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ABSTRACT OF THE DISSERTATION 

 

Histone variant H2A.Z coordinates the processes of transcription and pre-mRNA splicing. 

by 

Lauren Taylor Neves 

Doctor of Philosophy in Molecular Biology  

University of California, Los Angeles, 2018 

Professor Tracy L Johnson, Chair 

 

Because RNA-synthesis and RNA-processing are spatially and temporally coordinated, 

RNA splicing takes place in the context of chromatin. H2A.Z is a highly conserved histone 

variant of the canonical histone H2A. In Saccharomyces cerevisiae, the SWR-C complex 

deposits H2A.Z into chromatin near the beginning of protein-coding genes where it helps 

regulate transcription. In this dissertation we elucidate a role for H2A.Z in coordinating the 

processes of RNA transcription and pre-mRNA splicing.  

H2A.Z is required for optimal splicing of intron-containing genes, particularly under 

suboptimal splicing conditions. H2A.Z genetically interacts with the, particularly with U2 

snRNP complex, and is required for efficient spliceosome rearrangements. Loss of H2A.Z results 

in defective spliceosome rearrangements, particularly those involving the U2 snRNP. H2A.Z loss 

impairs transcription elongation, suggesting that spliceosome rearrangements are tied to the role 

of H2A.Z in elongation. Depletion of disassembly factor Prp43 suppresses H2A.Z-mediated 

splice defects, indicating that, in the absence of H2A.Z, stalled spliceosomes are disassembled 

and unspliced RNAs are released. These data demonstrate that H2A.Z is required for efficient 
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pre-mRNA splicing and indicate a role for H2A.Z in coordinating the kinetics of transcription 

elongation and splicing.  

Chromatin not only affects splicing locally but also globally. We demonstrate that a 

chromatin remodeler regulates respiration through modulation spliceosome availability. 

Nutrient-responsive decrease in the Snf2 chromatin remodeler leads to ribosomal protein gene 

(RPG) down-regulation. Because RPGs are intron-enriched and highly transcribed, this relieves 

competition for limiting spliceosomes and allows for increased splicing of weaker substrates, 

such as PTC7. The spliced PTC7 isoform encodes a mitochondrial protein that promotes 

Coenzyme Q6 biosynthesis during respiration. These findings establish a role for the SWI/SNF 

complex in yeast in transition to respiratory metabolism through global regulation of splicing. 

 Furthermore, we show that disruption of transcription elongation kinetics can effect 

splicing both locally and globally, resulting in multi-faceted changes in splicing outcomes. While 

loss of the elongation factor Dst1 exacerbates transcription and splicing defects in cells lacking 

H2A.Z, it can also improve splicing of many intron-containing genes. In the absence of both 

Dst1 and H2A.Z, RPGs are down-regulated, allowing for spliceosome redistribution to and 

increased splicing of weaker substrates.  

 Additionally, we show that H2A.Z is required for growth in alkaline pH and expression 

of phosphate-starvation response genes. However, we find that, when H2A.Z is lost, deletion of 

Swr1 suppresses alkaline sensitivity, relieves aberrant RNA polymerase II (RNAPII) 

phosphorylation, and restores appropriate phosphate-gene. Therefore, stress sensitivity and 

transcription misregulation may be due to deleterious effects of an incomplete SWR-C complex, 

demonstrating the need for precise control of chromatin remodeling activity in the coordination 

of gene expression processes.  
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CHAPTER 1 

 

 

 

 

Introduction – Splicing in the context of  

transcription and chromatin 
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Spliceosome assembly and pre-mRNA splicing. 

Pre-messenger RNAs (pre-mRNAs) are transcribed by RNA polymerase II and often 

contain intervening non-coding regions known as introns. These introns are typically excised 

from the pre-mRNA, and the coding regions, or exons, are ligated together in a process known as 

pre-mRNA splicing. The process of splicing is highly conserved and, while metazoans have a 

number of additional splicing factors (Fabrizio et al. 2009), the majority of the machinery is also 

conserved across eukaryotes. Appropriate splicing is critical for proper gene expression and 

changes in splicing can alter the downstream products, stability of the RNA and/or protein 

products. It has become clear that splicing is precisely regulated, as improper splicing is 

associated with many human diseases (Faustino and Cooper 2003; Fredericks et al. 2015). 

The process of splicing is carried out by the spliceosome, a complex and dynamic 

biological machine composed five highly structured small nuclear RNAs (snRNAs) and over one 

hundred associated proteins. The spliceosome recognizes conserved sites within the intron and, 

through a series of rearrangements of the five small ribonucleoprotein complexes (snRNPs), 

catalyzes the removal of introns and the ligation of exons in two sequential, highly coordinated 

transesterification steps. Spliceosome assembly and catalysis rely on recognition of specific 

sequences within the pre-mRNA: the 5’ splice site (5’SS), the branch point (BP), and the 3’ 

splice site (3’SS). Recruitment and assembly of the snRNPs on the pre-mRNA occurs in a 

stepwise manner (Reviewed in Matera and Wang 2014). First the A complex forms in which the 

U1 snRNP binds the pre-mRNA through base pairing between its core snRNA and the 5’SS. 

Additionally, the U2 snRNP binds the BP sequence, forming the bulged branch helix and 

priming the branch point for the first catalytic step (Krummel et al. 2010). Next, the U4/U5.U6 

tri-snRNP is recruited to the RNA, forming the B complex. At this stage the spliceosome is fully 
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assembled, yet catalytically inactive (Plaschka et al. 2017). During Bact complex formation, a 

series of ATP-driven rearrangements occur as the U4/U6 duplex unwinds, U6 replaces U1, and 

U1 and U4 are released from the spliceosome (Raghunathan and Guthrie 1998). Finally, the 5’SS 

and BP are brought in close proximity to form the B* complex and carry out the catalytic steps 

of splicing (Galej et al. 2013; Nguyen et al. 2013). In the first of two transesterification reactions, 

the 2’OH of the BP adenosine attacks the 5’SS, forming an intron lariat, releasing the 5’ exon, 

and forming complex C (Fica et al. 2017).  The 5’ exon remains tethered to the spliceosome, 

poised for the second step. The C* complex then forms through U5 snRNP dependent 

rearrangements and brings the 5’ and 3’ exon in close proximity, which allows the free 3’OH of 

the 5’exon attacks the 3’SS, releasing the intron lariat and ligating the two exons (Fica et al. 

2017). The spliced RNA is released from the spliceosome and the excised intron remains 

associated with the intron-lariat complex (ILS) (Wilkinson et al. 2017). In the final step, the 

spliceosome is disassembled by RNA DEAH-box helicase Prp43, releasing the lariat for 

degradation and freeing the spliceosome components for further rounds of splicing (Reviewed in 

Matera and Wang 2014) (Figure 1.1). 

 

Intron recognition and splicing fidelity in yeast 

While pre-mRNA splicing is a process that is highly conserved across eukaryotic 

organisms, the functional role of introns is often debated. It has been proposed that introns help 

increase proteome diversity both in individual organisms through alternative splicing, and on an 

evolutionary time scale by promoting exon shuffling through recombination in introns (Dibb 

1993). Additionally, splicing can be an important checkpoint for regulation of gene expression. 

Multiple surveillance mechanisms, such as spliceosome-mediated decay (SMD) (Volanakis et al. 
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2013), intron-mediated enhancement (IME) (Shaul 2017), and alteration of RNA stability, 

nuclear export and/or translation efficiency (Braunschweig et al. 2013), can alter downstream 

translation and modulate final protein output. Precise regulation of splicing is therefore crucial to 

maintenance of organismal health and, in fact, improper splicing has been associated with many 

human diseases (Faustino and Cooper 2003; Padgett 2012; Singh and Cooper 2012). 

Although the components and process of pre-mRNA splicing are conserved across 

eukaryotes, there are only about 300 introns present in the approximately 6500 genes of the 

Saccharomyces cerevisiae (budding yeast) genome. It has been proposed that S. cerevisiae have 

experienced evolutionary pressures that select for intronless genes and have therefore undergone 

extensive intron loss (Jeffares et al. 2006; Hooks et al. 2014). However, despite the fact that only 

about 5% of yeast genes contain introns, intron-containing genes (ICGs) are highly expressed 

and typically make up about 30% of all transcripts in the cell (Ares et al. 1999; Warner 1999). It 

has been shown that deletion of many of these introns leads to impaired growth or ability to 

respond to environmental changes (Hooks et al. 2014). Curiously, it has recently been shown that 

a small number of excised introns not only escape degradation and are maintained in the cell, but 

also contribute to the cell’s ability to respond to environmental stress (Hooks et al. 2016). Not 

only does this suggest that introns that have been retained in yeast convey a fitness advantage, 

but this also indicates that the mechanisms for intron recognition and splicing fidelity must be 

well regulated. 

There are a number of factors that can affect how well the spliceosome is able to 

recognize and excise a given intron from a transcript. Specific intronic sequences demarcate the 

intron boundaries and are recognized by the spliceosome. While these sequences can be quite 

degenerate in metazoans, they are highly conserved in S. cerevisiae with consensus sequences 



	

	
	

5	

5’SS (GUAUGU), BP (UACUAAC), and 3’SS (YAG). In contrast to yeast, in which splicing is 

almost entirely dependent on intron definition, there are a number of additional signals to define 

the small exons of metazoan genes, perhaps allowing for less stringent conservation of intronic 

splice sites (Berget 1995) (Figure 1.2). The 5’SS and the BP sequences are largely constrained 

by base pairing with the U1/U6 or U2 snRNA, respectively (Lamond 1993). In fission yeast the 

3’SS is constrained by U2AF35 proteins (Webb and Wise 2004), but in budding yeast may be 

partially constrained by Prp8, as no U2AF35 homologues have been found (Collins and Guthrie 

1999; Galej et al. 2016; Fica et al. 2017). There does exist a subset of introns with non-consensus 

splice sites, however, even among these non-consensus introns, splice sites rarely vary more than 

one nucleotide from the consensus sequence (Grate and Ares 2002). In general, ICGs containing 

introns with non-consensus or ‘weak’ splice sites are less efficiently spliced than those with 

consensus introns (Figure 1.3). Interestingly, although S. cerevisiae lack U2AF35, which is 

required for poly-U tract recognition in eukaryotes, many introns contain a prominent poly-U 

tract upstream of the 3’SS (Ma and Xia 2011). This poly-U tract has been shown to increase 

splicing efficiency, particularly of ICGs with a short BP-to-3’SS distance (Patterson and Guthrie 

1991). Introns with strong splicing signals are expected to promote efficient splicing and, 

satisfyingly, spliceosome assembly and subsequent catalysis have been shown to occur more 

slowly on genes containing weak introns (Oesterreich et al. 2016).   

 In some cases splicing of ICGs, particularly those with non-consensus introns, is 

regulated by additional spliceosomal factors. For example, YRA1 is autoregulated by its own 

protein product. Yra1 inhibits splicing of YRA1 pre-mRNA, which contains a large intron with 

extensive secondary structure and a non-consensus BP sequence (Rodriguez-Navarro et al. 2002; 

Dong et al. 2007). In contrast to the Yra1 negative autoregulation, meiotic ICGs require an 
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additional factor for efficient splicing. Mer1, a meiosis-specific splicing factor, activates splicing 

of four ICGs whose protein products are critically important for meiosis progression. MER1 is 

expressed during meiosis and promotes splicing of MER2, MER3, SPO22 and AMA1 through 

interaction with a conserved intronic enhancer sequence (Spingola and Ares 2000; Munding et 

al. 2010; Qiu et al. 2011). Meiotic genes are unusual as this class of genes is enriched in introns, 

and these introns are highly enriched in non-consensus splice sites (Venkataramanan et al. 2017). 

In fact, meiotic genes are the third largest class of ICGs in S. cerevisiae after ribosomal protein 

genes and secretory genes (Venkataramanan et al. 2017).  

 In budding yeast, there exists a strong correlation between high expression, efficient 

splicing, and strong splice sites in ICGs (Pleiss et al. 2007b; Ma and Xia 2011). This is not 

unexpected as there is likely greater selective pressure on highly transcribed genes to maintain 

strong splice sites (Ma and Xia 2011). Introns help regulate expression and, indeed, deletion of 

introns from highly expressed genes reduces RNA abundance of that gene and, in some cases, 

leads to growth defects (Juneau et al. 2006; Parenteau et al. 2011). Ribosomal protein genes 

(RPGs) are the most highly expressed class of ICGs, and not only are they enriched in introns but 

they also make up the largest class of ICGs. Although RPGs make up only about a third of all 

ICGs, due to their high expression, they account for 90% of all spliced transcripts (Manuel Ares 

et al. 1999; Warner 1999). Despite the heavy load intron-containing RPGs pose on spliceosomes, 

they are remarkably well spliced, typically with greater that 90% efficiency (mature mRNA/total 

mRNA) (Neves et al. 2017; Venkataramanan et al. 2017). However, splicing of RPGs is sensitive 

to mutations to many splicing factors, suggesting that RPG splice sites are very well adapted to 

the spliceosome machinery (Pleiss et al. 2007b). Additionally, both expression and splicing of 

RPGs are sensitive to environmental changes. Upon amino acid starvation, not only is RPG 
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expression rapidly down-regulated, but splicing of these transcripts is also inhibited, although the 

mechanism by which specific inhibition of RPG splicing occurs is yet unknown (Pleiss et al. 

2007a). It is possible that, due to the rapid synthesis of new ribosomal pre-mRNA, there exists a 

pool of spliceosome components around these loci: as one spliceosome completes catalysis and 

is disassembled, it quickly reassembles on a nearby nascent transcript (Hicks et al. 2006). Thus, 

high levels of transcription could ensure high splicing efficiency.  

In fact, it has been demonstrated that the spliceosomes are limiting in the cell and are 

redistributed under certain conditions. For example, rapamycin-induced RPG downregulation 

leads to globally increased splicing of non-RPGs (Munding et al. 2013). Interestingly, splicing of 

ICGs with non-consensus splice sites benefits the most from this decreased RPG expression 

(Venkataramanan et al. 2017), suggesting that increased spliceosome availability can promote 

splicing of weak introns. In S. cerevisiae, spliceosome redistribution is also critically important 

for sexual reproduction. During the onset of meiosis, as meiotic genes are turned on, RPGs are 

rapidly downregulated and spliceosome components become available to splice new intron-

containing meiotic transcripts (Munding et al. 2013; Venkataramanan et al. 2017). Notably, as 

mentioned above, these meiotic ICGs are typically poorly spliced due to weak splice sites and, 

possibly, very low expression under non-meiotic conditions. Thus, not only are cis elements, 

such as splice sites, powerful determinants of intron recognition, but trans factors, such as global 

and local spliceosome viability, can also affect how efficiently ICGs are spliced. 

 

Co-transcriptional splicing 

While RNA synthesis and RNA splicing have traditionally been analyzed as 

biochemically distinct reactions, many studies have demonstrated that these processes are 
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spatially and temporally coordinated. Some of the earliest studies to hint at this come from in 

vivo immunofluorescent visualization of splicing factor recruitment to chromatin in bloodworms  

(Bauren et al. 1996). There is ample evidence to show that the spliceosome recognizes splice 

sites within nascent pre-mRNA while the RNA polymerase II (RNAPII) is actively transcribing 

the DNA template (Beyer and Osheim 1988; Beyer and Osheim 1991; Bauren and Wieslander 

1994; Huang and Spector 1996; Maniatis and Reed 2002). Recently, it has been shown that not 

only spliceosome recruitment, but also catalysis and completion of splicing occurs while the 

nascent RNA is associated with actively transcribing polymerase (Oesterreich et al. 2016). 

Chromatin immunoprecipitation studies (in yeast and metazoans) show that spliceosome 

components accumulate around splice sites in a step-wise manner while the RNA is still 

associated with the polymerase (Kotovic et al. 2003; Gornemann et al. 2005; Lacadie and 

Rosbash 2005; Listerman et al. 2006; Gunderson and Johnson 2009; Gunderson et al. 2011). The 

U1 snRNP is recruited first to the nascent pre-mRNA and binds the 5’SS soon after it leaves the 

polymerase RNA exit channel (Gornemann et al. 2005). As transcription proceeds, U2 binds the 

newly synthesized BP sequence (Gornemann et al. 2005).  Finally, the U4/U5.U6 tri-snRNP 

binds the pre-mRNA followed by a decrease in U1 snRNP occupancy as RNA-RNA 

conformational rearrangements occur (Gornemann et al. 2005).  

Because the spliceosome binds to RNA while it is still associated with the RNAPII, 

polymerase dynamics and physical conformation may influence the assembly of the spliceosome 

and/or kinetics of splicing catalysis. There is evidence that dynamic RNAPII phosphorylation 

and splicing are linked.  RNA polymerase II contains a unique C-terminal domain (CTD) 

consisting of amino acid sequence repeats of Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7 (26 repeats in 

yeast and 52 in humans) (Allison et al. 1985; Corden et al. 1985) . The CTD is dynamically 
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phosphorylated in a predictable and conserved manner during transcription elongation. At the 

promoter, RNAPII is hypo-phosphorylated and, during early transcription, becomes 

phosphorylated at serines 5 and 7 (Ser5-P and Ser7-P) (Komarnitsky et al. 2000; Alexander et al. 

2010; Kim et al. 2010). Ser5-P declines near the 3’ end of the transcript in favor of serine 2 

phosphorylation (Ser2-P) (Komarnitsky et al. 2000; Alexander et al. 2010). While Ser2-P is a 

hallmark of the elongating polymerase, it has been unclear whether phosphorylation of Ser2 

drives elongation or if RNAPII engagement with the DNA promotes phosphorylation. In yeast, 

RNAPII is more heavily phosphorylated at Ser2 over long transcripts than shorter transcripts and 

increased RNAPII pausing correlates with increased Ser2-P (Kim et al. 2010; Davidson et al. 

