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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 Qg 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 Dstl 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
Dstl 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
Swrl 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



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
Ul 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



assembled, yet catalytically inactive (Plaschka et al. 2017). During B*' complex formation, a
series of ATP-driven rearrangements occur as the U4/U6 duplex unwinds, U6 replaces Ul, and
Ul 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°0OH 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.



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’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 U2AF™ proteins (Webb and Wise 2004), but in budding yeast may be
partially constrained by Prp8, as no U2AF” 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 U2AF>’, 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, YRA/ is autoregulated by its own
protein product. Yral inhibits splicing of YRAI 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 Yral negative autoregulation, meiotic ICGs require an



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. MERI is
expressed during meiosis and promotes splicing of MER2, MER3, SPO22 and AMAI 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



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 ¢rans 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



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
Ul 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 Ul 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



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



“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, Ul-
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 Ul 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, Prpl16, 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, Prpl6
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 Prpl6 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, Prpl6 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 Prpl16/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) (H3K27mel, me2, and me3, H3K36me3, H3K79mel, H4K20mel) (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
H2BK5mel, H2Bubl, H3K4mel, and me2, H3K9mel, H3K79mel, 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

14



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 GenS 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 Swrl 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 P7C7 (Awad et al. 2017). The
spliced PTC7 transcript encodes a mitochondrial phosphatase regulator of Coenzyme Qs (CoQg)
biosynthesis, a mitochondrial redox-active lipid essential for respiration, and the nonspliced
PTC?7 isoform encodes a protein capable of repressing CoQg biosynthesis (Awad et al. 2017).
Therefore, the role of Snf2 in global splicing regulation is an important factor in CoQg
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 HTZI 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 Swrl, 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. /n 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 INO8O 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 Dstl 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 Swrl (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 H7ZI and genes encoding several splicing factors, including the U2 snRNP-associated
protein Leal (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. | 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
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Figure 1.1 Spliceosome rearrangements. Ul 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. Ul and U4 then leave the spliceosome, and U6 replaces Ul at binding the 5 SS,

act

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

The SWR-C complex, driven by the catalytic protein Swrl, 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 11 (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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In eukaryotes, a dynamic ribonucleic protein machine known as the spliceosome catalyzes the removal of introns
from premessenger RNA (pre-mRNA). Recent studies show the processes of RNA synthesis and RNA processing to
be spatio—temporally coordinated, indicating that RNA splicing takes place in the context of chromatin. H2A.Z isa
highly conserved histone variant of the canonical histone H2A. In Saccharomyces cerevisiae, H2A.Z is deposited
into chromatin by the SWR-C complex, is found near the 5’ ends of protein-coding genes, and has been implicated in
transcription regulation. Here we show that splicing of intron-containing genes in cells lacking H2A.Z is impaired,
particularly under suboptimal splicing conditions. Cells lacking H2A.Z are especially dependent on a functional U2
snRNP (small nuclear RNA [snRNA] plus associated proteins), as H2A.Z shows extensive genetic interactions with
U2 snRNP-associated proteins, and RNA sequencing (RNA-seq) reveals that introns with nonconsensus branch
points are particularly sensitive to H2A.Z loss. Consistently, H2A.Z promotes efficient spliceosomal rearrange-
ments involving the U2 snRNP, as H2A.Z loss results in persistent U2 snRNP association and decreased recruitment
of downstream snRNPs to nascent RNA. H2A.Z impairs transcription elongation, suggesting that spliceosome re-
arrangements are tied to H2A.Z’s role in elongation. Depletion of disassembly factor Prp43 suppresses H2A.Z-me-
diated splice defects, indicating that, in the absence of H2A.Z, stalled spliceosomes are disassembled, and unspliced
RNAs are released. Together, these data demonstrate that H2A.Z is required for efficient pre-mRNA splicing and

indicate a role for H2A.Z in coordinating the kinetics of transcription elongation and splicing.

[Keywords: H2A.Z; HTZ1; RNA processing; Swrl; budding yeast; chromatin; pre-mRNA splicing]
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Eukaryotic genes are comprised of coding sequences (ex-
ons) interrupted by intervening sequences (introns). In-
trons are removed from the newly synthesized RNA by a
large macromolecular machine known as the spliceo-
some. The spliceosome is a dynamic ribonucleoprotein
complex made up of five highly structured small nuclear
RNAs (snRNAs) and over a hundred associated proteins
and catalyzes intron removal through a series of precisely
coordinated rearrangements of its five snRNPs (snRNA
plus associated proteins).

While RNA synthesis and RNA splicing have been tra-
ditionally analyzed as biochemically distinct reactions,
many studies have demonstrated that these processes
are spatially and temporally coordinated. There is ample

Corresponding author: tljohnson@ucla.edu
Article is online at http: //www.genesdev.org/cgi/doi/10.1101/gad.295188.
116.

37

evidence to show that the spliceosome recognizes splice
sites within nascent premessenger RNA (pre-mRNA)
while the RNA polymerase II (RNAPII) is actively tran-
scribing the DNA template (Beyer and Osheim 1988,
1991; Bauren and Wieslander 1994; Bauren et al. 1996;
Huang and Spector 1996; Maniatis and Reed 2002). Chro-
matin immunoprecipitation (ChIP) studies (in yeast and
metazoans) show that spliceosome components are re-
cruited to specific sequence signals (splice sites) in the
pre-mRNA while still associated with the transcription
complex (Kotovic et al. 2003; Gornemann et al. 2005;
Lacadie and Rosbash 2005; Listerman et al. 2006).
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Recently, it has been shown that not only spliceosome re-
cruitment but also catalysis and completion of splicing
occur while the nascent RNA is associated with actively
transcribing polymerase (Oesterreich et al. 2016). Support
for temporal coordination of these two processes also
comes from evidence showing that changes in transcrip-
tion elongation rate can alter splicing efficiency and splice
site selection (de la Mata et al. 2003; Howe et al. 2003;
Fong et al. 2014; Oesterreich et al. 2016).

