTTTCAAGAACTTGTCATTTGTATAGTTTTTTTATATTGTAGT
TGTTCTATTTTAATCAAATGTTAGCGTGATTTATATTTTTTTTCGCCTCGACA
TCATCTGCCCAGATGCGAAGTTAAGTGCGCAGAAAGTAATATCATGCGTCA
ATCGTATGTGAATGCTGGTCGCTATACTGATGTTAGAAGCAAAATTTGAAG
AAGCATCCCTTTTCAAGAGAATAATTGATGGTTTCAAAGATTGTGTCCAGTT
GGTCAATTTCCAATGTAAAGAAGATGGTATCATTGCACAAGCTGTCGCTGCT
TCAAGAGTTCTATTGGTCTCCTTGGAAATAGGTGTCGAAGCCTTCCAAGAAT
ATAGATGTGACCATCCTGTTACGTTAGGTATGGATCTAACCTCACTAAGTAA
AATCCTACGTTGTGGTAACAACACCGATACATTAACACTAATTGCTGACAA
CACACCGGATTCCATCATCTTATTATTTGAGGATACCAAGAAAGACCGTATA
GCCGAATACTCTCTGAAATTGATGGATATCGATGCTGATTTCTTAAAGATTG
AAGAATTACAGTACGACTCCACCCTGTCATTGCCATCTTCCGAATTCTCTAA
AATTGTTCGTGACTTGTCCCAATTGAGTGATTCTATTAATATCATGATCACC
AAGGAGACAATAAAGTTTGTAGCTGACGGTGATATCG 
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pol30-79 5' ATGTTAGAAGCAAAATTTGAAGAAGCATCCCTTTTCAAGAGAATAATTGAT
GGTTTCAAAGATTGTGTCCAGTTGGTCAATTTCCAATGTAAAGAAGATGGTA
TCATTGCACAAGCTGTCGATGACTCAAGAGTTCTATTGGTCTCCTTGGAAAT
AGGTGTCGAAGCCTTCCAAGAATATAGATGTGACCATCCTGTTACGTTAGGT
ATGGATCTAACCTCACTAAGTAAAATCCTACGTTGTGGTAACAACACCGAT
ACATTAACACTAATTGCTGACAACACACCGGATTCCATCATCTTATTATTTG
AGGATACCAAGAAAGACCGTATAGCCGAATACTCTCTGAAATTGATGGATA
TCGATGCTGATTTCGCTAAGGCTGAAGAATTACAGTACGACTCCACCCTGTC
ATTGCCATCTTCCGAATTCTCTAAAATTGTTCGTGACTTGTCCCAATTGAGT
GATTCTATTAATATCATGATCACCAAAGAAACAATAAAGTTTGTAGCTGAC
GGTGATATCGGATCAGGTTCAGTCATAATAAAACCATTCGTGGATATGGAA
CATCCTGAAACAAGCATCAAACTTGAAATGGATCAACCTGTCGACTTGACG
TTCGGAGCTAAATATTTATTGGACATCATTAAGGGCTCCTCCCTTTCTGATA
GAGTTGGTATCAGGCTCTCCAGCGAAGCTCCTGCTTTATTCCAATTTGATTT
GAAGAGTGGGTTCCTACAGTTTTTCTTGGCTCCTAAATTTAATGACGAAGAA
TAAGACATGGAGGCCCAGAATACCCTCCTTGACAGTCTTGACGTGCGCAGC
TCAGGGGCATGATGTGACTGTCGCCCGTACATTTAGCCCATACATCCCCATG
TATAATCATTTGCATCCATACATTTTGATGGCCGCACGGCGCGAAGCAAAA
ATTACGGCTCCTCGCTGCAGACCTGCGAGCAGGGAAACGCTCCCCTCACAG
ACGCGTTGAATTGTCCCCACGCCGCGCCCCTGTAGAGAAATATAAAAGGTT
AGGATTTGCCACTGAGGTTCTTCTTTCATATACTTCCTTTTAAAATCTTGCTA
GGATACAGTTCTCACATCACATCCGAACATAAACAACCATGACAGTCAACA
CTAAGACCTATAGTGAGAGAGCAGAAACTCATGCCTCACCAGTAGCACAGC
GATTATTTCGATTAATGGAACTGAAGAAAACCAATTTATGTGCATCAATTGA
CGTTGATACCACTAAGGAATTCCTTGAATTAATTGATAAATTAGGTCCTTAT
GTATGCTTAATCAAGACTCATATTGATATAATCAATGATTTTTCCTATGAAT