2014). Additionally, a recent study proposes a “dwell time in the target zone” model for Ser2 

phosphorylation. In both yeast and human cells, polymerase mutations that slow the rate of 

elongation result in increased Ser2-P, particularly near the 5’ end of genes (Fong et al. 2017), 

suggesting that Ser2-P levels correlate with the amount of time RNAPII remains engaged with 

the DNA template. Although serine phosphorylation profiles have been most extensively studied, 

recent reports show that phosphorylation of threonine 4 and tyrosine 1 (Thr4-P and Tyr1-P) also 

occurs during mid- to late-elongation (Milligan et al. 2016). Interestingly, RNAPII CTD 

phosphorylation patterns not only correlate and influence the phases of transcription but also 

appear to be coupled with splicing signals, particularly around intron boundaries (Harlen et al. 

2016; Milligan et al. 2016). In mammals, although Ser5-P levels are highest near the 

transcriptional start sites, Ser5-P also peaks near the 5’SS of alternatively included exons 

(Nojima et al. 2015). Phosphorylation pattern transitions are frequently observed around the 3’SS 

as the polymerase passes the intron-exon boundary (Harlen et al. 2016; Milligan et al. 2016).  

Several studies in yeast suggest that the polymerase pausing around the 3’SS can be a 
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“checkpoint” for spliceosome assembly (Alexander et al. 2010; Carrillo Oesterreich et al. 2011; 

Chathoth et al. 2014). In addition to influencing RNAPII pausing, the phosphorylated CTD may 

act as a ‘scaffold’ for the spliceosome by recruiting processing factors and, in mammals, U1-

associated protein Prp40 and 3’SS recognition factor U2AF bind directly to the CTD (Morris and 

Greenleaf 2000), although these findings have been disputed (Gornemann et al. 2011) . In yeast, 

it has recently been show that Ser5-P and Ser2-P interact extensively with U1 and U2 

components, respectively (Harlen et al. 2016).  

Additional support for temporal coordination of these two processes also comes from 

evidence showing changes in transcription elongation rate can alter splicing efficiency and splice 

site selection (de la Mata et al. 2003; Howe et al. 2003; Oesterreich et al. 2016). Although the 

average elongation rate of RNA synthesis is 1-4kb per minute, there are localized differences in 

polymerase kinetics (Kwak and Lis 2013; Jonkers and Lis 2015). RNAPII elongation rate has 

been shown to be variable between, and even within, genes (Jonkers and Lis 2015) and, in 

metazoans, elongation rates appear to be faster over introns than over exons (Jonkers et al. 2014). 

It has been proposed that changes in polymerase elongation affect the “window of opportunity” 

available for nascent transcripts to be spliced, and slower elongation increases this available 

window (Braberg et al. 2013; Dujardin et al. 2014a; Oesterreich et al. 2016). However, studies in 

mammalian cells demonstrate that an optimal elongation rate is required for proper pre-mRNA 

splicing, and both increased and decreased elongation rate alter splicing outcomes, indicating 

that transcription and splicing are coupled in a “Goldilocks-like phenomenon” (Fong et al. 2014). 

In particular, slow elongation enhanced exon skipping and, in some cases, intron retention in 

many mammalian genes (Fong et al. 2014). The rate of transcription elongation is known to 

affect RNA folding, which may in turn affect access to processing and regulatory signals (Buratti 
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and Baralle 2004). Association of accessory proteins to the nascent RNA may also be affected by 

transcription changes. In human cells, slow elongation leads to increased exclusion the well-

characterized alternative exon 9 of CTFR due to enhanced binding of the silencer protein ETR-3 

in the upstream intron (Dujardin et al. 2014b). Interestingly, similar findings have been made in 

yeast, in which the majority of yeast genes do not require enhancers/silencers for splicing. 

Observations of polymerase trigger-loop mutants in yeast show that, while splicing of some 

genes benefit from slowed elongation, a number of genes are more poorly spliced when the 

polymerase is slow (Braberg et al. 2013). Together this suggests that the mechanisms by which 

the kinetic relationship between splicing and transcription affect splicing outcomes may be 

diverse and gene specific. 

Because the rates of spliceosome rearrangements are finely tuned, slow rearrangements 

may provide the opportunity for recognition by ‘proofreading’ machinery and subsequent 

spliceosome disassembly and release of unspliced RNAs (Koodathingal et al. 2010; 

Koodathingal and Staley 2013a). A subset of DEAD- and DEAH-box proteins hydrolyze ATP to 

drive spliceosomal rearrangements and disassembly and function as ‘proofreaders’ of splice sites 

to ensure splicing fidelity (Koodathingal et al. 2010; Semlow et al. 2016). In particular, five 

helicases, Prp5, Prp28, Prp16, Prp22, and Prp43, help to ensure fidelity by rejecting suboptimal 

splicing substrates (Xu and Query 2007; Mayas et al. 2010; Yang et al. 2013). Specifically, 

Prp16 and Prp22 promote sampling of candidate splice sites by remodeling the RNP while it is 

engaged with the spliceosome in a winching mechanism. These two DEAH-box helicases are 

capable of pulling on pre-mRNA to destabilize RNA-RNA interactions between the spliceosome 

and substrate mRNA and, therefore, promote splicing fidelity by disengaging suboptimal splice 

sites from the spliceosome (Semlow et al. 2016). Upon splice site rejection, the pre-mRNA is 
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then resampled for a stronger splice site or, if no acceptable sequence can be found, the 

spliceosome is targeted for disassembly (Koodathingal et al. 2010; Mayas et al. 2010).  

Prp16, which helps ensure both 5’SS and BP selection fidelity has been proposed to act 

as a ‘molecular clock’ (Koodathingal and Staley 2013a). Together with the disassembly factor 

Prp43, Prp16 helps determine the fate of weak intron substrates when splicing is stalled. Through 

the winching mechanism described above, Prp16 can recognize and reversibly reject suboptimal, 

slowly spliced substrates for further sampling of splice sites or trigger spliceosome disassembly 

and subsequent degradation of unspliced transcripts (Koodathingal et al. 2010; Koodathingal and 

Staley 2013a; Semlow et al. 2016).  When the rate of 5’ splice site cleavage is slow, Prp16 

rejects the pre-mRNA substrate through a Prp43 dependent pathway (Koodathingal et al. 2010; 

Mayas et al. 2010). Prp22, which helps ensure the fidelity of exon ligation, is closely related to 

Prp16 and likely functions in a similar manner during the second step of splicing to determine 

the fate of suboptimal splice sites (Koodathingal and Staley 2013b; Semlow et al. 2016).   

Prp16 and Prp22 likely act as intrinsic timing mechanisms for the completion of splicing. 

Interestingly, the presence of Prp16 or Prp22 at the catalytic center precludes binding of the NTR 

complex, which recruits the disassembly factor Prp43 to the spliceosome, and prevents NTR-

mediated spliceosome disassembly (Chen et al. 2013). After lariat formation, the ATPase activity 

of Prp16 is required to eject two first-step factors, Yju2 and Cwc25, to allow for binding of 

second-step factors Prp22 and Slu7. In the case that the pre-mRNA substrate is rejected prior to 

the first catalytic step, Prp16 ejection of Cwc25 is required to allow for binding of the NTR 

complex protein Ntr2. Similarly, Prp22 is required to eject Slu7 to allow for disassembly after 

splicing is complete or prior to exon ligation, in the case of substrate rejection.  In the absence of 

first-step factors Prp16/Cwc25 or second-step factors Prp22/Slu7, stalled spliceosomes become 
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highly susceptible to NTR-mediated disassembly (Chen et al. 2013). Curiously, when the pre-

mRNA branchpoint is mutated, Prp16 stabilizes the interaction of Cwc25 with the spliceosome, 

possibly to facilitate resampling for optimal splice sites (Tseng et al. 2011). In sum, Prp16 and 

Prp22 not only antagonize slow spliceosomes and target them for Prp43-mediated disassembly 

but also enable alternative splice site selection by protecting the nascent RNA by outcompeting 

disassembly factors and, thus, promoting substrate resampling. Therefore, the balance of the 

‘molecular clock’ proteins Prp16 and Prp22 with the disassembly helicase Prp43 helps determine 

the fate of nascent mRNA. 

   

Role of chromatin in splicing 

Because pre-mRNA splicing occurs on transcripts as they are actively synthesized, the 

spliceosome and RNA-synthesis machinery act in close proximity. Splicing, therefore, not only 

takes place within the context of transcription, but also within the context of chromatin, the array 

of nucleosomes made up of DNA wrapped around eight histone proteins. Ample evidence 

indicates that the chromatin environment is capable of regulating both the processes and 

coordination of transcription and splicing. 

Similar to the dynamic phosphorylation of the RNAPII CTD, the chromatin environment 

may influence splicing outcomes through various mechanisms that can be categorized into two 

broad models. In the recruitment model, specific chromatin features, such as histone 

modifications, recruit and maintain splicing factors in the vicinity of the transcription machinery. 

Alternatively, in a “kinetic model”, the chromatin structure can influence transcription 

elongation, altering the rate at which the pre-mRNA becomes available to the spliceosome, and 

can therefore, coordinate the kinetic coupling of transcription and splicing. It is important to note 
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that the recruitment and kinetic models are not mutually exclusive, and the chromatin likely 

influences splicing in a manner that includes a combination of mechanisms from the overlapping 

models. 

The chromatin architecture is not uniform across genes, and variation in chromatin state 

may help mark and differentiate gene features. Nucleosomes are well positioned within genes 

and nucleosome density is typically higher across exons than introns (Schwartz et al. 2009; Amit 

et al. 2012) and have been found to more stably positioned over constitutive exons than 

alternatively spliced exons (Huang et al. 2012). In addition to differential density, exonic 

nucleosomes are enriched for a distinguishable set of histone post-translational modifications 

(PTMs) (H3K27me1, me2, and me3, H3K36me3, H3K79me1, H4K20me1) (Andersson et al. 

2009; Hon et al. 2009; Kolasinska-Zwierz et al. 2009; Nahkuri et al. 2009; Spies et al. 2009; 

Dhami et al. 2010; Huff et al. 2010) than intronic nucleosomes (which are enriched in 

H2BK5me1, H2Bub1, H3K4me1, and me2, H3K9me1, H3K79me1, me2, and me3) (Dhami et 

al. 2010; Huff et al. 2010). These findings strongly suggests that nucleosomes help demarcate 

exons at the DNA level. 

While the precise roles of nucleosome density and many histone modifications in splicing 

have not been well-characterized, perturbations to chromatin organization have been linked to 

widespread changes in splicing, and PTMs of individual histone proteins can influence splicing 

outcomes (Reviewed in Naftelberg et al. 2015). Changes in chromatin structure have been shown 

to alter nuclear localization and recruitment of splicing factors (Schor et al. 2012). Additionally, 

roles for specific histone marks in splicing regulation have been demonstrated. H3K4me3, for 

example, has been shown to recruit the U2 snRNP through interactions with the chromo domain-

containing CHD1(Sims et al. 2007). In yeast, monoubiquitylation of histone H2B and 
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methylation of H3K36 by Set2 each promote efficient splicing and are required for efficient co-

transcriptional recruitment of splicing factors to the nascent mRNA (Moehle et al. 2012; 

Sorenson et al. 2016). In human cells, MRG15, a component of the H3K4 demethylase complex, 

has been implicated in alternative splicing by bridging methylated H3K36 and the splicing 

regulator PTB (Luco et al. 2010). Furthermore, we have shown that acetylation of H3 by Gcn5 is 

important for spliceosome assembly and downstream rearrangements (Gunderson and Johnson 

2009; Gunderson et al. 2011).  

In addition to the core histone proteins, H2A, H2B, H3, and H4, a number of variant 

histones, such as H2A.Z, H3.3, and macroH2A, have also been characterized. The chromatin 

reader, BS69, preferentially recognizes H3.3K36me3 on lysine 36 and physically interacts with 

the U5 snRNP (Guo et al. 2014), forming a physical link between the chromatin and the 

spliceosome, and suggesting that both histones and histone variants may influence spliceosome 

recruitment.  

Not only can nucleosome composition affect splicing by influencing spliceosome 

recruitment, but it can also influence RNA transcription, which is kinetically coupled to splicing. 

The presence of nucleosomes provides a substantial barrier to transcribing polymerase 

complexes and RNAPII must overcome this barrier to access the DNA and efficiently transcribe 

mRNA (Reviewed in Petesch and Lis 2012). In colon carcinoma cells, general histone depletion 

alters transcription rates and leads to diverse splicing defects (Jimeno-Gonzalez et al. 2015). 

Nucleosomes may also provide localized barriers to transcription elongation and act as 

‘speedbumps’ to promote RNAPII pausing that, in turn, facilitates splicing (Reviewed in 

Naftelberg et al. 2015).  In addition to recruitment of splicing factors, specific histone 

modifications can influence elongation in such a manner to affect splicing outcomes. In neuronal 
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cells, the balance between acetylation and methylation of H3K9 modulates transcription 

elongation, leading to functional changes in splicing that determine neuron depolarization or 

activation (Schor et al. 2013).  

Additionally, the chromatin environment can also affect splicing indirectly by altering 

spliceosome availability. For example, deletion of the chromatin-remodeling factor Snf2 

decreases RPG expression to 30-40% of wild-type levels and leads to increased splicing 

efficiency of many non-RPGs (Venkataramanan et al. 2017). It has been demonstrated that 

global modulation of splicing via regulation of Swr1 protein expression is important several 

adaptive programs. During meiosis, Snf2, and subsequent RPG, down-regulation promotes 

splicing of weak meiotic transcripts (Venkataramanan et al. 2017) and, during diauxic shift, such 

down-regulation allows for splicing of the two-isoform gene PTC7 (Awad et al. 2017). The 

spliced PTC7 transcript encodes a mitochondrial phosphatase regulator of Coenzyme Q6 (CoQ6) 

biosynthesis, a mitochondrial redox-active lipid essential for respiration, and the nonspliced 

PTC7 isoform encodes a protein capable of repressing CoQ6 biosynthesis (Awad et al. 2017). 

Therefore, the role of Snf2 in global splicing regulation is an important factor in CoQ6 

production during the shift from fermentative to respiratory conditions in yeast. 

While the nuances of how regulation of splicing by the chromatin occurs, it is clear that 

nucleosome density, positioning and composition play an important role in coordinating the 

crosstalk among chromatin, transcription, and splicing on a local and global scale. 

 

Histone variant H2A.Z 

In addition to the core histone proteins, H2A, H2B, H3, and H4, a number of variant 

histones, including H2A.Z, H3.3, and macroH2A, have also been characterized. H2A.Z, encoded 
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by HTZ1 in S. cerevisiae, is the only histone variant found across all eukaryotes and is highly 

conserved. While H2A.Z and H2A share about 60% sequence similarity, H2A.Z is almost 90% 

conserved across species from yeast to humans (Reviewed in Zlatanova and Thakar 2008), 

suggesting that the variant carries out an important and conserved function in the cell, distinct 

from H2A. Several features distinguish H2A.Z from H2A: (1) a unique C-terminus region, (2) an 

extended surface charge patch, and (3) a small internal loop (Zhang et al. 2005). Among H2A 

histone family variants, the C-terminus domain is the most highly divergent region indicating 

that this region may be important for specific roles of each variant. In the case of H2A.Z, this 

region is required for stable association with the chromatin after deposition (Wratting et al. 

2012). Similar to canonical histones, the N-terminal tail of H2A.Z is subject to PTMs, such as 

acetylation by the NuA4 or SAGA complexes (Millar et al. 2006). Additionally, H2A.Z 

occupancy within nucleosomes is strongly correlated with several canonical histone marks as 

H2A.Z-containing nucleosomes most often consist of H4K12ac and H3K4me3, but, strikingly, 

not H3K36me3 (Chen et al. 2012). These histone marks may help determine H2A.Z deposition 

and vice versa, but as of now, their functional relationships remains unclear.  

Unlike the four canonical histones, which are incorporated into chromatin at the time of 

DNA replication, H2A.Z can be inserted throughout the cell cycle (Reviewed in Zlatanova and 

Thakar 2008). H2A.Z is well positioned in the chromatin as, though it is found in only 5% of 

nucleosomes, it is present in approximately 65% of all S. cerevisiae genes, typically at the +1 

and -1 nucleosomes around the transcription start site (TSS) (Guillemette et al. 2005; Raisner et 

al. 2005). The SWR-C remodeling complex catalyzes the displacement of the H2A/H2B dimer in 

the chromatin in exchange for an H2A.Z/H2B dimer (Mizuguchi et al. 2004). SWR-C recognizes 

the nucleosome-free region (NFR) surrounding the TSS of genes and deposits H2A.Z in 
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nucleosomes flanking the NFR (Ranjan et al. 2013) (Figure 1.4). SWR-C is a multisubunit 

complex made up of the catalytic core protein Swr1, a Swi2/Snf2-related ATPase, and 12 

additional subunits (Mizuguchi et al. 2004).  Of these additional proteins, Swc2 is responsible for 

binding the H2A.Z/H2B dimer, while Bdf1, which contains a bromodomain, helps target SWR-C 

to the chromatin via interactions with acetylated H3 and H4 (Luk et al. 2010). It has been 

proposed that acetylation of H2A.Z N-terminal lysines 12 or 14 promote deposition in to the 

chromatin (Millar et al. 2006; Chen et al. 2012). However, this has been disputed, as mutation to 

either of these lysine residues does not alter H2A.Z localization and H2A.Z appears to be 

acetylated only after incorporation (Babiarz et al. 2006; Keogh et al. 2006).  