Due to the proximity of the splicing complex to the
DNA synthesis machinery, splicing takes place within
the context of not only transcription but also chromatin,
the array of nucleosomes made up of DNA wrapped
around eight histone proteins. Nucleosomes are well posi-
tioned within genes and have been found to occupy exons
more frequently than introns (Schwartz et al. 2009; Amit
et al. 2012), suggesting that nucleosomes help demarcate
exons at the DNA level. Perturbations to chromatin orga-
nization have been linked to widespread changes in splic-
ing, and post-translational modifications of individual
histone proteins can influence splicing (for review, see
Naftelberg et al. 2015). Particularly in budding yeast,
monoubiquitylation of histone H2B and methylation of
H3K36 by Set2 each promotes efficient splicing and is re-
quired for efficient cotranscriptional recruitment of splic-
ing factors to the nascent mRNA (Moehle et al. 2012;
Sorenson et al. 2016). Additionally, we showed that acet-
ylation of H3 by Gen5 is important for spliceosome as-
sembly 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. A re-
cent study identified a chromatin reader, BS69, that pref-
erentially recognizes trimethylation of the histone
variant H3.3 on Lys36 and physically interacts with the
U5 snRNP (Guo et al. 2014), forming a physical link be-
tween the chromatin and the spliceosome, suggesting
that both histones and histone variants may influence
splicing. H2A.Z, encoded by HTZ1 in Saccharomyces cer-
evisiae, is the only histone variant found across all eu-
karyotes. While H2A.Z and H2A share ~60% sequence
similarity, H2A.Z is almost 90% conserved across species
from yeast to humans (for review, see Zlatanova and Tha-
kar 2008), suggesting that the variant carries out an impor-
tant and conserved function in the cell, distinct from
H2A. Unlike the four canonical histones, which are incor-
porated into chromatin at the time of DNA replication,
H2A.Z can be inserted throughout the cell cycle (for re-
view, see Zlatanova and Thakar 2008). The SWR-C re-
modeling complex catalyzes the displacement of the
H2A/H2B dimer in the chromatin in exchange for an
H2A.Z/H2B dimer. SWR-C recognizes the nucleosome-
free region (NFR) surrounding the transcription start site
(TSS) of genes and deposits H2A.Z in nucleosomes flank-
ing the NFR (Ranjan et al. 2013). H2A.Z is well positioned
in the chromatin as, although it is found in only 5% of nu-
cleosomes, it is present in ~65% of all S. cerevisiae genes,
typically at the +1 and —1 nucleosomes around the TSS
(Guillemette et al. 2005; Raisner et al. 2005).

H2A.Z promotes cotranscriptional splicing

H2A.Z has been shown to play an important role in the
regulation of transcription initiation and gene expression
(Subramanian etal. 2015). In yeast, H2A.Z interacts genet-
ically with a number of transcription factors (TFs) (Wan
et al. 2009), and, in mammals, H2A.Z is necessary for re-
cruitment of pioneer TFs (Li et al. 2012). In vitro experi-
ments demonstrate that H2A.Z is less stably associated
with DNA and therefore is more susceptible to release
from the chromatin (Zhang et al. 2005). As the +1 nucleo-
some poses a transcriptional barrier to RNAPI, H2A.Z
may promote transcription initiation by decreasing the
nucleosome barrier and promoting RNAPII progression
(Zhang et al. 2005; Weber et al. 2014). Studies in yeast
also indicate a role in the regulation of transcription elon-
gation, as H2A.Z genetically interacts with elongation
factors Spt5 and Dstl (Malagon et al. 2004; Santisteban
etal. 2011). Moreover, H2A.Z has been found to promote
transcription elongation in both yeast and mammalian
cells (Santisteban et al. 2011; Rudnizky et al. 2016).

Based on the connections between transcription and
pre-mRNA splicing as well as H2A.Z’s role in transcrip-
tional regulation, we performed genetic analysis of inter-
actions between HTZ1 and genes encoding nonessential
splicing factors and showed that when any major compo-
nent of the spliceosome, particularly the U2 snRNP, is
compromised, the cell becomes dependent on the pres-
ence of H2A.Z. Furthermore, H2A.Z is required for effi-
cient splicing of a subset of intron-containing genes
(ICGs). This pool of genes is enriched in introns contain-
ing a branch point (BP) sequence that deviates from the
highly conserved consensus sequence. Interestingly, al-
though H2A.Z is found primarily in close proximity to
the TSS, we observed H2A.Z enrichment near the BP of
many ICGs. When H2A.Z is deleted, proper spliceosome
rearrangements are compromised, and this is coincident
with altered RNA polymerase elongation that occurs in
the absence of H2A.Z. Depletion of the spliceosome disas-
sembly factor Prp43 in cells lacking H2A.Z enhances
splicing of introns, particularly of introns with noncon-
sensus BP sequences. These results reveal an important
role for the highly conserved H2A.Z histone variant in co-
ordinating elongation with spliceosome assembly.

Results

Cells with mutant spliceosomes are dependent on H2A.Z

In order to characterize interactions between H2A.Z and
genes encoding factors involved in splicing, a targeted ge-
netic screen was performed to identify interactions be-
tween htzIA and null alleles of nonessential splicing
factors. Deletion of the genes encoding the U2 snRNP fac-
tors Msll, Leal, or Snul7 combined with deletion of
HTZ1 confers synthetic lethality (Fig. 1A). Msll and
Leal are yeast homologs of the human proteins U2A’/B”
and bind a conserved stem-loop in the U2 snRNA (Tang
et al. 1996). Snul7, which has been shown to associate
with the U2 snRNP, is required for the release of the Ul
snRNP after the addition of the U4/U6.U5 tri-snRNP
and progression through the first catalytic step of splicing
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Figure 1. The histone variant H2A.Z is necessary for an optimal

splicing environment. (A) Serial dilution assay of U2 snRNP dou-
ble mutants msI1A htz1A, lealA htz1A, and snul7A htz1A. For the
msl1A and lealA growth assay, cells were transformed with emp-
ty pRS316 URA plasmid (wild type [WT], htz1A, msl1A, and
lealA) or pRS316 containing HTZ1 (msllA htz1A and lealA
htz1A). Cells were grown at 30°C in SC-URA selective liquid me-
dium until the desired ODg( was obtained. Cells were spotted as
a 10-fold dilution onto SC—URA plates or 5-FOA plates to select
for loss of the plasmid. Plates were incubated for 2 d for SC-URA
plates or 4 d for 5-FOA plates at 25°C, 30°C, or 37°C. For snul7A,
cells were grown at 30°C in YPD liquid medium until the desired
ODggo was obtained. Cells were spotted as a 10-fold dilution onto
YPD plates and incubated for 2 d at 25°C, 30°C, or 37°C. (B) Serial
dilution assay of double mutants, mudiA htz1A, mud2A htz1A,
snul7A htzlA, snub66A htzlA, cwc21A htz1A, isy1A htz1A, and
nam8A htz1A. Cells were grown at 30°C in YPD liquid medium
until the desired ODgyo was obtained. Cells were spotted as a
10-fold dilution onto YPD plates and incubated for 2 d at 25°C,
30°C, or 37°C.

(Gottschalk et al. 2001). Snul7 is also a component of the
retention and splicing (RES) complex, which is important
for nuclear retention of unspliced pre-mRNA. This indi-
cates that cells lacking H2A.Z are dependent on intact
U2 snRNP.