CCACTATTGAACCATTATTAGAACTTTCACGTAAACATCAATTTATGATTTT
TGAAGATAGAAAATTTGCTGATATTGGTAATACCGTAAAGAAACAATATAT
TGGTGGAGTTTATAAAATTAGTAGTTGGGCAGATATTACCAATGCTCATGGT
GTCACTGGGAATGGAGTGGTTGAAGGATTAAAACAGGGAGCTAAAGAAAC
CACCA 
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pol30-79 3' AGAGCAGAAACTCATGCCTCACCAGTAGCACAGCGATTATTTCGATTAATG
GAACTGAAGAAAACCAATTTATGTGCATCAATTGACGTTGATACCACTAAG
GAATTCCTTGAATTAATTGATAAATTAGGTCCTTATGTATGCTTAATCAAGA
CTCATATTGATATAATCAATGATTTTTCCTATGAATCCACTATTGAACCATT
ATTAGAACTTTCACGTAAACATCAATTTATGATTTTTGAAGATAGAAAATTT
GCTGATATTGGTAATACCGTAAAGAAACAATATATTGGTGGAGTTTATAAA
ATTAGTAGTTGGGCAGATATTACCAATGCTCATGGTGTCACTGGGAATGGA
GTGGTTGAAGGATTAAAACAGGGAGCTAAAGAAACCACCACCAACCAAGA
GCCAAGAGGGTTATTGATGTTAGCTGAATTATCATCAGTGGGATCATTAGC
ATATGGAGAATATTCTCAAAAAACTGTTGAAATTGCTAAATCCGATAAGGA
ATTTGTTATTGGATTTATTGCCCAACGTGATATGGGTGGCCAAGAAGAAGG
ATTTGATTGGCTTATTATGACACCTGGAGTTGGATTAGATGATAAAGGTGAT
GGATTAGGACAACAATATAGAACTGTTGATGAAGTTGTTAGCACTGGAACT
GATATTATCATTGTTGGTAGAGGATTGTTTGGTAAAGGAAGAGATCCAGAT
ATTGAAGGTAAAAGGTATAGAAATGCTGGTTGGAATGCTTATTTGAAAAAG
ACTGGCCAATTATAATCAGTACTGACAATAAAAAGATTCTTGTTTTCAAGAA
CTTGTCATTTGTATAGTTTTTTTATATTGTAGTTGTTCTATTTTAATCAAATGT
TAGCGTGATTTATATTTTTTTTCGCCTCGACATCATCTGCCCAGATGCGAAG
TTAAGTGCGCAGAAAGTAATATCATGCGTCAATCGTATGTGAATGCTGGTC
GCTATACTGATGTTAGAAGCAAAATTTGAAGAAGCATCCCTTTTCAAGAGA
ATAATTGATGGTTTCAAAGATTGTGTCCAGTTGGTCAATTTCCAATGTAAAG
AAGATGGTATCATTGCACAAGCTGTCGATGACTCAAGAGTTCTATTGGTCTC
CTTGGAAATAGGTGTCGAAGCCTTCCAAGAATATAGATGTGACCATCCTGTT
ACGTTAGGTATGGATCTAACCTCACTAAGTAAAATCCTACGTTGTGGTAACA
ACACCGATACATTAACACTAATTGCTGACAACACACCGGATTCCATCATCTT
ATTATTTGAGGATACCAAGAAAGACCGTATAGCCGAATACTCTCTGAAATT
GATGGATATCGATGCTGATTTCGCTAAGGCTGAAGAATTACAGTACGACTC
CACCCTGTCATTGCCATCTTCCGAATTCTCTAAAATTGTTCGTGACTTGTCCC
AATTGAGTGATTCTATTAATATCATGATCACCAAAGAAACAATAAAGTTTGT
AGCTGACGGTGATATCGGATCAGGTTCAGTCATAATAAAACCATTCGTGGA
TATGGAACATCCTGAAACAAGCATCAAACTTGAAATGGATCAACCTGTCGA
CTTGACGTTCGGAGCTAAATATTTATTGGACATCATTAAGGGCTCCTCCCTT
TCTGATAGAGTTGGTATCAGGCTCTCCAGCGAAGCTCCTGCTTTATTCCAAT
TTGATTTGAAGAGTGGGTTCCTACAGTTTTTCTTGGCTCCTAAATTTAATGA
CGAAGAATAA 
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