H2A.Z has been shown to play an important role in the regulation of transcription 

initiation and gene expression (Reviewed in Subramanian et al. 2015). In yeast, H2A.Z 

genetically interacts with a number of transcription factors (TFs) (Wan et al. 2009) and, in 

mammals, H2A.Z is necessary for recruitment of pioneer TFs (Li et al. 2012). In general, H2A.Z 

appears to promote transcription, however, the effects of H2A.Z gene expression are dynamic as 

we and others have observed both up- and down-regulation of genes upon H2A.Z loss (Zhang et 

al. 2005; Santisteban et al. 2011; Rosonina et al. 2014). The presence of nucleosomes provides a 

substantial barrier to transcribing polymerase complexes and RNAPII must overcome this barrier 

to access the DNA and efficiently transcribe mRNA (Reviewed in Petesch and Lis 2012).   In 

vitro experiments demonstrate that H2A.Z is less stably associated with DNA and, therefore, 

more susceptible to release from the chromatin (Zhang et al. 2005). Thus, H2A.Z likely promotes 

transcription initiation by decreasing the transcriptional barrier of the +1 nucleosome and 

promoting RNAPII progression (Zhang et al. 2005; Weber et al. 2014).  
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The mechanism by which H2A.Z is evicted from the chromatin has been widely debated 

and it remains unclear whether H2A.Z is actively and specifically removed from the chromatin 

or if the histone is displaced by general mechanisms that displace the entire nucleosome. In vitro 

studies have shown that the INO80 chromatin-remodeling complex is capable of exchanging 

nucleosomal H2A.Z/H2B dimers for H2A/H2B (Papamichos-Chronakis et al. 2011; Watanabe et 

al. 2013). However, later reports have disputed these findings, as specific exchange of H2A.Z for 

H2A-containing dimers by INO80 could not be replicated (Wang et al. 2016). Therefore, 

eviction of H2A.Z from the chromatin may occur in a more generalized manner. Recently it has 

been shown that the pre-initiation complex is required for H2A.Z eviction from the chromatin 

during active transcription (Tramantano et al. 2016) (Figure 1.2). Interestingly, while, in yeast, 

RPGs are typically deplete of H2A.Z-containing nucleosomes (Raisner et al. 2005; Zhang et al. 

2005; Ranjan et al. 2013; Gu et al. 2015), depletion of components of the transcription 

machinery lead to H2A.Z accumulation in RPGs (Tramantano et al. 2016), indicating that the 

polymerase itself displaces H2A.Z and high levels of RNAPII prevent accumulation of H2A.Z-

containing nucleosomes. Satisfyingly, a recent study found that the INO80 complex evicts 

H2A.Z by translocation along the DNA (Brahma et al. 2017), suggesting that INO80 and the 

polymerase remove H2A.Z from the chromatin in a similar way.  

Studies in yeast also indicate a role in regulation of transcription elongation, as H2A.Z 

genetically interacts with elongation factors Spt5 and Dst1 and deletion of H2A.Z renders cell 

susceptible to 6-azauracil, a transcription elongation inhibitor (Malagon et al. 2004; Santisteban 

et al. 2011). Additionally, genetic studies of polymerase trigger-loop mutants that display slowed 

rates of elongation have strong negative interactions with both H2A.Z and Swr1 (Braberg et al. 

2013). Moreover, H2A.Z has been found to promote transcription elongation in both yeast and 
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mammalian cells. In mammalian systems, runoff assays demonstrate that RNAPII is slower 

along chromatin substrates lacking H2A.Z in vitro (Rudnizky et al. 2016), while in yeast, H2A.Z 

deletion leads to slow RNAPII clearance in runoff studies performed in vivo (Santisteban et al. 

2011).  Together these findings indicate that H2A.Z is not only important for the initiation of 

transcription but also for maintenance of appropriate elongation kinetics. It should be noted that 

while one study observed decreased phosphorylation of RNAPII CTD Ser2 upon deletion of 

H2A.Z (Santisteban et al. 2011), we have observed increased Ser2 phosphorylation, as described 

in Chapter 2. This discrepancy is likely because the observed Ser2-P levels in the previous study 

are not normalized to total RNAPII. We find that RNAPII occupancy is considerably reduced 

across the gene body of tested genes and, therefore, levels of Ser2-P per polymerase are 

increased in cells lacking H2A.Z, consistent with the “dwell time” model of serine 2 

phosphorylation describe above (Fong et al. 2017).  

 

H2A.Z and splicing 

H2A.Z and components of the SWR-C complex have been reported to interact with 

spliceosome machinery. In yeast, a high-throughput genetic screen revealed negative interactions 

between HTZ1 and genes encoding several splicing factors, including the U2 snRNP-associated 

protein Lea1 (Wilmes et al. 2008) and loss of SWR-C component Vps72 was found to result in 

modest splicing defects of a subset of ICGs (Albulescu et al. 2012). Additionally, in mammals, 

H2A.Z may bind SF3B1, a component of the U2 snRNP (Fujimoto et al. 2012).  

In chapter 2, we demonstrate that H2A.Z is required for efficient pre-mRNA splicing and 

promotes the splicing of weak introns, and does so by coordinating the kinetics of transcription 

elongation and co-transcriptional spliceosome rearrangements (Neves et al. 2017). In chapter 3, 
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we show that, during respiratory conditions, down-regulation of Snf2, a chromatin remodeling 

protein, leads to global down-regulation of a subset of highly expressed ICGs which, in turn, 

relieves competition for a limiting spliceosome to allow for increased splicing of a transcript 

necessary for optimal mitochondrial activity. Chapter 4 demonstrates that the local effects 

H2A.Z on splicing outcomes and global effects of spliceosome abundance are not mutually 

exclusive and can account for gene-specific splicing outcomes. Finally, Chapter 5 provides 

evidence that H2A.Z is important for environmental stress responses and highlights the 

importance of tight control of chromatin assembly by remodeling complexes.  

In sum, the work presented in this dissertation establishes a novel relationship between 

chromatin and the regulation of pre-mRNA splicing. I demonstrate that a variant histone affects 

the splicing of intron-containing genes by coordinating the relative kinetics of RNA synthesis 

with spliceosome rearrangements and disassembly. 
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Figure 1.1 

 

Figure 1.1 Spliceosome rearrangements. U1 and U2 assemble co-transcriptionally by binding 

to the 5’ SS and BP, respectively, forming the A complex. They recruit the tri-snRNP, forming 

the B complex. U1 and U4 then leave the spliceosome, and U6 replaces U1 at binding the 5’ SS, 

forming the Bact complex. The B* complex has rearrangements that promote the first 

transesterification reaction (complex C). The C* complex then has rearrangements that promote 

the second transesterification reaction. The resulting products are the ligated exons and the ILS, 

from which the spliceosome is disassembled. Figure courtesy of Dr. Srivats Venkataramanan and 

Dr. Erin Wissink. 
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Figure 1.2 
 

 
 

Figure 1.2 Comparison of metazoan and yeast intron sequences  

Conserved sequences found at the 5′ and 3′ splice sites and branch point sequence of pre-mRNA 

introns in metazoans and budding yeast. Y = pyrimidine and R = purine. The polypyrimidine 

tract is indicated by (Yn). Figure adapted from (Will and Luhrmann 2011). 
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Figure 1.3 

 

Figure 1.3 Introns containing non-consensus splice sites are poorly spliced.  

On average intron-containing genes containing all consensus splice sites have higher splicing 

efficiency than those containing a non-consensus 5’ splice site or branchpoint sequence. Analysis 

of RNA-seq data of wild type yeast cells (Neves et al. 2017).  
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Figure 1.4 

 

Figure 1.4 H2A.Z is dynamically inserted into and evicted from the chromatin.  

The SWR-C complex, driven by the catalytic protein Swr1, inserts H2A.Z in to the chromatin by 

exchanging H2A/H2B dimers for H2A.Z/H2B (Mizuguchi et al. 2004). H2A.Z is evicted from 

the chromatin by the pre-initiation complex (PIC) containing RNA polymerase II (RNAPII) 

(Tramantano et al. 2016) but can also be displaced by the INO80 complex as it translocates along 

the DNA (Brahma et al. 2017).  
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CHAPTER 2 

 

 

 

 

The histone variant H2A.Z promotes efficient co-transcriptional 

splicing in Saccharomyces cerevisiae.  
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CHAPTER 3 

 

 

 

 

Chromatin-remodeling SWI/SNF complex regulates Coenzyme Q6 

synthesis and a metabolic shift to respiration in yeast.  
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CHAPTER 4 

 

 

 

 

Coordination of transcription elongation and  

spliceosome assembly and a role for H2A.Z 
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INTRODUCTION 

Co-transcriptional recruitment of the spliceosome to nascent mRNA occurs in a stepwise 

fashion via a series of highly regulated rearrangements (Johnson and Vilardell 2012). 

Intriguingly, H2A.Z deletion leads to persistent occupancy of the U2 snRNP-associated protein 

Msl1 on the nascent RNA (Neves et al. 2017), indicating a defect in spliceosomal 

rearrangements (Gunderson et al. 2011). Additionally, recruitment of a downstream splicing 

factor Snu114 is significantly decreased, suggesting that H2A.Z loss causes defective 

spliceosome rearrangements that prevent binding of downstream spliceosome components 

(Neves et al. 2017). Given the reported roles of H2A.Z in transcription (Santisteban et al. 2011), 

we hypothesized that H2A.Z affects transcriptional elongation in such a way that alters 

spliceosome rearrangement kinetics. Indeed, H2A.Z deletion leads to decreased RNA 

polymerase II (RNAPII) occupancy throughout the gene body of tested genes (Neves et al. 

2017), suggesting that transcription elongation is defective in cells lacking H2A.Z. Moreover, 

deletion of the well-characterized elongation factor Dst1 (TFIIS), which leads to persistent U2 

snRNP association in a similar manner to H2A.Z deletion, can exacerbate H2A.Z-mediated 

splicing defects (Neves et al. 2017). Stalled spliceosomes are normally recognized and 

disassembled by Prp43 (Arenas and Abelson 1997). Satisfyingly, our previous work has shown 

that, in the absence of H2A.Z, depletion of Prp43 improves splicing of a number of intron-

containing genes (ICGs), particularly those containing a non-consensus branchpoint (BP) 

sequence (Neves et al. 2017). This is likely because Prp43 depletion allows more time for 

rearrangements to occur before spliceosome disassembly takes place. Our work suggests that 

H2A.Z is required for maintaining an optimal transcription elongation rate and, in absence of 

H2A.Z, elongation is slowed, altering the availability of nascent pre-mRNA and delaying 
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spliceosome rearrangements. Decreased availability of disassembly machinery slows the kinetics 

of spliceosome disassembly and allows more time for rearrangements to take place (Figure 4.1). 

 It is clear that H2A.Z affects the kinetics of transcription elongation and the outcomes of 

co-transcriptional splicing. However, the way in which H2A.Z coordinates these processes 

remains ambiguous. While splicing of non-consensus BP containing introns is most affected by 

H2A.Z deletion, it is not clear if H2A.Z specifically affects the step of branchpoint recognition. 

Here we show that not only mutation of the BP sequence, but also mutation of the 5’ or 3’ splice 

site (SS), renders introns susceptible to loss of H2A.Z. Additionally, aberrant spliceosome 

recruitment and rearrangements upon H2A.Z deletion (Neves et al. 2017) indicate that H2A.Z 

likely affects the conversion to the catalytically competent B* splicing complex. Additionally, 

we attempt to elucidate the relationship between the rate of transcription elongation, the rate of 

spliceosome rearrangements, and the “molecular clocks” that drive those rearrangements. Our 

data suggests that the disassembly machinery interactions with the co-transcriptional 

spliceosome occur weakly or very transiently. Interestingly, we find that cells containing a 

hypomorphic allele of the DEAH-box helicase Prp22 are incapable of growth under 

transcriptional stress, providing further evidence for the need for precise kinetic coordination of 

transcription and splicing. Finally, we show that deletion of Dst1 in cells lacking H2A.Z may 

affect splicing outcomes in two distinct and opposing manners. 

 

RESULTS 

Mutation of splice sites renders introns sensitive to H2A.Z presence for efficient splicing. 

We previously observed strong genetic interactions of H2A.Z with U2 snRNP factors and 

splicing defects, particularly in introns containing non-consensus BP sequences (Neves et al. 



	

	
	

91	

2017), leading us to predict that H2A.Z potentially affects the step of branch point recognition. 

However, it is unclear whether changes to the branch point specifically, render introns sensitive 

to H2A.Z loss or if any weak splice site, or, indeed, factors beyond splice site sequences, can 

confer sensitivity to H2A.Z. In order to compare splicing of introns with a suboptimal BP 

sequence to those containing consensus sequences or a suboptimal 5’ or 3’ SS in an otherwise 

identical context, we employed the ACT1-CUP1 reporter system. In this assay, cup1∆ cells were 

transformed with a plasmid encoding the CUP1 gene interrupted by the ACT1 intron. Cup1 is 

essential for copper toxicity resistance in yeast and, therefore, growth in copper-containing 

media is a readout for the efficiency of splicing of the ACT1-CUP construct (Lesser and Guthrie 

1993). As the splice sites in yeast are very well conserved, ACT1-CUP1 constructs containing 

mutations in the 5’ SS, BP sequence, or 3’ SS allow us to determine how well the spliceosome 

can utilize suboptimal splice sites (Lesser and Guthrie 1993) (Figure 4.2 A). We compared the 

splicing of mutated ACT1-CUP1 in cup1∆ and htz1∆cup1∆ cells. Notably, the consensus ACT1-

CUP1 construct is spliced efficiently, even in the absence of HTZ1. Surprisingly, we find that 

when any splice site is mutated, cells grow poorly in the presence of copper (Figure 4.2 B), 

suggesting that any suboptimal splice site renders introns dependent on H2A.Z presence. 

However, this is consistent with our previous genetic observations that, in destabilizing 

conditions, H2A.Z is required for growth when any component of the spliceosome is 

compromised (Neves et al. 2017). 

 

Deletion of H2A.Z decreases co-transcriptional recruitment of the NineTeen Complex. 

 Previously we observed that spliceosome rearrangements are defective in the absence of 

H2A.Z, and, in particular, there is persistent association of the U2 snRNP factor Msl1 with the 
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nascent RNA and concomitant decreased association of the downstream U5 snRNP factor 

Snu114 (Neves et al. 2017). Because co-transcriptional recruitment of the spliceosome to the 

nascent pre-mRNA occurs in a predictable and stepwise fashion, chromatin immunoprecipitation 

of splicing factors can be used to determine at what point in spliceosome assembly defects occur 

when H2A.Z is lost. We further analyzed changes in spliceosome rearrangements upon HTZ1 

deletion by examining the recruitment profile of the NineTeen Complex (NTC) factor Prp19 

across three ICGs (YCL002C, ECM33, RPL13A)(Figure 4.3 A). Consistent with decreased U5 

snRNP recruitment, Prp19 recruitment across ECM33 and RPL13A is significantly reduced in 

cells lacking H2A.Z (Figure 4.3 B). Prp19 recruitment was slightly decreased through the middle 

of exon 2 of YCL002C (Figure 4.3 B, left). However, because Prp19 recruitment to YCL002C is 

very low in wild type cells, differences in Prp19 enrichment are difficult to resolve. The 

extremely low recruitment of the NTC may, in part, account for poor splicing of YCL002C even 

under optimal conditions.  Decreased Prp19 occupancy cannot be attributed to changes in protein 

expression (Figure 4.3 C). These results are consistent with our model in which loss of H2A.Z 

increases the association of the U2 snRNP and reduces association of downstream splicing 

factors. These findings are similar to spliceosome rearrangement defects observed upon loss of 

histone deacetylases Hos2 or Hos3, suggesting that H2A.Z and histone H3 acetylation may have 

overlapping roles in co-transcriptional splicing (Gunderson et al. 2011).  

 

Association of disassembly factors with nascent RNA is very transient. 

Prp43 is a DEAH-box helicase that has functions in ribosome biogenesis as well as 

spliceosome disassembly (Arenas and Abelson 1997; Leeds et al. 2006). Prp43 not only 

catalyzes disassembly upon completion of splicing (Arenas and Abelson 1997), but can also 
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disassemble spliceosomes when splicing is slowed (Koodathingal et al. 2010; Koodathingal and 

Staley 2013a).  

Because we have shown that, while spliceosome rearrangements are defective in cells 

lacking H2A.Z, depletion of Prp43 can suppress defects in splicing outcomes, we suspect that 

Prp43 disassembles stalled spliceosomes that occur when H2A.Z is absent (Neves et al. 2017). 

We therefore predicted that we would observe increased Prp43 enrichment on the nascent RNA 

of poorly spliced ICGs in cells lacking H2A.Z. Surprisingly, Prp43 showed no enrichment across 

candidate genes YCL002C or ECM33 compared to a non-transcribed region in wild-type or htz1∆ 

cells (Figure 4.4 A, B). Because Prp43 is highly abundant, has roles outside of splicing, and may 

physically interact with histones (Lebaron et al. 2005; Lambert et al. 2009; Banerjee et al. 2015), 

it is possible that Prp43 occupancy is difficult capture at specific genes. We therefore focused on 

Ntr1, a spliceosome disassembly factor that forms the nineteen-related (NTR) complex with Ntr2 

and Prp43 in order to recruit Prp43 to the spliceosome (Tsai et al. 2005). However, similar to 

Prp43, no enrichment of Ntr1 could be observed at candidate genes compared to a non-

transcribed region (Figure 4.4 C).  

While it is conceivable that Prp43 disassembles stalled spliceosomes post-

transcriptionally, because Prp43 helicase targets the U2 snRNP-intron interaction (Fourmann et 

al. 2016) and we have shown that, despite prolonged association, U2 snRNP enrichment 

decreases to wild-type levels at the 3’ end of the RNA in htz1∆ cells (Neves et al. 2017), there is 

a strong possibility that Prp43 association is very transient. Interactions between the spliceosome 

and disassembly machinery may also be too weak to capture through traditional methods of 

chromatin immunoprecipitation and so we cannot conclude that Prp43 is not present at the gene 

locus in htz1∆ cells without further examination. 
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DAmP alleles do not change RNA abundance of DEAH-box helicases Prp16 and Prp22 but 

can cause sensitivity to defects in transcription elongation. 