Splicing is a highly dynamic process with thermal-sen-
sitive RNA-RNA and RN A-protein interactions. We sus-
pected that if H2A.Z affects splicing factor recruitment
and/or rearrangements of the spliceosome, then perturba-
tions in temperature could reveal additional genetic in-
teractions between HTZI1 and genes encoding splicing
factors. To identify these interactions, we repeated our
targeted genetic screen under growth temperatures that

are suboptimal (37°C and 25°C). This analysis revealed ge-
netic interactions between HTZ1 and genes encoding
components of every major spliceosomal complex (Fig.
1B). Slow growth phenotypes in many of the double mu-
tants are exacerbated at higher temperatures, indicating
that H2A.Z may be important for stabilizing spliceosomal
complexes and/or rearrangements, especially in destabi-
lizing conditions such as thermal stress. A notable excep-
tion is Nam8, a Ul-associated factor that is particularly
important for meiosis-specific splicing (Fig. 1B, bottom;
Spingola and Ares 2000). Together, these genetic interac-
tions indicate that a mutant spliceosome—and especially
a compromised U2 snRNP—is particularly sensitive to
the absence of H2A.Z in the chromatin.

H2A.Z is required for optimal splicing of a subset of ICGs

In order to determine whether deletion of H2A.Z affects
splicing, we used RNA sequencing (RNA-seq) to analyze
the effect of HTZ1 deletion genome-wide. We compared
the splicing efficiency of ICGs in wild-type and htz1A cells
(Fig. 2A, left). Ribosomal protein genes (RPGs), which ac-
count for roughly one-third of all ICGs, show little to no
change in splicing efficiency upon deletion of H2A.Z
(Fig. 2A). However, H2A.Z is required for optimal splicing
of a subset of ICGs with distinct properties. Notably,
amongnon-RPGs, introns with nonconsensus BP sequenc-
es have a significantly stronger splicing defect than those
with consensus BP sequences (P=0.018) (Fig. 2A, right).
In yeast, the highly conserved canonical BP sequence is
UACUAAC, while the sequences most affected by HTZ1
deletion contain the sequences that differ at the +1 posi-
tion of the BP sequence: GACUAAC (5), AACUAAC (5),
and CACUAAC (4). Neither nonconsensus 5’ splice site
(5’SS) nor 3’ splice site (3/SS) sequences show this signifi-
cantly enhanced dependence on H2A.Z for optimal splic-
ing compared with non-RPG introns with consensus
splice sites (Supplemental Fig. S1A, left), reinforcing the
connection between H2A.Z and the U2 snRNP, which
directly base-pairs with the BP sequence.

We and others have shown previously that defects in
splicing are often masked by the rapid turnover of mis-
spliced and unspliced transcripts (Hossain et al. 2011;
Kawashima et al. 2014). To determine whether rapid turn-
over of misspliced transcripts masks splicing defects that
occur in htz1A cells, we performed RNA-seq analysis in
cells lacking HTZ1 in combination with deletion of genes
encoding cytoplasmic degradation pathway proteins Xrnl
or Upfl. Xrnl is a 3'-5’ exonuclease (Larimer and Stevens
1990), and Upfl is an ATP-dependent RNA helicase in-
volved in nonsense-mediated decay (Ono et al. 2005). Ge-
nome-wide profiles of splicing efficiency in htz1A cells in
the degradation mutant background are similar to the
wild-type background profile (Fig. 2A,B, left). However,
the subset of genes whose splicing is most strongly affected
by deletion of HTZ1 is larger, and splicing defects are often
stronger in the degradation mutant backgrounds than the
wild-type background, likely because unspliced tran-
scripts are stabilized in the absence of Xrnl or Upfl (Fig.
2B). In both the xrn1A and upf1A mutant backgrounds, a
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significant majority of RPGs exhibits a <5% change in
splicing when HTZ1 is deleted (P = 0.023 and P = 0.032, re-
spectively). Similar to the wild-type background, the sub-
set of genes whose splicing is most strongly affected in
htz1A is characterized by non-RPGs with nonconsensus
BP sequences (Fig. 2B, right; Supplemental Fig. STA).

RNA-seq analysis revealed 91 ICGs with a splice defect
(>10%) upon deletion of HTZ1 in at least one background
(wild type, xrn1A, or upf1A) (Supplemental Fig. SIB). This
pool of genes is enriched in introns containing nonconsen-
sus BPs (24 of 91 introns; P =0.003). Of these 91 genes, 23
genes showed decreased splicing in both degradation mu-
tant backgrounds, and 52 genes showed decreased splicing
in only the xrn1A or upfiA background. It is clear that
these degradation pathways can overlap, but there may
be additional signals that help determine which pathway
is used to remove specific unspliced transcripts.

H2A.Z is deposited in the chromatin in place of the ca-
nonical histone H2A. Swrl, a Swi2/Snf2-related ATPase,
catalyzes this exchange (Krogan et al. 2003; Kobor et al.
2004; Mizuguchi et al. 2004). Similarly to HTZ1, SWR1
interacts with genes encoding early splicing factors (Sup-
plemental Fig. S2A). Loss of Swrl leads to a global
decrease in H2A.Z occupancy and loss of H2A.Z enrich-
ment at promoters (Mizuguchi et al. 2004; Zhang et al.
2005; Sadeghi et al. 2011). We therefore asked whether
Swrl has effects on splicing similar to those of H2A.Z.
To address this question, splicing efficiency of ICGs was
analyzed in swrlA, swrlA xrnlA, and swrlA upf1A back-
ground cells (Supplemental Fig. S2B). Similar to H2A.Z,
Swrl appears to be important for optimal splicing of a sub-
set of genes. Additionally, there is considerable overlap
between the splicing efficiency in swr1A and htzI1A cells

(Supplemental Fig. S2C). While a number of genes display
better splicing in swrlA cells as compared with htzIA
cells, these affected genes are, for the most part, the
same genes affected by H2A.Z loss (Supplemental Fig.
S2D). While loss of Swrl leads to decreased H2A.Z occu-
pancy at promoters, it does not completely eliminate
the H2A.Z in the chromatin, as Swrl-independent H2A.
Z incorporation has been observed (Sadeghi et al. 2011).
Residual H2A.Z in the chromatin likely accounts for the
moderated splice defect in swrlA as compared with
htz1A cells. Together, these results suggest that the effect
of Swrl on splicing is likely due to its role in H2A.Z
exchange.

H2A.Z occupancy is reported to be negatively correlat-
ed to transcription and has been implicated in regulating
gene expression (Santisteban et al. 2000; Zhang et al.
2005). We therefore asked whether defects in splicing cor-
relate with gene expression. ICGs with strong splicing de-
fects also have relatively low expression (reads per
kilobase per million mapped reads [RPKM] <150) in the
wild-type or degradation mutant background (Fig. 2C).
We considered the possibility that this correlation was
due to a bias in our sequencing results or filtering process.
To ensure that the results are not due to an artifact of the
sequencing data, we analyzed genes that did not pass the
minimum-read filter threshold (Supplemental Fig. S3A).
We found that changes in splicing of these genes are even-
ly distributed between increased and decreased splicing
efficiency, demonstrating that our filters effectively re-
moved noise and that there was no significant selection
bias (Supplemental Fig. S3B). If splicing defects observed
in ICGs with low expression are due to stochastic varia-
tion, we would expect the distribution of genes with
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increased or decreased splicing efficiency to be the same
in our filtered data and in the noise. However, we found
that lowly expressed ICGs are significantly enriched in
genes that have >10% decrease in splicing upon loss of
H2A.Z as compared with the noise (P <<0.01 in all back-
grounds) (Fig. 2C).