A subset of DEAD- and DEAH-box helicases that drive spliceosomal rearrangements and 

disassembly have been proposed to act as ‘molecular clocks’ (Koodathingal and Staley 2013a). 

In particular DEAH-box helicases Prp16 and Prp22, along with disassembly factor Prp43, may 

act as an intrinsic timing mechanism that can recognize stalled spliceosomes and target them for 

splice-site resampling or disassembly and pre-mRNA release (Mayas et al. 2006; Koodathingal 

et al. 2010; Chen et al. 2013; Semlow et al. 2016). Therefore, changes in expression of these 

proteins may allow for decreased (in the case of elevated Prp16/Prp22) or increased (reduced 

Prp16/Prp22) reliance on H2A.Z to provide precise coordination of splicing with transcription 

elongation.  

Surprisingly, we were unable to detect any sporulation of a heterozygous diploid strain 

containing a prp16DAmP allele (data not shown). In this strain, the 3’UTR of PRP16 is disrupted 

with an antibiotic resistance cassette, a modification that is expected to RNA expression 

(Breslow et al. 2008), although we were unable to detect an appreciable change in PRP16 RNA 

levels (Figure 4.5 A). However, sporulation could not be induced even when the prp16DAmP 

heterozygous diploid was supplemented with a plasmid containing a wild type PRP16 copy (data 

not shown), suggesting that this allele may in fact cause overexpression of Prp16 at the 

translational level and/or have a dominant-negative effect on Prp16 function. Because we were 

unable to attain haploid cells from the heterozygous diploid strain, we constructed prp16DAmP 

alleles in both wild-type and htz1∆ cells (as described in Breslow et al. 2008). Unexpectedly, 

neither the prp16DAmP nor prp22DAmP construct significantly altered PRP16 or PRP22 RNA levels 

(respectively) in wild-type or cells lacking H2A.Z (Figure 4.5 B). Additionally, while prp22DAmP 
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confers a slight growth defect that is exacerbated at lower temperatures (25°C), deletion of 

H2A.Z does not appear to affect growth of either prp16DAmP or prp22DAmP cells in rich media 

(Figure 4.5 C). Curiously, and despite no apparent change in PRP22 RNA expression, prp22DAmP 

cells are highly intolerant to defects in transcription elongation as they are incapable of growth in 

the presence of 6-azauracil (6AU) (Figure 4.5 D). Mutants with known defects in transcription 

elongation (such as DST1) are highly susceptible to 6AU (Mason and Struhl 2005), which 

inhibits inosine 5’ monophosphate (IMP) dehydrogenase leading to a decrease in the pool of 

available ribonucleotides (Archambault et al. 1992). This suggests that the DAmP allele may 

alter Prp22 expression at the protein level and provides further evidence for the kinetic 

coordination of splicing and transcription elongation.  

 

Deletion of transcription elongation factor Dst1 in cells lacking H2A.Z affects splicing by 

two distinct mechanisms. 

Dst1 (TFIIS) is a well characterized transcription elongation factor that prevents 

backtracking of stalled polymerase elongation complexes (Reviewed in Freedman et al. 2013). 

We previously found that, similar to H2A.Z, Dst1 is important for efficient rearrangements of the 

U2 snRNP and deletion of DST1 not only exacerbates growth defects, but can also further 

decrease splicing efficiency of non-consensus BP containing introns of CIN2 and SUS1 in cells 

lacking H2A.Z (Neves et al. 2017).  

In the absence of Dst1, RNAPII is less processive and polymerase pause sites shift, 

particularly during transcriptional stress (Mason and Struhl 2005; Churchman and Weissman 

2011). We therefore asked how deletion of Dst1 affects polymerase occupancy patterns in cells 

lacking H2A.Z. Satisfyingly, loss of Dst1 in htz1∆ cells further decreases Rpb3 occupancy on 
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our candidate genes ECM33 and PMA1 (Figure 4.6 A, B), suggesting that H2A.Z and Dst1 have 

overlapping, but not identical, roles in transcription elongation. Increased perturbation to 

transcription elongation kinetics by Dst1 deletion in htz1∆ cells may further disrupt spliceosome 

rearrangements and lead to decreased splicing.  

We next analyzed splicing genome-wide to determine to what extent Dst1 deletion 

enhances H2A.Z-mediated splice defects. We repeated our comparison of the splicing efficiency 

in wild-type and htz1∆ cells (Figure 4.6 C, left), and, as expected, deletion of H2A.Z decreases 

splicing of a subset of genes. In contrast, deletion of Dst1 has little to no affect on the majority of 

ICGs (Figure 4.6 C, middle), indicating that the affect of Dst1 alone on co-transcriptional 

splicing is more subtle than that of H2A.Z. There are notable exceptions, such as decreased 

splicing of NBL1 or increased splicing of MCO13 (Figure 4.6 C, middle: NBL1 in green, MCO13 

in blue), that suggest that splicing of these genes are particularly susceptible to Dst1 presence. 

Although we expected to largely find decreased splicing, we also observed subsets of genes in 

which splicing was increased by deletion of Dst1 in htz1∆ cells (Figure 4.6 C, right). 

Interestingly, splicing of ICGs with generally poor splicing (<40% in wild-type cells) is most 

improved by the deletion of Dst1 in htz1∆ cells (Figure 4.6 D).  

It has been shown that competition between RNAs for spliceosome components alters 

splicing efficiency. In S. cerevisiae, due to the large number of intron-containing ribosomal 

protein genes (RPGs), perturbations to RPG expression alters the availability of the spliceosome 

to non-RPG pre-mRNAs (Munding et al. 2013). Specifically, down-regulation of intron-

containing RPGs, which typically account for 90% of all spliced transcripts, leads to a global 

increase of non-RPG splicing, especially of poorly spliced genes such as intron-containing 

meiotic transcripts (Munding et al. 2013; Venkataramanan et al. 2017). We therefore considered 
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the possibility that splicing improvement due to DST1 deletion was due to altered RPG 

abundance. In fact, although deletion of HTZ1 or DST1 alone does not significantly alter RPG 

expression, there is a general decrease in RPG expression in dst1∆ htz1∆ double mutants (Figure 

4.6, E). While the general down-regulation is modest (1.3 fold decrease on average), past studies 

have shown that even small changes in RPG expression are enough to improve splicing globally 

(Munding et al. 2013).  Deletion of Dst1 may not only affect transcription elongation, but may 

also increase the available pool of spliceosomes, and therefore may alter splicing in two distinct 

and opposing ways in cells lacking H2A.Z. 

 

DISCUSSION 

While spatial and temporal coordination of the processes of RNA synthesis and RNA 

processing has been established (Reviewed in Herzel et al. 2017), the mechanisms by which such 

kinetic coordination occurs have not been well characterized. A growing body of recent evidence 

indicates that the local chromatin environment plays a role in establishing and maintaining 

coordination between transcription elongation and pre-mRNA splicing.  In particular, our past 

studies demonstrate that H2A.Z promotes transcription elongation and ensures optimal splicing, 

particularly of slowly spliced weak introns. Depletion of spliceosome disassembly machinery in 

cells lacking H2A.Z allows for more time for the completion of splicing catalysis and therefore 

can help restore appropriate splicing (Neves et al. 2017). In this chapter, we demonstrate that 

H2A.Z is important for splicing of weak splice sites at any position (5’ SS, BP, or 3’ SS) and 

likely influences spliceosome rearrangements that drive the transition to the catalytically 

competent B* complex. Disassembly of spliceosomes stalled prior to catalysis in htz1∆ cells 

likely takes place rapidly through very transient or weak association of Prp43. Additionally, 
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supporting the fine-tuned coordination of transcription and splicing, we show that changes in 

DEAH-box helicase genes that potential alter RNA stability render cells extremely sensitive to 

changes in transcription elongation. However, we find such coordination of the chromatin with 

transcription elongation and spliceosome machinery may be multivariable and perturbations to 

one process may have consequences that affect the overall balance in multiple ways.  

 

Does H2A.Z influence a specific step of splicing? 

Our mutational analysis of splicing of the ACT1-CUP1 reporter gene demonstrates that 

mutation of any splice site renders cells lacking H2A.Z unable to produce enough functional 

Cup1 to survive in the presence of copper (Figure 4.2). While these results suggest that weak 

splice sites alone can confer sensitivity to H2A.Z in an otherwise identical context, there are 

important caveats to this experiment that must be addressed. As growth is the readout, this assay 

only indirectly measures changes in splicing efficiency of the ACT1 intron. It will be interesting 

in the future to directly assay changes in splicing in htz1∆cup1∆ cells grown in copper-

containing using RT-PCR. Additionally, because the ACT1-CUP1 construct is introduced on a 

plasmid, rather than integrated at an endogenous promoter, it is difficult to assay for a direct role 

of a histone on ACT1 splicing with high confidence. It has been shown that plasmid DNA is 

packaged in to nucleosome-like structures (Mladenova et al. 2009), but it will be important to 

determine if, and where, H2A.Z occupies the ACT1-CUP1 plasmid.  

 Chromatin immunoprecipitation reveals that, similar to Snu114 (Neves et al. 2017), loss 

of H2A.Z leads to decreased association of the NineTeen Complex protein Prp19 with nascent 

RNA (Figure 4.3). In summary, we have found that U2 snRNP occupancy is prolonged and 

downstream U5 snRNP and NTC recruitment is greatly decreased, but U1 snRNP occupancy is 
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unchanged in the absence of H2A.Z (Neves et al. 2017). Together, these findings indicate that 

H2A.Z influences spliceosome rearrangements just downstream of U1 snRNP ejection as the 

NTC is recruited, potentially during conversion to the catalytically competent B* complex 

(Hoskins and Moore 2012). The DEAH-box helicase Prp2 mediates this transition by catalyzing 

ATP-dependent rearrangements that dissociate SF3 from the branch point to allow for the first 

step of splicing catalysis (Lardelli et al. 2010). Mutation of Prp2 blocks the first step of splicing 

by arresting SF3-containing spliceosomes, which are targeted for Prp43-mediated disassembly 

(Lardelli et al. 2010; Chen et al. 2013). Changes in association of SF3 factors, such as Hsh155 or 

Prp9, with nascent RNA in cells lacking H2A.Z, such as persistent enrichment as observed with 

Msl1, may indicate that H2A.Z is required for Prp2 functions.  

 

How does disassembly machinery respond to spliceosomes stalled in the absence of H2A.Z? 

Because Prp43 disassembles stalled spliceosomes, we expected to find increased Prp43 

enrichment on the nascent RNA of poorly spliced ICGs in cells lacking H2A.Z, but, surprisingly, 

no Prp43 enrichment could be observed across candidate genes (Figure 4.4). Prp43 normally 

disassembles the intron-lariat complex after catalysis is complete and the mature mRNA has 

been released (Arenas and Abelson 1997; Martin et al. 2002) and so it is possible that, under 

optimal splicing conditions, Prp43 acts upon the spliceosome post-transcriptionally. However, 

this is unlikely to be true in the case of spliceosomes stalled before either of the two catalytic 

steps. It has been shown that Prp43 helicase activity mediates disassembly through disruption of 

the U2 snRNP-intron interaction (Fourmann et al. 2016). Our previous studies show that, while 

the temporal association of the U2 snRNP factor Msl1 with nascent RNA is aberrantly extended 

in cells lacking H2A.Z, Msl1 enrichment decreases to wild-type levels near the end of our 
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candidate gene indicating that the U2 snRNP is removed from the RNA before transcription is 

complete (Neves et al. 2017). Therefore, during disassembly of stalled or suboptimal 

spliceosomes, disassembly machinery likely interacts with the spliceosome very transiently. 

Intriguingly, it was recently shown that Ntr2, the third protein component of NTR complex, is 

not strictly required for spliceosome disassembly but may have a role in discriminating between 

optimal and suboptimal/stalled spliceosomes (Fourmann et al. 2017). Increased occupancy of 

Ntr2, rather than Prp43 or Ntr1, may be more indicative of disassembly of stalled spliceosomes 

that occur in H2A.Z. Additionally, it will be of interest to determine if deletion or depletion of 

Ntr2 is sufficient to suppress H2A.Z mediated splicing defects. 

 

How does H2A.Z coordinate the kinetics of splicing catalysis and transcription elongation? 

DEAH-box helicases Prp16 and Prp22 have been proposed to act as ‘molecular clocks’ 

because they can recognize and reversibly reject suboptimal, slowly spliced substrates to either 

activate alternative splice sites or reject substrates to trigger spliceosome disassembly and 

subsequent degradation of unspliced transcripts (Mayas et al. 2006; Koodathingal et al. 2010; 

Koodathingal and Staley 2013b; Semlow et al. 2016). Interestingly, the presence of Prp16 or 

Prp22 prevents binding of the NTR complex and subsequent Prp43 recruitment (Chen et al. 

2013). The balance of Prp16 and Prp22 with Prp43 therefore helps determine the fate of the 

nascent mRNA. It was recently demonstrated that Prp16 overexpression suppresses defective 

splicing caused by H2A.Z deletion (Nissen et al. 2017), likely because, although Prp16 normally 

antagonizes stalled spliceosomes, excess Prp16 can protect nascent mRNA by outcompeting 

disassembly factors and promoting resampling of weak splice sites (Chen et al. 2013; Semlow et 

al. 2016). 
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We find that prp22DAmP cells are highly intolerant to treatment with 6-azauracil (Figure 

4.5), which inhibits inosine 5’ monophosphate (IMP) dehydrogenase leading to a decrease in the 

pool of available ribonucleotides (Archambault et al. 1992). As mutants with known defects in 

transcription elongation (such as DST1) are highly susceptible to 6AU (Mason and Struhl 2005), 

6AU treatment likely inhibits or slows elongation. Because PRP22 RNA abundance is 

unchanged in prp22DAmP cells, the DAmP allele may alter Prp22 expression at the protein level. 

The 3’UTR has long been known to have an important role in translational regulation (Day and 

Tuite 1998) and, because the prp22DAmP allele confers a clear growth disadvantage, is likely that 

DAmP allele to changes in Prp22 protein expression. Therefore, in order to determine the nature 

of the relationship between defects in transcription elongation and changes in Prp22 abundance, 

it will be important to determine the protein expression of Prp22 using a specific antibody. 

Alternatively, a ‘degron’ allele, in which the DAmP allele has been combined with a short C-

terminally fused degradation tag, could be used (Breslow et al. 2008). Not only can protein 

produced from a PRP22 degron allele be visualized and quantified, but also this tag is reported to 

target the protein for proteasomal degradation, thus producing a stronger hypomorphic allele 

(Breslow et al. 2008).  

Our data supports a model by which H2A.Z coordinates the kinetics of transcription 

elongation and spliceosome rearrangements (Figure 4.1). We therefore expected that perturbation 

to transcription elongation machinery would exacerbate splicing defects in htz1∆ cells. 

Surprisingly, although loss of Dst1 further decreased RNAPII occupancy in htz1∆ cells, we find 

that DST1 deletion can both exacerbate and suppress of H2A.Z-mediated splicing defects (Figure 

4.6). Interestingly, loss of both Dst1 and H2A.Z leads to a general down-regulation of intron-

containing ribosomal protein genes, which typically account for the vast majority of all 
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transcripts engaged by the spliceosome (Munding et al. 2013). Therefore, loss of both H2A.Z 

and Dst1 may affect splicing outcomes in at least two opposing ways. Loss of Dst1 exacerbates 

transcription elongation defects in htz1∆ cells, which can perturb downstream spliceosome 

rearrangements and further decrease splicing efficiency of a number of H2A.Z-sensitive ICGs. 

However, through an as-yet unknown mechanism, deletion of both DST1 and HTZ1 causes 

generally decreased expression of intron-containing RPGs, which relieves competition for the 

limited spliceosome and improves splicing of normally poorly spliced genes (Munding et al. 

2013).  

Because decreases in global RPG levels may lead to increased splicing efficiency, it will 

be necessary to uncouple effects of spliceosome availability and transcription elongation on 

splicing outcomes to determine to what extent deletion of DST1 in cells lacking H2A.Z 

exacerbates splicing defects through transcriptional defects. As increased spliceosome 

availability due to decreased RPG expression may enhance splicing of non-RPGs and mask 

splicing defects due to transcriptional changes in dst1∆ htz1∆, restoring competition for 

spliceosomes in these cells may reveal splicing defects due to exacerbated transcription 

elongation defects. Decreased expression of splicing factors (as through the DAmP method 

described previously) will limit spliceosome availability and likely lead to strong splicing defects 

in cells lacking both H2A.Z and Dst1. Due to the compounded transcription elongation defects 

we observed in dst1∆ htz1∆ cells (Figure 4.6 A,B), we expect to observe more unspliced pre-

mRNA in double mutants expressing DAmP alleles than in either of the single mutants (htz1∆ or 

dst1∆) alone. Due to the multivariate coordination of the chromatin with transcription elongation 

and spliceosome machinery, in which perturbations to one process may have multiple and 
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opposing consequences, more work is necessary to elucidate the mechanisms by which the 

chromatin influences and maintains the kinetic balance of transcription and splicing. 
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MATERIALS AND METHODS 
 
Yeast strains, media, and plasmids: All S. cerevisiae strains used in this study are listed in 

Table 4.1. Strains described in Table 4.1 are in the BY4743 strain background with the exception 

of Prp19-HA, provided by Karla Neugebauer, and cup1∆ strains, provided by Christine Guthrie. 

All strains were propagated according to standard procedures in either YPD (1% yeast extract, 

2% peptone, 2% dextrose) or appropriate selective media. Deletion of HTZ1 in cup1∆ strains was 

as described in (Neves et al. 2017). The prp16DAmP strains were constructed as described in 

(Breslow et al. 2008).  