RT-PCR analysis confirms that genes with
nonconsensus splice sites are particularly sensitive
to loss of H2A.Z

In order to verify the RNA-seq results, RT-PCR was used
to assess the splicing of a pool of candidate genes. Since
unspliced pre-mRNA is targeted by both Xrnl and Upfl
in ways that mask H2A.Z’s effect on splicing, we decided
to focus on two groups of genes: (1) genes that show intron

accumulation in the wild-type, xrn1A, and upfIA back-
grounds (eight genes) (Supplemental Fig. S1B)and (2) genes
that show intron accumulation in both the xrn1A and
upflA cell backgrounds (15 genes) (Supplemental Fig.
S1B). Of these 23 genes, nine contain introns with at least
one nonconsensus splice site (Fig. 3A, in orange).
RT-PCR confirmed the decreased splicing of all eight
genes in group 1 in the presence and absence of H2A.Z
in wild-type, xrn1A, and upf1A cells (Fig. 3B,C). We exam-
ined the splicing intermediates of the two-intron gene
SUS1, whose splicing has been well characterized (Hos-
sain et al. 2009, 2011). SUS1 is unique not only because
it is one of the 10 yeast genes that contain multiple in-
trons but also because its first intron contains both a non-
consensus 5SS and BP sequence (Fig. 3A). Upon deletion
of HTZ1, there is modest accumulation of SUSI pre-
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Figure 3. RT-PCR analysis confirms that genes with nonconsensus splice sites are particularly sensitive to loss of H2A.Z. (A) Group 1
consists of ICGs whose splicing decreases by >10% in the wild-type, xrn1A, and upf1A backgrounds. Group 2 consists of ICGs whose splic-
ing decreases by >10% in the xrn1A and upf1A backgrounds. Genes that did not pass the minimum-read filter in the wild-type background
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region intron. (B) Analysis of group 1 genes by RT-PCR in wild-type, xrnIA, and upfI1A cells +HTZ1. Products were analyzed on 6%
PAGE gels (8% for SUS1). Pre-mRNA size is indicated by genomic DNA size. (C) Quantification of group 1 RT-PCR unspliced (pre-
mRNA) products. (Bottom right) Quantification of SUSI pre-mRNA and splicing intermediate containing only the second SUS! intron.
(D) Analysis of group 2 genes by RT-PCR in wild-type, xrnIA, and upf1A cells +HTZ1. Products were analyzed on 6% PAGE gels. Pre-
mRNA size is indicated by genomic DNA size. (E) Quantification of group 2 RT-PCR unspliced products. (F) Quantification of group 1
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ments, and error bars represent the standard deviation (SD). (gDNA) Genomic DNA.



mRNA and strong accumulation of partially spliced (first
intron retained) mRNA (Fig. 3C, bottom right). Due to its
weak splice sites, the first intron of SUS1 is more suscep-
tible to H2A.Z loss.

Of the 15 genes in group 2, seven genes did not pass
our minimum-read filter in the wild-type cells and were
not included in the RNA-seq analysis (Fig. 3A, in blue).
It is possible that deletion of HTZ1 causes decreased splic-
ing of these introns in the wild-type background as well.
We therefore used RT-PCR to confirm htzIlA-related
splicing defects in group 2 genes in wild-type, xrnlA,
and upf1A cells (Fig. 3D,E). As expected, upon HTZ1 dele-
tion, these genes have decreased splicing in not only the
degradation mutant background but also the wild-type
background.

In a recent report, H2A.Z has been shown to act coordi-
nately with the nuclear exosome, particularly the Rrp6
subunit, to control RNA expression and turnover (Rege
et al. 2015). Rp6 is a 3’5" exonuclease that has been im-
plicated in the turnover of unspliced transcripts (Bous-
quet-Antonelli et al. 2000; Sayani and Chanfreau 2012).
To determine whether the nuclear exosome is important
for clearing the cell of unspliced transcripts that arise in
htz1A cells, we used RT-PCR to analyze the splicing of
our candidate genes in the presence and absence of H2A.
Z in rrp6A cells (Fig. 3F). Deletion of RRP6 alone results
in increased pre-mRNA and, similar to XRN1 and UPF1
deletion, stabilizes many unspliced transcripts in htzIA
cells, indicating that the nuclear exosome is important
for clearing erroneous unspliced transcripts that arise in
htz1A cells.

Because we found interactions between H2A.Z and
components of every major spliceosome complex (Fig.
1A,B), we also examined splicing of our candidate genes
in viable double mutants lacking H2A.Z and Ul snRNP
factor Mud1 or nineteen complex (NTC) factor Isyl. Con-
sistent with our genetic analyses, deletion of HTZ1 en-
hances splicing defects of mudlA and isylA cells
(Supplemental Fig. S4A). Intriguingly, while splicing of
most intron-containing RPGs is unaffected by HTZ1
deletion alone, when H2A.Z loss is combined with dele-
tion of splicing factor components, RPG splicing is defec-
tive (Supplemental Fig. S4B,C). Most intron-containing
RPGs have consensus BP sequences (93%) and are effi-
ciently spliced (Fig. 2A). Thus, it appears that, in general,
H2A.Z deletion negatively affects splicing, but this effect
is less obvious when splicing is robust. Moreover, these
data indicate that H2A.Z generally affects the process
of splicing, but BP recognition is particularly susceptible
to changes in the splicing environment such that splicing
of introns containing nonconsensus BP sequences is
inefficient in htzI1A cells even under otherwise optimal
conditions.

H2A.Z-mediated splicing defects are not due to changes
in spliceosome availability

H2A.Z is reported to be involved in transcriptional regula-
tion and gene expression (Santisteban et al. 2000; Zhang
et al. 2005). We therefore considered the possibility that

H2A.Z promotes cotranscriptional splicing

the splicing effect of HTZ1 deletion was due to altered
transcription of a gene involved in splicing. However,
RNA-seq analysis shows no significant change in the
expression of genes encoding general splicing factors
(Chen and Cheng 2012) or spliceosomal snRNAs (Supple-
mental Table S1; Supplemental Fig. S5A).

It also has been shown that competition between RNAs
for spliceosome components alters splicing efficiency.
Specifically in S. cerevisiae, due to the large number of in-
tron-containing RPGs, perturbations to RPG expression
alter the availability of the spliceosome to non-RPG pre-
mRNAs (Munding et al. 2013). Therefore, up-regulation
of RPG expression could lead to a decrease in splicing of
non-RPGs. However, this is not the case, as the RNA-
seq results show no significant change in expression of
RPGs (Supplemental Fig. S5B).

H2A.Z is enriched around splice sites

H2A.Z is enriched around the TSS of the majority of
yeast genes, typically in the +1 and —1 nucleosome flank-
ing the NFR (Ranjan et al. 2013; Gu et al. 2015). However,
recent reports indicate that, in Drosophila, H2A.Z also
demarcates exon boundaries (Weber et al. 2010), while,
in humans, a histone variant highly related to H2A.Z
is enriched near BPs of introns (Tolstorukov et al.
2012). This suggested to us that H2A.Z’s effects on
splicing may be a direct result of H2A.Z’s positioning
relative to splicing-specific gene features in yeast. Using
previously published ChIP-seq (ChIP combined with
high-throughput sequencing) data (Gu et al. 2015), we
confirmed that H2A.Z occupies the nucleosomes flank-
ing the TSS of most ICGs (Fig. 4A,B, left). Additionally,
H2A.Z is well positioned over, or just upstream of, the
BP sequence and the 3’SS of many ICGs (Fig. 4B). At
this point, it is unclear what the mechanism of this
increased occupancy of H2A.Z is at particular intron
sequences, but it follows a trend similar to other histone
enrichment patterns within introns (for review, see
Brown et al. 2012; Saldi et al. 2016). In parallel studies
in Schizosaccharomyces pombe, this pattern of H2A.Z
enrichment around splicing signals is also observed
(Nissen et al. 2017).

A number of studies found that RPGs are deplete of
H2A.Z-containing nucleosomes (Raisner et al. 2005;
Zhang et al. 2005; Ranjan et al. 2013; Gu et al. 2015).
Consistent with these studies, we observed low H2A.Z
occupancy at the TSS, BP sequence, and 3'SS of intron-
containing RPGs (Fig. 4A,C). Recently, it has been shown
that the preinitiation complex is required for H2A.Z
eviction from the chromatin during active transcription
(Tramantano et al. 2016). Because RPGs are highly tran-
scribed genes, it is possible that ChIP-seq experiments
cannot capture H2A.Z occupancy in these genes due to
rapid nucleosome turnover. In fact, depletion of compo-
nents of the transcription machinery leads to H2A.Z
accumulation in RPGs (Tramantano et al. 2016), demon-
strating that, although steady-state levels are low, H2A.
Z is present in RPGs and could contribute to their effi-
cient splicing (Supplemental Fig. S4).
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Figure 4. H2A.Z is well positioned near splice sites in non-
RPGs. (A) H2A.Z ChIP-seq occupancy over input across the tran-
scribed region and 600 nucleotides (nt) upstream of and down-
stream from the TSS and transcription stop site of all genes, all
ICGs, all RPGs, intron-containing RPGs, and intron-containing
non-RPGs. Lines represent the average fold enrichment of two bi-
ological replicates and 95% CI. The Y-axis represents 0-1000
mapped ChIP reads normalized to input. Analysis of data from
Gu etal. (2015). (B) Hierarchical clustering of H2A.Z-binding pro-
files of intron-containing non-RPGs around TSSs or splice sites,
oriented gene-directionality. (Left) Five-hundred nucleotides up-
stream of and 1000 nt downstream from the TSS. The vertical
line indicates the TSS. Five-hundred nucleotides upstream of
and 500 nt downstream from the BP sequence (middle) or 3'SS
(right). n=147. Introns found in the 5" UTR were excluded. (C)
Hierarchical clustering of H2A.Z-binding profiles of intron-
containing RPGs around TSSs or splice sites, oriented gene-direc-
tionality. (Left) Five-hundred nucleotides upstream of and 1000 nt
downstream from the TSS. The vertical line indicates the TSS.
Five-hundred nucleotides upstream of and 500 nt downstream
from the BP sequence (middle) or 3'SS (right). n=88. Introns
found in the 5 UTR were excluded. Analysis of data by Gu et
al. (2015), including an average of two biological replicates.

Cotranscriptional U2 snRNP rearrangement and
downstream recruitment profiles are defective in the
absence of H2A.Z

Cotranscriptional recruitment of the spliceosome to the
nascent pre-mRNA has been shown to occur in a predict-
able and stepwise fashion (Kotovic et al. 2003; Gorne-
mann et al. 2005; Lacadie and Rosbash 2005; Tardiff and
Rosbash 2006). When spliceosomal rearrangements are
perturbed, a lag in snRNP disengagement can be observed
(Gornemann et al. 2005; Lacadie and Rosbash 2005; Tar-
diff and Rosbash 2006). Our previous studies demonstrat-
ed that histone acetylation patterns affect the recruitment
of the U2 snRNP and alter spliceosomal rearrangements
(Gunderson and Johnson 2009; Gunderson et al. 2011).
Because ICGs containing nonconsensus BPs were en-
riched in our RNA-seq analysis and because we observed
genetic interactions between HTZ1 and several compo-
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nents of the U2 snRNP, we first analyzed U2 snRNP re-
cruitment to nascent mRNA. We specifically examined
the recruitment of Msl1, the U2B homolog, to two genes
with H2A.Z occupancy upstream of the ORF (ECM33
and YCL0O02C) and one gene deplete of H2A.Z occupancy
(RPL13A) (Fig. 5A; Gu et al. 2015). The pattern of splicing
factor recruitment to ECM33 has been reported previously
(Gormemann et al. 2005; Gunderson and Johnson 2009;
Gunderson et al. 2011). YCLO0O2C has a nonconsensus
5'SS and BP, and deletion of HTZ1 leads to a splicing
defect in this gene (Figs. 3B, 5B). While deletion of HTZ1
results in no significant change in the recruitment of
Msll to the selected genes, there is increased Msl1 enrich-
ment at primer set 4 of ECM33 and primer set 5 of
YCLO002C (Fig. 5D). This persistent U2 snRNP association
suggests decreased U2 snRNP dissociation, and similar
occupancy profiles have been interpreted as a defect in
spliceosomal rearrangements (Gunderson et al. 2011).
Surprisingly, RPL13A shows no significant increase in
Msl1 in the gene body (Fig. 5D, right). Total protein levels
of Msl1 or its interaction partner, Leal, are unaffected by
deletion of HTZ1 (Supplemental Fig. S6A). This result in-
dicates that H2A.Z'’s presence in the chromatin is impor-
tant for the spliceosomal rearrangements that involve the
U2 snRNP.

The observed Msll recruitment profiles, along with
the results from our targeted genetic screen and RNA-
seq analysis, suggest a specific role for H2A.Z in U2
snRNP function and/or rearrangements involving the
U2 snRNP. However, it is possible that deletion of
HTZ1 acts more generally upon cotranscriptional re-
cruitment or rearrangements of all snRNPs. To deter-
mine whether H2A.Z affects events upstream of U2
snRNP recruitment, we examined the recruitment of
the Ul snRNP component Prp42 to ECM33, YCL002C,
and RPL13A. Deletion of HTZ1 does not affect Prp42 re-
cruitment profiles to any of our candidate genes (Fig. 5E),
suggesting that H2A.Z likely affects spliceosomal rear-
rangements that occur after Ul snRNP release. Total
protein levels of Prp42 are unchanged by loss of H2A.Z
(Supplemental Fig. S6B).