TABLE 4.1: Yeast strains used in this chapter 
 
Name  Parent Relevant Phenotype Reference 
TJY1977 BY 4743 leu2∆0 ura3∆0 Open Biosystems 
TJY1900 BY 4743 htz1∆::kanMX4 Open Biosystems 
TJY7101 BY4743 leu2∆0 ura3∆0 kanMX4 This study 
TJY6906 BY 4741 htz1∆::natMX4 This study 
TJY6907 BY 4742 htz1∆::natMX4 This study 
TJY7193 LG1/BY 

4742 
PRP19-HA3::TRP1 This study 

TJY7194 LG1/BY 
4742 

PRP19-HA3::TRP1 htz1∆::natMX4 
htz1∆::kanMX4 

This study 

TJY7084 BY 4743 PRP43-HA3::HIS3 Calvin Leung 
TJY7085 BY 4743 PRP43-HA3::HIS3 htz1∆::natMX4  This study 
TJY7173 BY 4743 NTR1-MYC::kanMX3 Calvin Leung 
TJY7174 BY 4743 NTR1-MYC::kanMX3 htz1∆::natMX4  This study 
TJY3983 YTV311 cup1∆::URA3-52 Christine Guthrie 
TJY6824 YTV311 cup1∆::URA3-52 htz1∆::kanMX4 This study 
TJY1271 BY 4341 dst1∆::kanMX4 Open Biosystems 
TJY7093 BY 4743 dst1∆::kanMX4 htz1∆::natMX4 This study 
TJY7175 BY 4741 prp22DAmP::kanMX4 Open Biosystems 
TJY7176 BY 4743 prp22DAmP::kanMX4 htz1∆::natMX4 This study 
TJY7196 BY 4741 prp16DAmP::kanMX4 This study 
TJY7178 BY 4741 prp16DAmP::kanMX4 htz1∆::natMX4 This study 
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Viability assay/dilution series: For growth analysis of cup1∆ strains containing a centromeric 

ACT1-CUP1 (URA3) plasmid, strains were grown overnight in SC-LEU liquid media at 30°C. 

Cells were diluted to an OD600 of .1 in 5 ml of SC-LEU media and incubated at 30°C until all 

strains reached early-log phase. A ten-fold serial dilution of each strain was spotted on to SC-

LEU plates with indicated CuSO4 concentrations and incubated 30°C for 3 days. ACT1-CUP1 

plasmids are as described in (Lesser and Guthrie 1993). 

For growth analysis of DAmP mutants: strains were grown overnight in YPD+G418 

liquid media at 30°C. Cells were diluted to an OD600 of .1 in 5 ml of YPD+G418 and incubated 

at 30°C until all strains reached early-log phase. A ten-fold serial dilution of each strain was 

spotted on to YPD, CSM or selective plates (+/- 6 azauracil) and incubated for 2 to 3 days at 

30°C unless otherwise noted.  

 

Chromatin immunoprecipitation (ChIP) and qPCR:  Cells were grown in YPD to an OD600 

between 0.5-0.7 and then crosslinked at room temperature for 15 minutes with formaldehyde to a 

final concentration of 1%. Crosslinking was quenched at room temperature for 5 minutes with 

glycine to a final concentration of 125mM. Cells were disrupted with glass beads (0.5mm) for 40 

minutes at 4°C. Lysates were sonicated for a total of 2:30 minutes at 15% intensity (10 seconds 

on, 15 seconds off and on ice). After sonication, lysates were cleared by centrifugation. For 

Prp19 and Prp43, samples were then used for immunoprecipitation with anti-HA Y11 (Santa 

Cruz). For Ntr1, samples were used for immunoprecipitation with anti-Myc 9E10 (Roche). After 

immunoprecipitation, samples were washed and incubated overnight at 65°C to reverse 

crosslinking. All samples were incubated with Proteinase K (Sigma) and RNAse A (Ambion), 

followed by purification using a PCR product purification kit (Qiagen).  
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DNA samples were then analyzed by real-time PCR. Input DNA was diluted 1:10 and 1 

µl of this was used in a 10 ul reaction volume. For ChIP DNA, samples were diluted 1:2 and 1 µl 

of this was used in a 20 µl or 10ul reaction volume.  Reactions consisted of 1x Perfecta SYBR 

GREEN Master Mix (Quanta Biosciences) and .5 µl primers. Real-time PCR was performed 

using a CFX96 Touch System (BioRad).  All samples were run in technical duplicate for each 

independent experiment. Primers used are as described in (Neves et al. 2017). 

For quantification, standard curves were generated for each primer set, and DNA 

concentration for each INPUT and ChIP sample was calculated. ChIP values were divided by the 

INPUT, and these values were divided by the non-transcribed control and expressed as fold 

accumulation over the non-transcribed control. Reported values are averages of three or more 

independent experiments and error bars represent the standard error of the mean. 

 

Whole cell extract and immunoblot: Cells were grown in YPD media to an OD600  between 

0.5-0.7 and lysed using FA-1 Lysis buffer (50mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM 

EDTA pH 8.0, 1% Triton-X, .1% Deoxycholate, plus protease inhibitors) and .3 mm glass beads 

with 5 minutes of vortexing at 4°C. The supernatant was cleared by centrifugation and total 

protein was resolved by a 15% SDS-PAGE and transferred to a PVDF membrane for 

immunoblotting with a 1:4000 dilution of anti-PGK (Molecular Probes) and a 1:10,000 dilution 

of anti-HA 12CA5 (Roche). Signal was detected using Pierce ECL Western Blotting Solution 

(ThermoScientific). 

 

RT-qPCR analysis and quantification: For quantification of PRP16 and PRP22 cells were 

grown in YPD+G418 media to an OD600 between 0.4 and 0.7. Total RNA was isolated from 
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10 ml of cells using a hot-phenol extraction method and dissolved in 100 µl water. 15 ug of RNA 

was DNAse treated (Roche) and treated RNA concentration was measured by 

spectrophotometer. 2-4 ug of RNA was used to make cDNA using the MaximaTM First Strand 

cDNA Synthesis Kit (Fermentas). qRT-PCR was done in a 10 µl reaction volume with gene 

specific primers using 1 µl of cDNA diluted 1:20 using Perfecta Sybr Green Fastmix (Quanta 

Biosciences) and a CFX96 Touch System (BioRad).  All samples were analyzed in triplicate for 

each independent experiment. qRT-PCR was also performed for the scR1 RNA from each cDNA 

sample. Gene expression analysis was done by 2-∆Ct methods using scR1 cytoplasmic RNA as 

reference. Primers for each gene assayed are listed in Table 4.2. Fold-expression of mRNA was 

measured compared to WT by 2-∆∆Ct methods (Livak and Schmittgen 2001) 

TABLE 4.2: qPCR primers  
 
PRP16 qPCR F ACTAACGCCTGGGTTGCTTT 
PRP16 qPCR R TCGGATTGTTGCTGCTGAGT 
PRP22 qPCR F AAGGCGTGCTTTGACTTCAC 
PRP22 qPCR R ACTGCCGTCATCTCTTTTCG 
sCR1 F TTTCTGGTGGGATGGGATAC 
sCR1 R TTTACGACGGAGGAAAGACG 

 

RNA-seq library preparation, alignment and splicing efficiency calculation: RNA-seq 

libraries for WT, htz1∆, dst1∆, and dst1∆htz1∆ strains were constructed in conjunction with 

prp43DAmP strain libraries described in (Neves et al. 2017). Library preparation, sequence 

alignment and splicing efficiency calculation were performed as described in (Neves et al. 2017). 

 

RNA-seq minimum-read filters: The minimum-read threshold for RNA-seq analysis for Figure 

4.4 was defined as a 10 raw counts of spliced reads in at least one sample. Due to the high 
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number of unusual isoforms, YKL186C was omitted for this study. Number of genes that passed 

threshold: RPG n = 92, non-RPG n = 159. RPKM values are unfiltered. 
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 Figure 4.1 

 
 
Figure 4.1 Model of H2A.Z coordination of transcription elongation and splicing  

A. Transcription and splicing are kinetically coupled via a ‘Goldilocks’ model; an optimal 

elongation rate is required for efficient splicing. Adapted from (Fong et al. 2014)  

B. H2A.Z promotes kinetic coordination between transcription elongation and splicing. 

H2A.Z-nucleosomes are more readily evicted by RNAPII than canonical H2A-

nucleosomes and loss of H2A.Z results in elongation defects that alter spliceosome 

rearrangements. In the absence of H2A.Z, the DEAH-box helicase Prp43 recognizes and 

disassembles stalled spliceosomes before splicing is complete. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Optimal RNAPII elongation Fast RNAPII or pause-skipping  Slow or stalled RNAPII 
RNAPII 

RNAPII 

Spliceosome 

+H2A.Z -H2A.Z 

H2A.Z 

Prp43 

A 

B



	

	
	

110	

Figure 4.2 

 
Figure 4.2 Introns containing mutated splice sites are sensitive to H2A.Z presence  

A. Schematic of ACT1-CUP1 hybrid construct. Splice site mutations indicated in red. 

Adapted from (Lesser and Guthrie 1993)  

B. Serial dilution assay of cup1∆ and htz1∆ cup1∆ mutants. Cells were transformed with 

empty pRS315 LEU plasmid or pRS315 containing the ACT1-CUP1 construct with 

consensus or mutated splice sites (as indicated). Cells were grown at 30°C in CSM-LEU 

selective liquid media until desired OD600 was obtained. Cells were spotted as a ten-fold 

dilution onto CSM-LEU plates containing increasing concentrations of CuSO4 and 

incubated at 30°C for three days. 
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Figure 4.3 

 
 
Figure 4.3 Co-transcriptional NineTeen Complex recruitment is decreased in the absence 

of H2A.Z Introns containing mutated splice sites are sensitive to H2A.Z presence  

A. Schematic of intron-containing genes, YCL002C, ECM33, and RPL13A. Underlined 

numbers represent amplicons generated by each primer set used in this experiment. 

B. Occupancy of Prp19 at each region of YCL002C (left), ECM33 (middle), or RPL13A 

(right) relative to the non-transcribed region in WT or htz1∆. Graphs represent the 

average of three independent experiments and error bars represent the standard error of 

the means. P-values for each primer set determined by students t-test. Significant values 

indicated. *: p-value < .01 **: p-value < .001. ***: p-value < .0001. 

C. Protein immunoblot of Prp19-HA strains used for ChIP assay. WT and htz1∆ whole cell 

extracts probed with anti-HA 12CA5 (top), and anti-PGK1 as a loading control (bottom) 
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Figure 4.4 

 
 
Figure 4.4 Enrichment of disassembly factor Prp43 or cofactor Ntr1 at candidate genes 

could not be determined using chromatin immunoprecipitation  

A. Schematic of intron-containing genes, YCL002C, and ECM33. Underlined numbers 

represent amplicons generated by each primer set used in this experiment. 

B. Occupancy of Prp43 at each region of YCL002C (left), or ECM33 (right) relative to the 

non-transcribed region in WT or htz1∆.  

C. Occupancy of Ntr1 at each region of YCL002C (left), or ECM33 (right) relative to the 

non-transcribed region in WT or htz1∆.   

Graphs represent the average of three independent experiments and error bars represent 

the standard error of the means.  
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Figure 4.5 

 

Figure 4.5 DAmP alleles do not alter PRP16 or PRP22 RNA levels but prp22DAmP renders 

cells highly susceptible to transcription defects 

A. RT-qPCR analysis of levels of RNA in diploid WT and heterozygous diploid prp16DAmP, 

normalized to sCR1, an RNAPIII transcript. Graphs represent average of three 

independent experiments and error bars represent the SD. 

B. RT-qPCR analysis of levels of RNA in WT and prp16DAmP (right) or prp22DAmP (left) 

cells ± HTZ1, normalized to sCR1, an RNAPIII transcript. Graphs represent average of 

three independent experiments and error bars represent the SD. 

C. Serial dilution assay of prp16DAmP htz1∆ and prp22DAmP htz1∆ mutants. Cells were grown 

at 30°C in YPD+G418 liquid media until desired OD600 was obtained. Cells were spotted 
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as a ten-fold dilution onto YPD+G418 plates and incubated at 25°C, 30°C, or 37°C for 

two days. 

D. Serial dilution assay of prp16DAmP htz1∆ and prp22DAmP htz1∆ mutants under 

transcriptional stress. Cells were grown at 30°C in YPD+G418 liquid media until desired 

OD600 was obtained. Cells were spotted as a ten-fold dilution onto CSM-URA plates with 

or without 6-azauracil (6AU) and incubated at 30°C for two to three days. 
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Figure 4.6 

 

Figure 4.6 Deletion of DST1 can both exacerbate and indirectly suppress H2A.Z-mediated 

splicing defects 

A. Schematic of intron-containing genes, ECM33, and PMA1. Underlined numbers represent 

amplicons generated by each primer set used in this experiment. 

B. Occupancy of Rpb3 at each region of ECM33 (left), or PMA1 (right) relative to the non-

transcribed region in WT, htz1∆, or dst1∆ htz1∆. 
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C. Distribution in splicing efficiencies of all intron-containing genes upon deletion of HTZ1 

in WT cells (left), deletion of DST1 in WT cells (middle), or deletion of DST1 in htz1∆ 

cells (right), represented as an X-Y plot.  

D. Distribution of changes in splicing efficiency upon deletion of DST1 in htz1∆ cells 

compared to binned WT percent splicing efficiency (spliced mRNA over spliced plus 

unspliced RNA). 

E. Log-2 fold change in RPKM for all genes, and intron-containing RPGs deletion of HTZ1 

in WT cells (left), deletion of DST1 in WT cells (middle), or deletion of DST1 in htz1∆ 

cells (right). Deletion of DST1 in htz1∆ cells leads to an average of 1.3 fold decrease for 

intron-containing RPGs. 
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CHAPTER 5 

 

 

 

 

Swr1 presence impedes appropriate alkaline stress response 

pathways in the absence of H2A.Z. 
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INTRODUCTION 

Organisms in their natural environment are continuously exposed to changing conditions, 

including, but certainly not limited to, fluctuations in temperature, salt concentration, pH, 

nutrient availability, toxic substances. In order to survive and grow, cells must be capable of 

responding and adapting to such stresses. While cells within multicellular organisms are often 

able to avoid the effects of a suboptimal environment due to their location or interdependence 

among specialized cells, unicellular organisms must possess multiple signaling mechanisms to 

respond to changing conditions. Perhaps the most well studied example is that of the budding 

yeast Saccharomyces cerivisiae, which is capable of growing under a broad range of conditions. 

In these organisms, remodeling of gene expression pathways underlies all responses to 

environmental change (Causton et al. 2001). Often diverse signaling pathways and gene 

expression patterns are coordinated into an integrated stress response. This can clearly be 

observed in the alkaline pH stress response in yeast (Reviewed in Serra-Cardona et al. 2015). A 

major component of the yeast alkaline stress response is the conserved Rim101 pathway, named 

for the Rim101 Cys2His2 zinc-finger transcriptional repressor. Under alkaline conditions, 

Rim101 is activated and regulates expression of a set of target response genes including several 

encoding ion pumps (Lamb et al. 2001). However, the alkaline stress response involves not only 

the Rim101 pathway, but also a number of additional gene expression pathways that regulate 

nutrient homeostasis including Snf1-regulated carbon metabolism, copper and iron uptake, and 

phosphate-starvation response pathways (Reviewed in Serra-Cardona et al. 2015) (Figure 5.1).  

Because regulation of transcription is influenced by the structure of chromatin, the 

chromatin environment plays an important role in regulated gene expression patterns in response 

and adaptation to stress. Chromatin consists of an array of nucleosomes made up of DNA 
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wrapped around two copies each of the four core histone proteins, H2A, H2B, H3, and H4. The 

N-terminal tails of these histones can be dynamically modified in response to environmental cues 

and frequently reflect changes in gene expression patterns. For example, approximately 60% of 

all nucleosomes undergo at least one histone modification change upon diamide stress (Weiner et 

al. 2015), which is known to induce rapid and massive transcriptional reprogramming of stress-

response pathways in yeast (Gasch et al. 2000). Importantly, the timing and location of these 

modifications correlates strongly with induced transcriptional changes (Weiner et al. 2015). 

H2A.Z, an H2A variant encoded by HTZ1 in S. cerevisiae, has been shown to have 

important roles in the regulation of transcription initiation and elongation, as well as co-

transcriptional splicing (Malagon et al. 2004; Zhang et al. 2005; Santisteban et al. 2011; Weber 

et al. 2014; Subramanian et al. 2015; Rudnizky et al. 2016; Neves et al. 2017; Nissen et al. 

2017). However, the biological relevance of the role of H2A.Z in these processes has not been 

fully characterized. In most metazoans, including Xenopus, Drosophila, and mice, H2A.Z is 

essential and may have roles in cell differentiation and cancer progression (Marques et al. 2010; 

Domaschenz et al. 2017; Punzeler et al. 2017). Particularly in plants, H2A.Z is required for 

regulation of stress response pathways (Coleman-Derr and Zilberman 2012; Sura et al. 2017) 

and, in yeast, while non-essential under optimal conditions, H2A.Z loss renders cells highly 

sensitive to a number of stressors including genotoxic substances, temperature changes, and 

increased pH (Serrano et al. 2004; Sinha et al. 2008; Neves et al. 2017). In both yeast and plant 

cells, H2A.Z has also been shown to be important for growth in phosphate-limiting conditions 

(Smith et al. 2010; Rosonina et al. 2014). Specifically in yeast, loss of H2A.Z causes slow 

growth in low-phosphate media, likely due to decreased expression of a phosphate starvation 

response gene (Rosonina et al. 2014). 
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However, the manner by which pathways and mechanisms influenced by the histone 

variant underlie the biological functions of H2A.Z remain poorly understood. Sensitivity to DNA 

damaging reagents in the absence of H2A.Z suggests that H2A.Z is involved in genome stability. 