We predicted that, because of the stepwise cotranscrip-
tional recruitment of splicing factors, association of splic-
ing factors recruited to the nascent mRNA after U2
snRNP would be negatively impacted by loss of H2A.Z.
In fact, there is decreased association of the U5 snRNP
representative protein Snull4 with all candidate genes
in the absence of HTZ1 (Fig. 5F). While we observed no
change in U2 snRNP occupancy at RPL13A, U5 snRNP
occupancy is markedly decreased (Fig. 5F). This is consis-
tent with our RT-PCR results in which H2A.Z loss exac-
erbates RPG splicing defects when the spliceosome is
compromised (Supplemental Fig. S4C). H2A.Z likely af-
fects spliceosome dynamics at all ICGs, but, because
splicing of RPGs is particularly robust, spliceosome rear-
rangements do not rely as heavily on H2A.Z's presence
in healthy cells. Decreased Snull4 occupancy cannot be
attributed to changes in protein expression (Supplemental
Fig. S6C). These results suggest that loss of H2A.Z in-
creases the association of the U2 snRNP and reduces the
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Figure 5. Cotranscriptional U2 snRNP recruitment

TPZL 1? s is defective in the absence of H2A.Z. (A) Integrative
i Genome Viewer track view of H2A.Z occupancy
- WB_T_s”' over input by ChIP-seq across the ORF of YCL002C

mm hiz1a  (top), ECM33 (middle), and RPL13A (bottom). The
RPL13A Y-axis represents 0-1000 mapped ChIP reads normal-

RP

il
1 2

RPL13A

3 4

ized to input. A schematic of each gene is included be-
low each occupancy profile. Analysis of data from Gu
et al. (2015). (B, top) Analysis of YCL002C, ECM33,
and RPL13A genes by RT-PCR in the presence and
absence of HTZ1. Products were analyzed on 6%
PAGE gels. Pre-mRNA size is indicated by genomic
DNA size. (Bottom) Quantification of RT-PCR prod-
ucts. Graphs represent the average of two indepen-
dent experiments, and error bars represent the SD.
(C) Schematic of ICGs YCL002C, ECM33, and
RPL13A. Underlined numbers represent amplicons
generated by each primer set used in this experiment.
(D) Occupancy of Msll at each region of YCL002C
(left), ECM33 (middle), or RPL13A (right) relative to
the nontranscribed region in wild type or htzIA.
Graphs represent the average of six (wild type) or
three (htzIA) independent experiments, and error
bars represent the standard error of the means
(SEM). P-values for each primer set were determined
by Student’s t-test. Significant values are indicated.
(E) Occupancy of Prp42 at each region candidate
gene relative to the nontranscribed region in wild
type or htz1A. Graphs represent the average of four in-
dependent experiments, and error bars represent the

L13A

5 NTR

SEM. P-values for each primer set were determined by Student’s t-test. No significant values were found. (F) Occupancy of Snull4 at
each region of candidate genes relative to the nontranscribed region in wild type or htzIA. Graphs represent the average of three indepen-
dent experiments, and error bars represent the SEM. P-values for each primer set were determined by Student’s t-test. Significant values
are indicated. (gDNA) Genomic DNA. (*) P-value < 0.01; (**) P-value <0.001; (***) P-value < 0.0001.

association of downstream splicing factors. These results
are consistent with a role for H2A.Z in efficient spliceoso-
mal rearrangements.

RNAPII kinetics are altered upon loss of H2A.Z

Because we found that H2A.Z is enriched around splice
sites of many ICGs, it is possible that H2A.Z promotes
splicing through physical interactions with the spliceo-
some, perhaps through a chromatin-associated adaptor
protein. Indeed, such physical interactions between splic-
ing factors and histones have been reported (Sims et al.
2007; Luco et al. 2010), and, in humans, it has been report-
ed that H2A.Z weakly binds the SE3B complex (Tolstoru-
kov et al. 2012). However, we found no direct interactions
between H2A.Z and tested splicing factors (Prp43, Snu66,
Prp4, Leal, Msll, Snull4, and Cusl) (data not shown).
Cotranscriptional splicing is spatially and temporally
linked to transcription, and therefore changes in RN APII
elongation rates and pausing can perturb the precisely
timed rearrangements of the spliceosome and alter splic-
ing outcomes (de la Mata et al. 2003; Howe et al. 2003;
Carrillo Oesterreich et al. 2010). As H2A.Z has roles in
the regulation of both transcription initiation and elonga-
tion, we considered the possibility that H2A.Z helps coor-
dinate the processes of transcription and splicing
(Santisteban et al. 2000, 2011; Zhang et al. 2005; Wan

et al. 2009; Li et al. 2012; Weber et al. 2014; Subramanian
et al. 2015; Rudnizky et al. 2016).

In order to determine whether loss of H2A.Z affects
RNAPII kinetics in such a way that it could alter spliceo-
some rearrangements, we first examined the recruitment
of Rpb3, the large subunit of RNAPII, to YCL0O02C,
ECM33, and RPL13A. While Rpb3 recruitment to the pro-
moter is unchanged in htzIA cells, Rpb3 occupancy
through the gene body of ECM33 and RPL13A is decreased
in htzIA cells compared with wild-type cells (25%-31%
decrease for locations 2-5) (Fig. 6B). We observed a small
but consistent decrease of Rpb3 occupancy in YCL002C
(11%-16% decrease for all locations) (Fig. 6B, left).
YCLO002C is a lowly expressed gene with generally low
Rpb3 occupancy, and we believe that this makes it diffi-
cult to resolve the differences in polymerase enrichment.
In order to determine whether changes in RNAPII occu-
pancy are specific to ICGs or are a general outcome of
HTZ1 deletion, we examined Rpb3 recruitment to an
intronless gene, PMA1. We found that, similar to the can-
didate ICGs, Rpb3 occupancy is reduced in PMA1I upon
HTZ1 deletion (17%-36% decrease for all locations)
(Fig. 6B, right). Unlike ECM33 and RPL13A, Rpb3 occu-
pancy is decreased at primer set 1 of PMA1. This could
be due to primer set 1 amplifying a region just down-
stream from the TSS. However, this may also indicate de-
creased Rpb3 recruitment to the promoter of PMAI in
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htz1A cells. Total protein levels of Rpb3 are unchanged by
loss of H2A.Z (Supplemental Fig. S6D). These results indi-
cate that loss of H2A.Z reduces RNAPII occupancy and in-
fluences transcription elongation. While additional
changes such as polymerase pausing or processivity can-
not be ruled out, decreased RNAPII occupancy in htzIA
cells likely reflects slowed transcription elongation. Not
only does slow elongation correlate with decreased RNA-
PII occupancy (Mason and Struhl 2005; Garcia et al. 2010,
2012; Malik et al. 2017), but H2A.Z deletion has been
shown previously to lead to a decreased rate of elongation
in both yeast and mammalian cells (Santisteban et al.
2011; Rudnizky et al. 2016). Therefore, our results are con-
sistent with past findings that H2A.Z promotes efficient
transcription elongation and that H2A.Z deletion leads
to changes likely including, but not limited to, slow elon-
gation rate.