Indeed, H2A.Z is a structural component of centromeres (Greaves et al. 2007), is required for 

proper chromosome segregation (Krogan et al. 2004), and is transiently recruited to double-

stranded breaks (DSBs) (Kalocsay et al. 2009), although its precise role in DNA damage repair 

are unclear (Gursoy-Yuzugullu et al. 2016). In addition to potential roles in maintaining DNA 

stability, recent studies in plant cells indicate that H2A.Z is enriched in and important for 

transcriptional regulation of stress response genes (March-Diaz et al. 2008; Hu et al. 2011; 

Coleman-Derr and Zilberman 2012).  

Unlike canonical histones, H2A.Z may be inserted into chromatin at any point throughout 

the cell cycle (Zlatanova and Thakar 2008). The SWR-C remodeling complex is a multisubunit 

complex that catalyzes displacement of H2A/H2B dimers in exchange for H2A.Z/H2B dimers 

(Krogan et al. 2003; Kobor et al. 2004; Mizuguchi et al. 2004). SWR-C is composed of the 

catalytic core protein Swr1 as well as 12 additional subunits, including Swc2, which is 

responsible for targeting SWR-C to the chromatin (Mizuguchi et al. 2004; Morillo-Huesca et al. 

2010). Intriguingly, deletion of SWR1 suppresses growth defects of htz1∆ cells in a variety of 

stress conditions, particularly in the presence DNA-damaging reagents (Collins et al. 2007; 

Halley et al. 2010; Morillo-Huesca et al. 2010). Indeed, in the absence of H2A.Z, the SWR-C 

complex remains intact and is recruited to DSBs, where it is proposed to interfere with DNA 

damage checkpoint activity (Morillo-Huesca et al. 2010). Notably, deletion of SWC2 also 

suppresses sensitivity of htz1∆ cells to DNA-damaging reagents (Halley et al. 2010; Morillo-

Huesca et al. 2010), suggesting a model by which continued SWR-C chromatin binding and 
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histone-replacement activity transiently destabilize nucleosomes when H2A.Z is not present and 

cannot be inserted in to the chromatin. This Swr1 activity and subsequent chromatin instability 

may also lead to transcriptional misregulation (Halley et al. 2010; Morillo-Huesca et al. 2010).  

Here we show that the loss of H2A.Z renders cells sensitive to alkaline pH conditions, 

likely due to numerous changes in gene expression, particularly of those genes involved in the 

phosphate-starvation response pathway. Increased expression of genes involved in copper and 

iron uptake, as well as potential changes in copper utilization, may reflect compensatory 

activation of alternative alkaline stress response pathways. Finally we show that transcription 

misregulation and alkaline sensitivity are likely not due to loss of H2A.Z per se, but rather due to 

continued Swr1 activity in the absence of H2A.Z. When H2A.Z is lost, the presence of Swr1 

leads to aberrant RNA polymerase II (RNAPII) phosphorylation and decreased expression of 

phosphate-starvation response genes.  

 

RESULTS 

H2A.Z affects expression of stress response genes. 

H2A.Z is involved in transcriptional regulation and gene expression (Santisteban et al. 

2000; Zhang et al. 2005; Morillo-Huesca et al. 2010) and, particularly in plants, has been shown 

to affect the expression of stress-response genes (Coleman-Derr and Zilberman 2012; Sura et al. 

2017).  In order to determine whether H2A.Z affects the expression of distinct classes of genes, 

we re-analyzed our previous RNA-sequencing data to determine genome-wide expression 

changes upon deletion of HTZ1 (Neves et al. 2017). We compared differential expression of all 

genes between wild-type (n=3) and htz1∆  (n=2) cells (Figure 5.2 A). Because differences in 

biological replicate number lower the statistical significance of differential expression algorithm 
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outputs, we widened our downstream analyses to include genes whose expression is statistically 

significantly altered as determined by both an adjusted p-value <.05 and an un-adjusted p-value 

<.01 (Figure 5.2 A).  

Of the significantly altered genes whose expression is increased upon loss of H2A.Z, the 

largest classes are cell wall stress responsive genes (p = .003) (Boorsma et al. 2004) and 

copper/iron uptake genes  (GO Terms: Copper ion transport, iron ion homeostasis) (Figure 5.2 

B).  The regulation of copper and iron uptake genes has been linked not only to low cation 

starvation but also to respiratory conditions and alkaline stress (Serrano et al. 2004; Arredondo 

and Nunez 2005; Serra-Cardona et al. 2015). Consistent with findings in Arabidopsis (Smith et 

al. 2010), down-regulated genes are enriched for genes involved in the phosphate starvation 

response (p = 8.734*10-12) (Vardi et al. 2014), as well as genes encoding vacuolar proteins (GO 

Term: Vacuole, p = .018) (Figure 5.2 B). As the yeast vacuolar compartment stores a large 

polyphosphate pool, the vacuole is important for intracellular phosphate homeostasis (Shirahama 

et al. 1996). Similar to the copper and iron uptake pathway, dynamic regulation of phosphate 

uptake is also involved in alkaline stress responses (Reviewed in Serra-Cardona et al. 2015).    

 

H2A.Z is normally enriched only in genes down-regulated in the absence of H2A.Z. 

H2A.Z is enriched around the transcription start site (TSS) of the majority of yeast genes, 

typically in the +1 and -1 nucleosome flanking the nucleosome free region (Ranjan et al. 2013; 

Gu et al. 2015). Using previously published ChIP-seq data, we confirmed that H2A.Z occupies 

the nucleosomes near the 5’ end of the majority of genes whose expression decreases in htz1∆ 

cells (Figures 5.3 A and C). Strikingly, the population of genes whose expression increases upon 
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H2A.Z loss appears to be largely deplete of H2A.Z and enrichment around the ATG start site is 

far lower than that of down-regulated genes (Figures 5.3 B and C). 

A number of studies find that highly transcribed ribosomal protein genes (RPGs) are 

deplete of H2A.Z-containing nucleosomes in yeast (Raisner et al. 2005; Zhang et al. 2005; 

Ranjan et al. 2013; Gu et al. 2015). As depletion of RNAPII components leads to H2A.Z 

accumulation in RPGs, low ChIP-seq enrichment signal is likely due to an inability to capture 

H2A.Z occupancy as it is rapidly turned over during transcription (Tramantano et al. 2016). 

However, the average wild-type expression of genes whose expression increases in htz1∆ cells is 

similar to average genome-wide expression (Average RPKM: up-regulated genes = 132, all 

genes = 149). Therefore, high levels of transcription cannot account for low H2A.Z occupancy in 

these genes. It is possible that up-regulation of these genes is not directly due to loss of H2A.Z at 

the gene locus, but rather, may secondary effects downstream of immediate expression changes 

in htz1∆ cells. 

 

Copper uptake and/or utilization may be altered upon loss of H2A.Z. 

Due to its ability to donate and accept electrons, copper is an important nutrient and an 

essential ion in the mitochondrial electron transport chain. While cells are unable to respire in the 

absence of copper, copper is also toxic because its electron transfer properties can lead to ROS 

generation (Reviewed in De Freitas et al. 2003). We therefore suspected that up-regulation of 

copper uptake genes, which potentially increases intracellular copper levels, in htz1∆ cells would 

lead to decreased tolerance to increasing levels of environmental copper.  Surprisingly, loss of 

H2A.Z does not affect cell viability in the presence of copper (Figure 5.4 A). Yeast produce 

several metallothionein proteins capable of binding heavy metals including Cup1, which plays a 
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dominant role in copper detoxification (Fogel and Welch 1982; Fogel et al. 1988). Therefore, we 

considered the possibility that potent Cup1 activity could mask copper sensitivity of cells lacking 

H2A.Z. However, similar to wild-type cells, HTZ1 deletion in cup1∆ cells does not increase 

copper sensitivity (Figure 5.4 A).  

In the presence of copper sulfate, yeast typically produce rust-colored colonies which, 

while the mechanism is unclear, is thought to be due precipitation of hydrogen sulfide and 

copper ions at the cell surface (Fay et al. 2004). Interestingly, although we observe no change in 

copper sensitivity, loss of H2A.Z suppresses production of rust colored colonies, indicating that 

H2A.Z may affect copper uptake/utilization and/or hydrogen sulfide production (Figure 5.4 B). 

 Because copper import is absolutely required for respiration and mutations to 

mitochondrial genes have been found to suppress rust coloration (Kim et al. 2009; Schlecht et al. 

2014), we next asked if loss of H2A.Z affected cell viability on a non-fermentable carbon source. 

Although deletion of HTZ1 alone does not affect growth on glycerol-containing media, loss of 

both H2A.Z and Cup1 renders cells incapable of respiratory growth (Figure 5.4 C). Therefore 

H2A.Z may affect the balance between copper utility and toxicity. 

 

H2A.Z and Prp43 interactions affect alkaline stress resistance in unexpected ways.  

 Yeast are capable of living in a relatively wide range of environment pH conditions and 

adaptation to alkaline conditions requires coordination of a variety of gene expression pathways 

including, but not limited to, cell wall remodeling, phosphate starvation response, and copper 

and iron uptake (Reviewed in Serra-Cardona et al. 2015). Because H2A.Z affects the expression 

of a number of genes involved in increased pH stress responses, it is likely that HTZ1 deletion 

alters the cell’s ability to adapt to alkaline conditions. Indeed, consistent with previous reports, 
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while WT cells are capable of growing in a wide pH range, cells lacking H2A.Z grow very 

poorly in alkaline media (Figure 5.5 A) (Serrano et al. 2004). This phenotype may reflect an 

inability to appropriately express phosphate starvation response genes that are normally up-

regulated under alkaline stress (Figures 5.2 B) (Serrano et al. 2004).  Intriguingly, decreased 

expression of the spliceosome disassembly factor Prp43 causes strong sensitivity to both acidic 

and alkaline growth conditions (Figure 5.5 A). Because Prp43 has multiple cellular roles 

including splicesome disassembly and ribosome biogenesis, the underlying mechanisms driving 

sensitivity to non-optimal pH conditions is still unclear. Consistent with past genetic studies 

(Neves et al. 2017), deletion of HTZ1 only suppresses sensitivity to both high and low pH 

conditions (Figure 5.5 A).  

Pho5 is a secreted acid phosphatase that is highly expressed under low-phosphate 

conditions (Oshima 1997), as well as in response to elevated pH conditions (Casado et al. 2011; 

Casamayor et al. 2012). Because PHO5 expression is highly correlated to intracellular ortho- and 

polyphosphate levels, it is frequently used as a readout for the phosphate starvation response 

pathway (Auesukaree et al. 2004; Thomas and O'Shea 2005; Rosonina et al. 2014; Desfougeres 

et al. 2016). Similar to htz1∆ cells, expression of PHO5 RNA is reduced by more than 2-fold in 

prp43DAmP cells, but, consistent with genetic interactions, PHO5 expression is restored to wild-

type levels in the prp43DAmP htz1∆  (Figure 5.5 B). 

PHO85 is an intron-containing gene that codes for cyclin-dependent kinase that 

negatively regulates phosphate-starvation genes under high phosphate conditions (O'Neill et al. 

1996). However, counter-intuitively, mutations to PHO85 confer alkaline sensitivity, suggesting 

that Pho85 affects pH stress response pathways in diverse ways (Serrano et al. 2004; Arino 

2010). We have previously shown that down-regulation of Prp43 can suppress splicing defects in 
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cells lacking H2A.Z (Neves et al. 2017), and so we considered the possibility that changes in 

PHO5 expression, and subsequent alkaline sensitivity, in prp43DAmP and htz1∆ cells is due to 

changes in PHO85 splicing. Consistent with previous findings (Neves et al. 2017), deletion of 

HTZ1 leads to increased PHO85 pre-mRNA, and Prp43 depletion partially restores this defect 

(Figure 5.5 C). However, the level of PHO85 pre-mRNA in prp43DAmP cells does not differ 

significantly from wild-type levels (Figure 5.5 C) and so the way in which Prp43 down-

regulation affects PHO5 expression remains unclear. Together these data suggest that H2A.Z and 

Prp43 interactions are important for adaptation to alkaline conditions and, while defects in 

PHO85 splicing may be partially responsible, they cannot fully explain the alkaline sensitivity of 

H2A.Z and Prp43 mutants.  

 

Alkaline stress sensitivity and inhibition of phosphate gene expression is due to the 

presence of Swr1 in the absence of H2A.Z. 

Swr1, a Swi2/Snf2-related ATPase, catalyzes the deposition of H2A.Z into the chromatin 

in place of H2A (Krogan et al. 2003; Kobor et al. 2004; Mizuguchi et al. 2004). Loss of Swr1, 

which catalyzes the deposition of H2A.Z into the chromatin, leads to a global decrease in H2A.Z 

occupancy, particularly at promoters, and affects splicing outcomes similarly to loss of H2A.Z 

(Mizuguchi et al. 2004; Zhang et al. 2005; Sadeghi et al. 2011).  We therefore asked if Swr1 

affects cell viability in alkaline conditions similarly to H2A.Z. Surprisingly, deletion of SWR1 

not only had no affect on growth on high pH media, but also suppressed alkaline sensitivity of 

htz1∆ cells (Figure 5.6 A).  

Differences in alkaline sensitivity could be, at least in part, explained by differences in 

the expression of phosphate starvation genes (Serra-Cardona et al. 2015). Consistent with growth 
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analysis results, past RNA-sequencing (Neves et al. 2017) reveals that, in contrast to deletion of 

HTZ1, SWR1 deletion does not significantly alter expression of phosphate starvation genes, high-

affinity phosphate transporters, or vacuolar polyphosphate transporters (Figure 5.6 B). In fact, 

deletion of SWR1 in a wild-type background not only results in increased PHO5 expression, but 

also restores PHO5 expression in htz1∆ cells to above wild-type levels (Figure 5.6 C). Therefore, 

decreased phosphate-starvation gene abundance may not be due to H2A.Z loss itself, but rather, 

is likely due to Swr1 activity interference with appropriate phosphate gene expression.    

 

Deletion of SWR1 restores appropriate polymerase phosphorylation in htz1∆ cells. 

We, and others, have shown that H2A.Z has roles in regulation of both transcription 

initiation and elongation (Santisteban et al. 2000; Zhang et al. 2005; Wan et al. 2009; Santisteban 

et al. 2011; Li et al. 2012; Weber et al. 2014; Subramanian et al. 2015; Rudnizky et al. 2016; 

Neves et al. 2017). RNAPII contains a unique C-terminal domain (CTD) consisting of sequence 

repeats that are phosphorylated in a predictable manner during transcription elongation. 

Typically the polymerase is hypo-phosphorylated at the promoter and, upon initiation, becomes 

phosphorylated at serine 5 (Ser5-P). Ser5-P declines near the 3’ end of the transcript in favor of 

serine 2 phosphorylation (Ser2-P) (Komarnitsky et al. 2000; Alexander et al. 2010). In particular, 

we have shown that H2A.Z promotes efficient transcription elongation in part by ensuring 

appropriately time serine 2 phosphorylation and, in the absence of H2A.Z, Ser2-P increases 

through the gene body and accumulates earlier in transcription (Neves et al. 2017). Because 

phosphate responsive genes have been shown to be sensitive to perturbations in CTD 

phosphorylation (Rosonina et al. 2014), we asked whether expression changes upon loss of 

H2A.Z or Swr1 reflect changes in RNAPII phosphorylation status. 
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In order to determine if deletion of HTZ1 or SWR1 affects CTD phosphorylation in a 

manner that correlates with expression of PHO5 we analyzed the abundance of Rpb3, the core 

RNAPII subunit, or phosphorylated Rpb1, the CTD-containing subunit of RNAPII. Rpb3 

abundance is slightly decreased in htz1∆ cells (Figure 5.7 A, B and C) likely reflecting previous 

observations that RNAPII occupancy decreases across gene bodies upon H2A.Z loss (Neves et 

al. 2017). Also consistent with past findings (Neves et al. 2017), deletion of HTZ1 leads to 

increased serine 2 phosphorylation relative to total RNAPII (Figure 5.7 A and C). Satisfyingly, 

deletion of SWR1 restores Rpb3 abundance and suppresses Ser2-P accumulation defects in htz1∆ 

cells (Figure 5.6 A and C), indicating that the presence of Swr1 in the absence of H2A.Z may 

interfere with proper RNAPII activity and drive aberrant serine 2 phosphorylation.  

In addition to phosphorylation of serines 2 and 5, the CTD is also dynamically 

phosphorylated at tyrosine 1, threonine 4, and serine 7 throughout transcription (Reviewed in 

Heidemann and Eick 2012). Similar to Ser2-P, threonine 4 phosphorylation (Thr4-P) increases 

toward the 3’ end of transcribed genes and is proposed to have roles in transcription elongation 

(Hintermair et al. 2012). A recent study showed that Thr4-P is required for repression of 

phosphate starvation response genes and mutation of threonine 4 residues to valines results in 

overexpression of phosphate genes including PHO5 (Rosonina et al. 2014). Interestingly, relative 

Thr4-P abundance increases more than 6-fold upon loss of H2A.Z (Figure 5.7 B and C), 

suggesting that changes in threonine 4 phosphorylation may underlie changes in phosphate gene 

expression. As decreased or abolished Thr4-P results in phosphate gene overexpression, 

increased Thr4-P is expected to result in decreased phosphate gene abundance. As observed with 

serine 2 phosphorylation, deletion of SWR1 suppresses aberrant phosphorylation of threonine 4, 

restoring relative Thr4-P abundance to wild-type levels (Figure 5.7 B and C).  
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RNAPII is hypophosphorylated prior to transcription initiation and actively 

dephosphorylated at the transcription termination site (Mayfield et al. 2016), and, therefore, 

Ser2-P and Thr4-P abundances reflect transcriptionally active polymerase machinery. While we 

cannot rule out the possibility that defects in RNAPII occupancy and phosphorylation are due to 

changes in total Rpb3 abundance, our past comparisons of CTD phosphorylation to polymerase 

enrichment have revealed that serine 2 phosphorylation specifically of transcriptionally engaged 

polymerase machinery is increased across candidate genes (Neves et al. 2017). We therefore 

asked whether loss of H2A.Z affects threonine 4 phosphorylation of the polymerase while 

actively engaged with phosphate-sensitive genes. While HTZ1 deletion has little affect on 

polymerase occupancy across the PHO5, Thr4-P abundance increases near the 3’ end of the gene 

as compared to wild type cells (Figure 5.7 E). Consistent with a model in which persistent Swr1 

activity impairs appropriate CTD phosphorylation, deletion of SWR1 suppresses 

hyperphosphorylation of threonine 4 in cells lacking H2A.Z (Figure 5.7 E). Interestingly, 

deletion of SWR1 in both wild-type and htz1∆ cells leads to increased polymerase abundance and 

slightly decreased Thr4-P levels across the PHO5 gene as compared to wild-type cells in both 

(Figure 5.7 E). High polymerase engagement and low Thr4-P likely explain PHO5 

overexpression observed in swr1∆ and swr1∆ htz1∆ cells (Figure 5.6 C). 

Together, these results are consistent with a model in which loss of H2A.Z leads to 

changes in polymerase dynamics that affects expression of phosphate responsive genes, resulting 

in a decreased ability to adapt to alkaline conditions. However, polymerase defects and 

phosphate gene expression changes are not directly due to the loss of the H2A.Z histone itself, 

but rather because activity of its exchange factor Swr1 interferes with appropriate polymerase 

phosphorylation. 
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DISCUSSION 

 It has been demonstrated that H2A.Z has roles in many cellular processes including 

chromosome segregation and maintenance, transcription initiation and elongation (Reviewed in 

Zlatanova and Thakar 2008), and, most recently, splicing (Neves et al. 2017; Nissen et al. 2017). 

H2A.Z has been implicated in plant cell stress response (Boden et al. 2013; Sura et al. 2017), 

early metazoan embryo development (Reviewed in Zlatanova and Thakar 2008), and a number 

of human cancers (Reviewed in Buschbeck and Hake 2017). Yet, it remains unclear as to how 

the various roles of H2A.Z affect the cell’s overall viability and ability to adapt to its 

environment. Here we demonstrate that H2A.Z is required for viability in high pH growth 

conditions and expression of genes involved in alkaline stress response pathways. Additionally, 

we demonstrate the presence of the histone exchange factor Swr1, rather than the absence of 

H2A.Z, is responsible for aberrant gene expression and alkaline sensitivity in htz1∆ cells. When 

H2A.Z is lost, the presence of Swr1 leads to aberrant transcription elongation and decreased 

stress-response gene expression. 

 

Swr1 interferes with the alkaline stress response pathway in the absence of H2A.Z 

 In yeast, adaptation to alkaline growth conditions requires extensive remodeling of 

multiple gene expression pathways, including the activation of high-affinity phosphate and 

copper/iron uptake genes (Reviewed in Serra-Cardona et al. 2015). Consistent with past findings 

that cells lacking H2A.Z cannot induce PHO5 when phosphate is limiting (Santisteban et al. 

2000; Rosonina et al. 2014), we find that H2A.Z is required for expression of many phosphate-

starvation response genes (Figure 5.2 B), likely accounting for alkaline sensitivity of htz1∆ cells. 

In contrast, H2A.Z loss leads to up-regulation of copper and iron uptake genes and possible 
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changes in copper utilization (Figures 5.2 B and 5.4). This was surprising to us because H2A.Z 

occupancy in up-regulated genes is very low (Figure 5.3). However, due to crosstalk between 

phosphate and copper acquisition pathways (Perea-Garcia et al. 2013), this may represent a 

secondary affect due an inability to activate phosphate-starvation response genes.  

 Depletion of the spliceosome disassembly factor Prp43 renders cells extremely sensitive 

to both increased and decreased pH, and deletion of HTZ1 suppresses these growth defects 

(Figure 5.5 A). Because Prp43 and H2A.Z have been shown to coordinate spliceosome assembly 

and disassembly (Neves et al. 2017), it was possible that these growth phenotypes reflect defects 

in pre-mRNA splicing. Indeed, an intron-containing gene encodes Pho85, a cyclin-dependent 

kinase that has roles regulating the phosphate homeostasis pathway (O'Neill et al. 1996). 

However, PHO85 splicing outcomes are not sufficient to explain the alkaline sensitivity of 

prp43DAmP strains (Figure 5.5 C). Prp43 and H2A.Z have diverse functions and, while we cannot 

rule out the possibility that co-transcriptional splicing is important for growth in high pH 

conditions, these results suggest the alkaline stress response requires interactions beyond 

spliceosomal functions Prp43 and H2A.Z.  

Surprisingly, cells lacking Swr1, which is required for H2A.Z insertion into the 

chromatin, are not sensitive to increased pH and show no change in phosphate-starvation 

response gene expression (Figure 5.6). This is consistent with previous reports that deletion of 

HTZ1, but not SWR1, negatively impacts PHO5 expression (Barbaric et al. 2007). Interestingly, 

deletion of SWR1 suppresses alkaline sensitivity of and restores PHO5 expression in cells 

lacking H2A.Z (Figure 5.6). We, and others, have shown that H2A.Z is important for efficient 

transcription elongation as well as appropriate serine 2 phosphorylation of the RNAPII C-

terminal domain (Santisteban et al. 2011; Rudnizky et al. 2016; Neves et al. 2017). Here we find 
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that not only serine 2, but also threonine 4, is hyperphosphorylated upon H2A.Z loss (Figure 

5.7). Intriguingly, a recent study showed Thr4-P is coordinated with H2A.Z and is required for 

repression of phosphate-regulated genes (Rosonina et al. 2014), suggesting that 

hyperphosphorylation of threonine 4 in the absence H2A.Z could decrease PHO5 expression. 

Consistent with genetic and PHO5 expression analysis, deletion of SWR1 restores total, as well 

as PHO5 gene body specific, threonine 4 phosphorylation to at, or even below, wild-type levels 

in htz1∆ cells (Figure 5.7). While questions remain as to how Swr1 impedes appropriate gene 

expression, RNAPII hyperphosphorylation in the absence of H2A.Z suggests that continued 

Swr1 activity interferes with transcription elongation machinery. 

 

How does Swr1 affect stress response in the absence of H2A.Z? 

 To characterize the roles of Swr1 and H2A.Z in adaptation to changing environments it 

will be important to establish their influence on stress response pathways. Because the alkaline 

stress response requires activation of numerous coordinate gene expression pathways, to 

determine the affect of Swr1 on phosphate homeostasis in the absence of H2A.Z, it will be 

necessary to assay the growth of htz1∆ cells with and without Swr1 in low phosphate conditions. 

Cells lacking H2A.Z have been shown to grow poorly when phosphate is limiting (Rosonina et 

al. 2014), and if Swr1 activity activation of the phosphate-starvation response, deletion of SWR1 

is expected to restore viability of htz1∆ cells. While we have shown that loss of H2A.Z leads to 

PHO5 down-regulation in phosphate-replete media (Figure 5.6), it will be important to verify 

that HTZ1 deletion compromises PHO5 induction (Rosonina et al. 2014) and to determine 

whether deletion of SWR1 can restore appropriate activation of PHO5 when phosphate is low. 

Additionally, RNA-sequencing followed by differential expression analysis of htz1∆ cells with 
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and without SWR1 in high and low phosphate conditions will allow us to expand our analysis to 

all phosphate-regulated genes. 

 Viability and colony color analyses of swr1∆ cells (with and without H2A.Z) in copper-

containing media, followed by the RNA-seq analyses describe above, can help elucidate the role 

of Swr1 in copper uptake and utilization pathways. If, similar to cells lacking H2A.Z, swr1∆ and 

swr1∆ htz1∆ cells fail to change color in the presence of copper and up-regulate copper/iron 

genes, effects of Swr1 on these gene expression pathways are likely due to a loss of H2A.Z 

exchange. However, increased copper/iron uptake gene expression in htz1∆ cells may be due to 

persistent Swr1 activity or, because heavy metal ion and phosphate uptake gene expression are 

well coordinated (Perea-Garcia et al. 2013), may be a secondary to an impaired phosphate-

starvation response. In both cases, swr1∆ cells are expected to resemble wild-type, but, if up-

regulation is a secondary effect, ectopic expression of phosphate-regulated genes in htz1∆ cells 

should restore appropriate copper/iron uptake gene expression levels. 

 The RNA-seq analysis described above will not only elucidate the affects of Swr1 and 

H2A.Z on phosphate-starvation and copper/iron-uptake expression, but can also reveal changes 

in other stress pathways and determine if the role of H2A.Z in splicing is important for stress 

response. In yeast, genes involved in the secretory pathway, which is critical for the unfolded 

protein response (UPR) (Tsvetanova 2013), make up the second largest class of intron-

containing genes (Spingola et al. 1999). Decreased splicing of secretory genes may impair the 

UPR pathway when H2A.Z is lost. Splicing analysis in swr1∆ htz1∆ double mutants will also 

reveal if persistent Swr1 activity also impedes splicing in the absence of H2A.Z. Our past 

analysis has shown that, although there is considerable overlap between the splicing efficiency, a 

number of genes display better splicing in swr1∆ cells as compared to htz1∆ cells (Neves et al. 
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2017). It is possible that, while the effect of Swr1 on splicing is largely due to the subsequent 

lack of H2A.Z in the chromatin, persistent Swr1 activity may exacerbate splicing defects.  

 

How does Swr1 impede stress response gene expression in the absence of H2A.Z? 

 In order to determine if Swr1 directly affects transcription of phosphate-starvation genes 

it will first be important to demonstrate that Swr1 is recruited to the chromatin in the absence of 

H2A.Z. Indeed, previous reports have shown that Swr1 can be found on the chromatin in htz1∆ 

cells (Morillo-Huesca et al. 2010; Ranjan et al. 2013), however, genome-wide chromatin 

immunoprecipitation analyses will verify that Swr1 is recruited to the PHO5 and other 

phosphate-starvation gene loci in the absence of H2A.Z in both phosphate replete and limiting 

conditions. If Swr1 does impede transcription machinery, we expect to find greater or more 

wide-spread Swr1 enrichment at affected genes when H2A.Z is lost.    

 We suspect that, when H2A.Z is not present to be inserted in to the chromatin, persistent 

Swr1 activity impairs phosphate-starvation gene expression by impairing efficient transcription 

elongation and promoting hyperphosphorylation of RNAPII CTD serine 2 and threonine 4.  We 

show that deletion of SWR1 reverses threonine hyperphosphorylation across the PHO5 gene 

body in htz1∆ cells, but it will be useful to elucidate phosphorylation patterns across other 

affected phosphate-sensitive genes (such as those described in Figure 5.6 B). Additionally, it will 

be necessary to determine Thr4-P levels across phosphate-sensitive genes in htz1∆ cells with and 

without Swr1 in low phosphate growth conditions.  

 Although the mechanism by which Swr1 impedes the transcription machinery is unclear, 

it is possible that Swr1 interacts with and recruits kinases that could drive hyperphosphorylation 

of the CTD. In yeast, two kinases, Bur1 and Ctk1, are responsible for serine 2 phosphorylation 



	

	
	

138	

(Reviewed in Heidemann et al. 2013). Interestingly, the gene encoding Ctk1 negatively interacts 

with HTZ1 but positively interacts with SWR1 (Zheng et al. 2010), suggesting that Swr1 may 

functionally oppose the roles of Ctk1 and H2A.Z. Although no threonine 4 kinase has been 

identified in yeast, polo-like kinases Plk1 and Plk3 have been demonstrated to phosphorylate 

threonine 4 in humans (Hintermair et al. 2012; Hintermair et al. 2016). Intriguingly, Cdc5, the 

only known polo-like kinase in yeast, can be complemented by human Plk1 or Plk3 (Lee and 

Erikson 1997; Archambault and Glover 2008) and physically interacts with the SWR-C subunit 

Swc5 (Ptacek et al. 2005). Therefore, further characterization of physical interactions between 

the SWR-C machinery and CTD kinases can indicate how Swr1 drives hyperphosphorylation in 

the absence of H2A.Z. Additionally, identification of mutations that disrupt such physical 

interactions and restore appropriate elongation could help verify that recruitment of kinases to 

the transcription machinery by persistent Swr1 occupancy drives gene expression defects in the 

absence of H2A.Z. 

Here we show that defects in cells lacking H2A.Z are likely not only be due to loss of the 

histone itself, but may caused by deleterious consequences of an incomplete SWR-C complex. 

Therefore, this work highlights the importance of tight regulation of chromatin remodeling 

complexes and indicates that phenotypes that arise as a result of chromatin mutations must be 

evaluated from multiple perspectives. 
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MATERIALS AND METHODS 
 
Yeast strains, media, and plasmids: All S. cerevisiae strains used in this study are listed in 

Table 5.1. Strains described in Table 5.1 are in the BY4743 strain background with the exception 

cup1∆, provided by Christine Guthrie. All strains were propagated according to standard 

procedures in either YPD (1% yeast extract, 2% peptone, 2% dextrose) or appropriate selective 

media. Deletion of HTZ1 in cup1∆ strains was as described in (Neves et al. 2017).  

TABLE 5.1: Yeast strains used in this chapter 
 
Name  Parent Relevant Phenotype Reference 
TJY1977 BY 4743 leu2∆0 ura3∆0 Open Biosystems 
TJY1900 BY 4743 htz1∆::kanMX4 Open Biosystems 
TJY7101 BY 4743 leu2∆0 ura3∆0 kanMX4 This study 
TJY6906 BY 4741 htz1∆::natMX4 This study 
TJY6907 BY 4742 htz1∆::natMX4 This study 
TJY3983 YTV311 cup1∆::URA3-52 Christine Guthrie 
TJY6824 YTV311 cup1∆::URA3-52 htz1∆::kanMX4 This study 
TJY7100 BY 4741 prp43DAmP::kanMX4 Open Biosystems 
TJY7101 BY 4743 prp43DAmP::kanMX4 htz1∆::natMX4 This study 
TJY5852 BY 4341 swr1∆::kanMX4 Open Biosystems 
TJY7080 BY 4743 swr1∆::kanMX4 htz1∆::natMX4 This study 

 
 
RNA-sequencing and differential expression analysis: RNA-seq libraries WT, htz1∆, swr1∆, 

and swr1∆htz1∆ strains were constructed in (Neves et al. 2017). Library preparation and STAR 

sequence alignment were performed as described in (Neves et al. 2017). Read counts obtained 

from the alignment were utilized to identify differentially expressed transcripts and calculate the 

fold change in expression using the DESeq2 package (reference). For Figure 5.6, RPKM values 

from above data sets were obtained from (Neves et al. 2017). 

ChIP-seq analysis: ChIP-seq reads were obtained from Gu et al. and converted to FastQ format 

using the NCBI SRA Toolkit (Gu et al. 2015). Sequence alignment, normalization, and BigWig 

file generation was performed as described in (Neves et al. 2017). After normalizing input and 
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immunoprecipitation pileup tracks for differential read count, a ratio track was created by 

dividing the normalized immunoprecipitation track by the normalized input track.  

Metagenes and heatmaps were plotted using the R package ‘seqPlots’ (Stempor 2014). 

Heatmaps were plotted of fixed distances upstream and downstream of the translation start site, 

and clustered via k-means (n = 5) separately for genes up-regulated or down-regulated in htz1∆ 

cells. Metagenes were plotted of fixed distances upstream and downstream of the translation start 

site and scaled 1:1.  

Viability assay/dilution series: For copper sensitivity growth analysis of htz1∆ strains, strains 

were grown overnight in CSM (+2% glucose) liquid media at 30°C. Cells were diluted to an 

OD600 of .1 in 5 ml of CSM (+2% glucose) media and incubated at 30°C until all strains reached 

early-log phase. A ten-fold serial dilution of each strain was spotted on to CSM +2% glucose or 

+3% glycerol plates with indicated CuSO4 concentrations and incubated 30°C for 2 to 3 days.  

For pH sensitivity growth analysis of htz1∆, prp43DAmP, and swr1∆ strains, strains were 

grown overnight in YPD+G418 liquid media at 30°C. Cells were diluted to an OD600 of .1 in 5 

ml of YPD+G418 and incubated at 30°C until all strains reached early-log phase. A ten-fold 

serial dilution of each strain was spotted on to YPD+G418 with indicated pH. and incubated for 

2 days at 30°C unless otherwise noted. YPD pH was adjusted with NaOH or HCl prior to 

sterilization. 

RT-PCR splicing analysis, RT-qPCR analysis and quantification: Cells were grown in 

YPD+G418 media to an OD600  between 0.4 and 0.7. Total RNA was isolated from 10 ml of cells 

using a hot-phenol extraction method and dissolved in 100 µl of diethylpyrocarbonate (DEPC)-

treated water. 10-20 ug of RNA was DNAse treated (Roche) and treated RNA concentration was 
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measured by spectrophotometer. 2-4 ug of RNA was used to make cDNA using the MaximaTM 

First Strand cDNA Synthesis Kit (Fermentas). cDNA was diluted 1:20 and used for PCR.  

To detect splicing isoforms of PHO85, primers flanking the intronic sequences were used 

for 27-cycle PCR using 1ul of diluted cDNA. PCR products were diluted 1:5 and run on a 6% 

TBE polyacrylamide gel. Gels were stained with SYBR green (Sigma) and image was captured 

using Image Lab (Bio-Rad). Bands were quantified as percent total of band intensity using Image 

Lab software.  