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 hypophosphorylated at the
promoter and, upon initiation, becomes phosphorylated
at Ser5. Ser5 phosphorylation (Ser5-P) declines near the
3’ end of the transcript in favor of Ser2-P (Komarnitsky
et al. 2000; Alexander et al. 2010). This dynamic phos-
phorylation has been implicated in regulating transcrip-
tion elongation kinetics, and Ser2-P in particular is a
hallmark of the elongating polymerase (for review, see
Hsin and Manley 2012). Because perturbations to CTD
phosphorylation reflect changes in active elongation (Gar-
cia et al. 2010; Allepuz-Fuster et al. 2014; Davidson et al.
2014), we analyzed Ser2-P states on our candidate genes.
Although HTZ1 deletion results in decreased RNAPII oc-

Figure 6. RNAPII elongation kinetics are altered in the
absence of H2A.Z. (A) Schematic of ICGs YCL002C,
ECM33, and RPL13A and intronless gene PMA1. (B) Oc-
cupancy of Rpb3 at each region of YCL002C (left),
ECM33 (middle left), RPL13A (middle right), or PMA1
(right) relative to the nontranscribed region in wild type
or htz1A. Graphs represent the average of three indepen-
dent experiments, and error bars represent the SEM. (C)
Ser2 phosphorylation state of the RNAPII C-terminal
domain at each region of candidate genes relative to the
nontranscribed region in wild type or htz1A. Graphs rep-
resent the average of three independent experiments, and
error bars represent the SEM. (D) Ser2 phosphorylation
state (from C) normalized to Rpb3 (from B) occupancy
at each region of candidate genes.

cupancy across candidate genes, there is increased Ser2-P
on polymerases bound to the 3’ ends of ECM33, RPL13A,
and PMA1 in htz1A cells (Fig. 6C,D). Because polymerase
occupancy of YCLO02C is low compared with other candi-
date genes, we were not able to observe small changes in
Ser2-P on this gene (Fig. 6C,D, left). We found that Ser2-
P begins to accumulate earlier toward the 5 end in the
gene bodies of YCL0O02C, ECM33, and PMA1 in htzIA
cells as compared with wild-type cells (Supplemental
Fig. S7B). These findings are similar to past studies that
have shown that transcription elongation defects corre-
late with increased Ser2-P (Garcia et al. 2010, 2012),
Hence, it appears that increased pausing or slower elonga-
tion in cells lacking H2A.Z may allow Ser2-P accumula-
tion earlier in transcription.

Deletion of a general elongation factor exacerbates H2A.
Z-mediated splice defects and affects U2 snRNP
recruitment profiles

We suspected that if H2A.Z affects splicing via its role in
transcription elongation, we might be able to observe
functional interactions between H2A.Z and elongation
factors. Consistent with this, we observed slow growth
in cells lacking both H2A.Z and the general elongation
factor Dstl (TFIIS) (Supplemental Fig. S8A). Dstl pro-
motes elongation and prevents backtracking of stalled po-
lymerase elongation complexes (for review, see Freedman
et al. 2013). In the absence of Dstl, RNAPII elongation is
compromised, and polymerase pause sites are altered, par-
ticularly under transcriptional stress (Mason and Struhl
2005; Churchman and Weissman 2011). Intriguingly,
deletion of Dstl can also negatively affect splicing and
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lead to aberrant intron retention (Lacadie et al. 2006; Car-
ey 2015). While loss of Dst1 alone does not decrease splic-
ing of our candidate genes, deletion of DST1 in htz1A cells
exacerbates H2A.Z-mediated splice defects, and we ob-
served increased pre-mRNA levels in double mutants
(Supplemental Fig. S8B). The SUS1 splicing intermediate
that retains the nonconsensus first intron, but not the
unspliced pre-mRNA, accumulates in dst1A htz1A cells,
suggesting that, similar to htzIA, splicing of introns
with nonconsensus BP sequences is particularly affected
in the double mutant (Supplemental Fig. S8B, right).

Deletion of Dstl not only decreases polymerase proces-
sivity (Mason and Struhl 2005) but was also found, in a ge-
nome-wide study, to decrease RNAPII occupancy by 1.6-
fold, on average, compared with wild-type cells (Ghavi-
Helm et al. 2008). Because Dst1 loss exacerbates splicing
defects in htz1A cells and generally decreases RNAPII oc-
cupancy, we asked whether Dst1 could affect spliceosome
rearrangements similar to H2A.Z. Consistent with our ob-
servations in htzIA cells, enrichment of the U2 snRNP
factor Msll is increased at YCLO02C in dst1A cells (Sup-
plemental Fig. S8D, left). While Dstl and H2A.Z likely af-
fect transcription elongation in different ways, this
supports a model in which elongation defects can lead to
changes in U2 snRNP occupancy patterns.

Depletion of disassembly factor Prp43 can suppress H2A.
Z-mediated splice defects

Our findings that H2A.Z affects spliceosome rearrange-
ments and transcription elongation suggest that the kinet-
ics of transcription and splicing are well coordinated. We
suspect that, in the absence of H2A.Z, spliceosome kinet-
ics are disrupted by changes in transcription elongation,
and stalled spliceosomes are disassembled while pre-
mRNA is released. Prp43 is a DEAH-box helicase that
has functions in ribosome biogenesis as well as spliceo-
some 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 disassemble spliceosomes when splicing is
slowed (Koodathingal et al. 2010; Koodathingal and Staley
2013). Intriguingly, deletion of HTZ1 suppresses the
growth defect of prp43P4™F cells (Fig. 7A). In this strain,
the 3’ untranslated region (UTR) of PRP43 is disrupted
with an antibiotic resistance cassette, which leads to de-
creased RNA expression (Supplemental Fig. SOA). Surpris-
ingly, despite the severe growth defect, we did not observe
a significant splicing defect for our candidate genes when
Prp43 expression was decreased (Fig. 7B). This suggests
that the Prp43 functions outside of splicing are significant
contributors to the growth defect of prp43P4™F cells. In-
terestingly, decreased Prp43 partially suppresses the splic-
ing defect observed in htzIA cells, indicating that
spliceosome disassembly is at least partially responsible
for pre-mRNA accumulation in cells lacking H2A.Z (Fig.
7B; Supplemental Fig. S9B). We next analyzed splicing ge-
nome-wide to determine to what extent Prp43 depletion
suppresses H2A.Z-mediated splice defects. Splicing is
largely unaffected by Prp43 depletion alone; however,
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Figure 7. Decreased spliceosome disassembly can suppress
H2A .Z-mediated splice defects. (A) Serial dilution assay of double
mutant prp43°4™F htz1A. Cells were grown at 30°C in YPD +
G418 liquid medium until the desired ODggo was obtained. Cells
were spotted as a 10-fold dilution onto YPD + G418 plates and in-
cubated for 2 d at 25°C, 30°C, or 37°C. (B, left) Quantification of
pre-mRNA of candidate genes by RT-PCR in wild-type and
prpd3PAmP cells +HTZ1. (Right) Quantification of SUSI RT-
PCR pre-mRNA and splicing intermediate containing only the
second SUSI intron. Quantification graphs represent the average
of two to three independent experiments, and error bars represent
the SD. (C, Ileft) Distribution in splicing efficiencies of all ICGs
upon deletion of HTZ1 in prp43P4™F cells, represented as an X—
Yplot. RPGs are denoted in orange. (Right) Distribution of chang-
es in splicing in groups of ICGs characterized by RPGs or non-
RPGs and consensus or nonconsensus BPs. (¢cBP) Consensus BP;
(ncBP) nonconsensus BP. (**) P-value <0.01.