 For quantification of PHO5 abundance, qRT-PCR was done in a 10 µl reaction volume 

with gene specific primers using 1 µl of diluted cDNA using Perfecta Sybr Green Fastmix 

(Quanta Biosciences) and a CFX96 Touch System (BioRad).  All samples were analyzed in 

triplicate for each independent experiment. qRT-PCR was also performed for the scR1 RNA 

from each cDNA sample. Gene expression analysis was done by 2-∆Ct methods using scR1 

cytoplasmic RNA as reference. Fold-expression of mRNA was measured compared to WT by 2-

∆∆Ct methods (Livak and Schmittgen 2001). 

All samples were analyzed in triplicate for each independent experiment. Primers for 

each gene assayed are listed in Table 5.2. For Figures 5.5 and 5.6, primers PHO5 653 F and 

PHO5 799 R were used for PHO5 abundance. 

Whole cell extract and immunoblot: Cells were grown in YPD+G418 media to an 

OD600  between 0.3-0.5 and lysed using FA-1 Lysis buffer (50mM HEPES-KOH pH 7.5, 140 

mM NaCl, 1 mM EDTA pH 8.0, 1% Triton-X, .1% Deoxycholate, plus protease inhibitors) and 

.3 mm glass beads with 5 minutes of vortexing at 4°C. The supernatant was cleared by 

centrifugation and total protein was resolved by a 6% - 12% SDS-PAGE and transferred to a 

PVDF membrane for immunoblotting with 1:500 dilution anti-phospho S2 (Abcam), 1:2000 anti-
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phospho T4 (Novus), 1:4000 anti-Rpb3 (BioLegend) and 1:4000 dilution of anti-PGK 

(Molecular Probes). Signal was detected using ProSignal Dura ECL (Genesee Scientific). Bands 

were quantified as percent total of band intensity using Image Lab software and normalized to 

wild-type values. 

Chromatin immunoprecipitation (ChIP) and qPCR:  Cells were grown in YPD to an OD600 

between 0.5-0.7 and then crosslinked at room temperature for 15 minutes with formaldehyde to a 

final concentration of 1%. Crosslinking was quenched at room temperature for 5 minutes with 

glycine to a final concentration of 125mM. Cells were disrupted with glass beads (0.5mm) for 40 

minutes at 4°C in lysis buffer containing phosphatase inhibitor (Sigma cocktails 2 and 3). 

Lysates were sonicated for a total of 2:30 minutes at 15% intensity (10 seconds on, 15 seconds 

off and on ice). After sonication, lysates were cleared by centrifugation. For Rpb3, samples were 

then used for immunoprecipitation with anti-RPB3 (BioLegend). For threonine 4-

phosphorylation, samples were used for immunoprecipitation with anti-p Thr4 (Novus). After 

immunoprecipitation, samples were washed and incubated overnight at 65°C to reverse 

crosslinking. All samples were incubated with Proteinase K (Sigma) and RNAse A (Ambion), 

followed by purification using a PCR product purification kit (Qiagen).  

DNA samples were then analyzed by real-time PCR. Input DNA was diluted 1:10 and 1 

µl of this was used in a 10 ul reaction volume. For ChIP DNA, samples were diluted 1:2 and 1 µl 

of this was used in a 20 µl or 10ul reaction volume.  Reactions consisted of 1x Perfecta SYBR 

GREEN Master Mix (Quanta Biosciences) and .5 µl primers. Real-time PCR was performed 

using a CFX96 Touch System (BioRad).  All samples were run in technical duplicate for each 

independent experiment. Primers used are as described in Table 5.2 or (Neves et al. 2017). 
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For quantification, standard curves were generated for each primer set, and DNA 

concentration for each INPUT and ChIP sample was calculated. ChIP values were divided by the 

INPUT, and these values were divided by the non-transcribed control and expressed as fold 

accumulation over the non-transcribed control. Reported values are averages of three or more 

independent experiments and error bars represent the standard error of the mean. 

TABLE 5.2: PCR primers  
 
PHO85 F GATCTCACGGATGGCCGTAGA 
PHO85 R GGGCAAACTTGAGCAATACCAATG 
PHO5 2 F GTTTAAATCTGTTGTTTATTCA 
PHO5 95 R CCAATCTTGTCGACATCGGCTA 
PHO5 131 F CGGACCATACTACTCTTTCCCT 
PHO5 253 R CCAGACTGACAGTAGGGTATCT 
PHO5 653 F GGACTACGATGCCAATGATG 
PHO5 799 R CTTCAAATGCACACCACGAG 
PHO5 1037 F CACCGCTGGTATAATTGACG 
PHO5 1116 R GGATCTGTGGAAAGTGTTGC 
sCR1 F TTTCTGGTGGGATGGGATAC 
sCR1 R TTTACGACGGAGGAAAGACG 
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Figure 5.1 

 

Figure 5.1 Known signaling pathways in alkaline pH response 

Non-exhaustive representation of signaling pathways involved in alkaline pH response. 

Dashed lines represent uncharacterized links. Figure adapted from (Serra-Cardona et al. 

2015). 
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Figure 5.2 

 

Figure 5.2 Expression of stress response genes is altered in cells lacking H2A.Z 

A. Distribution of differential expression values for all genes in htz1∆ versus wild-type (WT) 

cells. Log2 Fold Change values calculated by DESeq2 and significant values are denoted in 

red or orange. Significant differential expression was determined by an adjusted p-value <.05 

(Benjamini-Hochberg for multi-testing) or a p-value <.01 (unadjusted).  

B. Distribution of significant differential expression values (red and orange values from A). 

Log2 Fold Change values >0: increased expression in htz1∆ (n = 45). Log2 Fold Change 

values <0: decreased expression in htz1∆ (n = 128). Gene classes are denoted: copper and 

iron uptake genes in pink, cell wall genes in orange, phosphate starvation genes in blue, 

vacuolar genes in green.  
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Figure 5.3 

 

Figure 5.3 H2A.Z is normally enriched in genes down-regulated in htz1∆ cells  

A. K-means clustering (n = 5) of H2A.Z ChIP-seq occupancy over input profile of 500 

nucleotides upstream and 1000 nucleotides downstream of the translation start site (ATG) 

of genes significantly down-regulated in htz1∆ (n = 128). Vertical line indicates the ATG.  

B.  H2A.Z ChIP-seq occupancy profile, as in Figure 5.3 A (K-means n = 5), of genes 

significantly up-regulated in htz1∆ (n = 45). Vertical line indicates the ATG.  

C. Comparison of Metagene analysis of H2A.Z ChIP-seq occupancy over input profile for 

genes down-regulated (in blue) versus up-regulated (in red) in htz1∆ cells. Lines 

represent the average fold enrichment of two biological replicates and 95% CI. Y-axis 

represents 0-1000 mapped ChIP reads normalized to input.  

Analysis of data by Gu et al., 2015 and includes average two biological replicates. 
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Figure 5.4 

 

Figure 5.4 H2A.Z alters copper uptake and/or utilization 

C. Serial dilution assay of htz1∆ and cup1∆ htz1∆ mutants. Cells were grown at 30°C in 

CSM liquid media until desired OD600 was obtained. Cells were spotted as a ten-fold 

dilution onto CSM + 2% glucose plates containing increasing concentrations of CuSO4 

and incubated at 30°C for two days. 

D. Color image of serial dilution assay of htz1∆ and cup1∆ htz1∆ mutants grown in the 

presence of absence of copper. Cells were grown at 30°C in CSM liquid media until 

desired OD600 was obtained. Cells were spotted as a ten-fold dilution onto CSM + 2% 

glucose plates with or without CuSO4 and incubated at 30°C for two (0mM) or four 

(.0675mM) days. 
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E. Serial dilution assay of htz1∆ and cup1∆ htz1∆ mutants in respiratory conditions. Cells 

were grown at 30°C in CSM liquid media until desired OD600 was obtained. Cells were 

spotted as a ten-fold dilution onto CSM + 3% glycerol plates containing increasing 

concentrations of CuSO4 and incubated at 30°C for four days. 
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Figure 5.5 

 

Figure 5.5 H2A.Z and Prp43 interactions affect alkaline stress resistance 

A. Serial dilution assay of prp43DAmP htz1∆ mutants. Cells were grown at 30°C in 

YPD+G418 liquid media until desired OD600 was obtained. Cells were spotted as a ten-

fold dilution onto YPD+G418 plates of increasing pH values and incubated at 30°C for 

two or six (for pH 10) days. 

B. RT-qPCR analysis of levels of PHO5 RNA in WT or prp43DAmP cells ± HTZ1, 

normalized to sCR1, an RNAPIII transcript. Graphs represent average of three 

independent experiments and error bars represent the SD. 

C. Quantification of unspliced (pre-mRNA) products of PHO85 in WT or prp43DAmP cells ± 

HTZ1 as determined by splicing analysis RT-PCR. Products were analyzed on 6% PAGE 

gels and pre-mRNA size was determined by genomic DNA size. 
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Figure 5.6 

 

Figure 5.6 Swr1 impedes alkaline stress resistance and phosphate starvation response genes 

in the absence of H2A.Z 

A. Serial dilution assay of swr1∆ htz1∆ mutants. Cells were grown at 30°C in YPD+G418 

liquid media until desired OD600 was obtained. Cells were spotted as a ten-fold dilution 

onto YPD+G418 plates of increasing pH values and incubated at 30°C for two or six (for 

pH 10) days. Dilution series performed in parallel to Figure 5.5 A and WT and htz1∆ 

dilution series is reprinted for comparison. 

B. Top: List of average RPKM values for phosphate starvation response genes in WT, 

htz1∆, and swr1∆ cells. Bottom: Log2 (fold change of RPKM) values for htz1∆ or swr1∆ 

versus WT cells. 
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C. RT-qPCR analysis of levels of PHO5 RNA in WT or swr1∆ cells ± HTZ1, normalized to 

sCR1, an RNAPIII transcript. Graphs represent average of three independent experiments 

and error bars represent the SD. 
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Figure 5.7 

 

Figure 5.7 Deletion of SWR1 restores appropriate RNAPII phosphorylation that occurs in 

the absence of H2A.Z 

A. Protein immunoblot of RNAPII C-terminal domain phosphorylated at serine 2 (Ser2) 

compared to RNAPII core component Rpb3. WT and swr1∆ ± HTZ1 cultures were grown 

in YPD+G418 liquid media and whole cell extracts were prepared and probed with anti-

phospho S2 (Abcam), anti-Rpb3 (BioLegend), and anti-PGK1 as a loading control 

(Molecular Probes). 
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B. Protein immunoblot of RNAPII C-terminal domain phosphorylated at threonine 4 (Thr4) 

compared to RNAPII core component Rpb3, as in Figure 5.7 A. Whole cell extracts were 

probed with anti-phospho T4 (Novus), anti-Rpb3, and anti-PGK1. 

C. Quantification of Figure 5.7 A immunoblot. Left: Quantification of Rpb3 relative to WT 

and normalized to loading control Pgk1. Middle: Quantification of Ser2-P relative to 

Rpb3. Right: Quantification of Thr4-P relative to Rpb3. Graphs represent the average of 

two (Ser2-P) to three (Rpb3 and Thr4-P) independent experiments and error bars 

represent the standard deviation. 

D. Schematic of PHO5 gene and qPCR amplicons. 

E. Left: Occupancy of Rpb3 at each region of PHO5 relative to the non-transcribed region 

in WT, htz1∆, swr1∆, or swr1∆ htz1∆. Right: Threonine 4 phosphorylation state of 

RNAPII C-terminal domain relative to the non-transcribed region and then normalized to 

Rpb3 occupancy at each region of PHO5 in WT, htz1∆, swr1∆, or swr1∆ htz1∆. Graphs 

represent the average of three independent experiments and error bars represent the SEM.  
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CONCLUDING REMARKS 
 

Early studies of pre-mRNA splicing have largely been carried out in vitro and have been 

critically important in elucidating the mechanism by which the spliceosome removes introns. 

However, it has become abundantly clear that the process of pre-mRNA splicing does not occur 

in isolation and is influenced by many factors including transcription dynamics, chromatin states, 

and environmental cues (Reviewed in Herzel et al. 2017). Recent growth in new and powerful 

technologies have made it possible to study the intricate coordination and regulation of gene 

expression processes in far more depth than ever before. 

 The recent observation that splicing is often complete soon after the intron emerges from 

the polymerase not only indicates that the splicing cycle takes place very rapidly, but also 

provides more evidence of the need for tight coordination of the timing of transcription and 

splicing (Oesterreich et al. 2016). The kinetics of RNA polymerase II elongation are dynamic 

and influenced by a number of factors such as activity of elongation factors (such as Dst1) or 

local chromatin architecture (such as histone modifications or variants) (Reviewed in Herzel et 

al. 2017). Although a common model suggests that slow elongation provides a greater “window 

of opportunity” for splicing to occur, recent studies have shown that co-transcriptional splicing 

may rely on a “Goldilocks-like” relationship between elongation rate and pre-mRNA splicing 

(Fong et al. 2014). 

 While it has become a well-accepted hypothesis that the local chromatin architecture can 

influence splicing outcomes of a particular gene by modulating recruitment of spliceosome 

machinery and/or directing RNA polymerase II dynamics, the mechanisms by which the 

chromatin establishes such coordination remained unclear. In this dissertation, I have sought to 

elucidate the role of a histone variant in coordinating the timing of RNA transcription and 



	

	
	

162	

splicing. In Chapter 2, I have established a role for H2A.Z, a variant of the canonical H2A, in 

coordinating RNA polymerase II elongation dynamics with spliceosome rearrangements in order 

to promote splicing of weak introns (Neves et al. 2017). Splicing outcomes are not only 

dependent on the kinetics of spliceosome assembly but also disassembly, and the requirement for 

H2A.Z is decreased when disassembly machinery is less abundant (Neves et al. 2017). 

Interestingly, Prp43, the catalytic spliceosome disassembly factor, has roles in ribosome 

biogenesis as well as pre-mRNA splicing (Leeds et al. 2006), indicating that there is likely 

crosstalk between co-transcriptional splicing and translation.  

Not only does chromatin structure and composition influence splicing locally, but there is 

also precedent for more global regulation of splicing mediated by the chromatin environment 

through competition for spliceosome machinery (Venkataramanan et al. 2017). In fact, in 

Chapter 3, we demonstrate that levels of the chromatin remodeling protein, Snf2, decrease as 

glucose is depleted in the medium (Geng and Laurent 2004; Biddick et al. 2008; Awad et al. 

2017), which leads to downregulation of RPG transcript levels and spliceosome redistribution 

that permits the splicing of PTC7, a gene required for optimal mitochondrial activity during 

respiration (Awad et al. 2017). The two PTC7 isoforms are conserved across fungal species 

indicating that alternative splicing functionally expands the yeast proteome in order to adapt to a 

changing environment (Marshall et al. 2013) 

The local and global effects on splicing demonstrated in Chapters 2 and 3 are not 

necessarily mutually exclusive. In fact, in Chapter 4, I show that perturbations to transcription 

elongation can lead to dynamic and gene-specific changes in splicing outcomes due to the 

opposing effects of local changes in polymerase and spliceosome kinetics and global changes in 

spliceosome availability. Because splicing is facilitated by optimal polymerase elongation and 
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loss of the elongation factor Dst1 exacerbates growth and transcription defects of cells lacking 

H2A.Z, we expected to find strong splicing defects in double mutants. However, to our surprise, 

splicing changes are gene specific and splicing efficiency of many genes improves. Interestingly, 

upon further examination, we found that expression of intron-enriched ribosomal protein genes, 

which typically account for 90% of the spliceosomal load (Ares et al. 1999; Warner 1999), are 

down-regulated in double mutants. This indicates that, while local spliceosome rearrangements 

are likely strongly perturbed, competition for the limiting spliceosome is relieved in cells lacking 

both Dst1 and H2A.Z, promoting splicing of weak introns. Therefore, regulated splicing not only 

requires local input from transcription and chromatin but may also be influenced by 

environmental cues that affect global changes in protein synthesis and availability.  

 Because H2A.Z is at the nexus of coordinated transcription and pre-mRNA splicing, in 

Chapter 5 we asked what role H2A.Z plays in adapting to stress. We find that H2A.Z is 

necessary for appropriate copper utilization and adaptation to alkaline pH conditions, potentially 

due to role in promoting expression of phosphate-starvation response genes. Intriguingly, 

deletion of Swr1, which inserts H2A.Z in to the chromatin (Krogan et al. 2003; Mizuguchi et al. 

2012), suppresses these effects and restores appropriate phosphate gene expression, suggesting 

that continued SWR-C activity in the absence of H2A.Z is deleterious to the cell. It will be of 

important to determine if H2A.Z-mediated splicing defects are also due, at least in part, to 

incomplete chromatin remodeling machinery. It is of interest to note that, while H2A.Z structure 

and localization are highly conserved (Zlatanova and Thakar 2008), the Swc2 homologue YL1, 

rather than Swr1, is responsible for H2A.Z deposition in metazoans(Latrick et al. 2016; Liang et 

al. 2016). While Swr1 is able to bind both H2A.Z and H2A-containing dimers (Hong et al. 

2014), YL1 has no affinity for H2A (Latrick et al. 2016; Liang et al. 2016). It is therefore 
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possible that the preference for YL1 over Swr1 in H2A.Z deposition in metazoans evolved to 

minimize potential deleterious effects of incomplete SWR-C activity at the chromatin. 

Overall, the work presented in this dissertation establishes a novel relationship between 

chromatin and the regulation of pre-mRNA splicing. I demonstrate that a variant histone affects 

the splicing of intron-containing genes by modulating the relative kinetics of RNA synthesis and 

processing factors. However, it is clear that this coordination does not take place in isolation but 

rather occurs amongst a multitude of inputs that influence global effects on splicing and begin to 

build an intriguing picture of nuclear environments dynamically and coordinately changing in 

response to cellular requirements. 
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