there are subsets of ICGs whose splicing efficiency in-
creases or decreases in prp43PA™P cells, suggesting gene-
specific sensitivity to Prp43 depletion (Supplemental
Fig. S9C). Consistent with the results shown in Figure
7B, we found that Prp43 depletion in htz1A cells improves
splicing in a subset of ICGs (Fig. 7C left). The pool of genes
in which splicing is most improved by Prp43 depletion
(>10%) is significantly enriched with introns containing
a nonconsensus BP (P=0.005). Additionally, among non-
RPGs, splicing of introns containing a nonconsensus BP
sequence is significantly more improved by Prp43 deple-
tion than splicing of those with consensus BP sequences
(P =0.01) (Fig. 7C right). Consistent with our observations
in htz1A cells, introns with nonconsensus BPs are more
sensitive to Prp43 depletion than those with nonconsen-
sus 5'SSs or 3’SSs (Supplemental Fig. S9D). Together,
these data suggest that when rearrangements involving
the U2 snRNP are defective or slowed in htzIA cells, de-
creased disassembly may allow more time for spliceo-
some rearrangements to occur.

Overall, these results are consistent with a model in
which compromised elongation leads to a splicing defect.



Neves et al.

In the case of htz1A, this defect contributes to defects in
U2 snRNP rearrangements and downstream snRNP re-
cruitment. Prp43 is able to recognize and disassemble
spliceosomes with defective rearrangement, leading to
the release of unspliced pre-mRNA in htzIA cells. While
genes with robust splicing are refractory to these changes
in the kinetics of spliceosome rearrangements, those with
weak splice sites are unable to splice efficiently. These
results highlight an important, albeit underappreciated,
feature of cotranscriptional splicing: Compromised tran-
scription elongation does not necessarily provide a “win-
dow of opportunity” to resolve splicing defects, but rather,
kinetics of transcription elongation and splicing are opti-
mally coordinated to promote splicing. Specific factors
such as H2A.Z appear to ensure the appropriate tuning
of this coordination to promote splicing for subsets of
introns.

Discussion

An ever-growing body of work has established that tran-
scription and RNA processing are spatially and temporal-
ly coordinated. Because the spliceosome acts upon
nascent mRNA while the transcript is associated with
the elongating polymerase, the process of splicing takes
place in the context of the transcription machinery and
the chromatin it engages. Here we demonstrate that the
histone variant H2A.Z plays a novel role in the process
of cotranscriptional splicing. Consistent with published
studies from the Pleiss and Stevens laboratories (Albu-
lescu et al. 2012; Sorenson and Stevens 2014), we found
many genetic interactions between HTZ1 and genes en-
coding splicing factors. In particular, mutations to U2
snRNP components render cells reliant on H2A.Z for
viability. Additionally, H2A.Z is necessary for optimal
splicing of many endogenous ICGs, particularly when in-
trons contain weak splice sites. Furthermore H2A.Z facil-
itates polymerase elongation and ensures appropriate
cotranscriptional spliceosome rearrangements. Finally,
decreased expression of an elongation factor or a spliceo-
some disassembly factor modulates the cells sensitivity
to the presence of H2A.Z. Our studies support a role for
H2A.Z in coordinating the processes of transcription
and splicing: H2A.Z regulates transcription elongation,
thereby affecting downstream spliceosome dynamics on
ICGs.

H2A.Z affects kinetics of polymerase elongation

Our experiments reveal that loss of H2A.Z results in de-
creased polymerase occupancy across our candidate
genes, suggesting that H2A.Z normally promotes RNAPII
elongation (Fig. 6; Supplemental Figs. S7, S8). Although
our experiments do not directly measure elongation
rate, there are several lines of evidence to support a role
for H2A.Z in facilitating efficient elongation. The pres-
ence of nucleosomes provides a substantial barrier to tran-
scribing polymerase complexes, and RNAPII must
overcome this barrier to access the DNA and efficiently

transcribe mRNA (for review, see Petesch and Lis 2012).
Because H2A.Z is less stably associated with DNA, ex-
change of canonical histone H2A with variant H2A.Z fa-
cilitates nucleosome eviction and helps lower this
transcriptional barrier (Zhang et al. 2005; Weber et al.
2014). In fact, using an in vivo run-off assay, Santisteban
et al. (2011) show that H2A.Z loss decreases the rate of
elongation across the ORF of a representative gene. Simi-
lar decreases in elongation rate have been observed in
mammalian systems (Rudnizky et al. 2016). Additionally,
we found that CTD Ser2-P accumulates closer to the TSS
and remains high throughout the body of candidate genes
in htz1A cells (Fig. 6D; Supplemental Fig. S7B). These find-
ings are similar to past studies that have shown transcrip-
tion elongation defects correlate with increased Ser2-P. In
yeast, deletion of transcription coactivator Subl decreases
elongation rate and increases total Ser2-P (Garcia et al.
2010, 2012), while, in human cells, increased polymerase
pausing leads to Ser2-P accumulation (Davidson et al.
2014), suggesting that Ser2-P levels correlate with the
time RNAPII is engaged with the DNA. Therefore, in-
creased and premature Ser2-P in htz1A cells may reflect
polymerase elongation defects. While our results are con-
sistent with past findings that H2A.Z loss results in
slowed elongation, we cannot rule out the possibility
that H2A.Z influences polymerase kinetics in additional
ways, such as altered pausing, backtracking, and/or pro-
cessivity. Although we did not observe physical interac-
tions, we also cannot rule out that contact between
H2A.Z and components of the splicing machinery may
contribute to H2A.Z’s effects on splicing. In any case,
the evidence described here and elsewhere that deletion
of H2A.Z negatively impacts elongation and that further
compromising elongation (as in dst1A htz1A cells) further
impairs splicing suggests that the kinetics of transcription
and splicing are intimately coordinated and that H2A.Z is
important for this coordination.

How do changes in polymerase elongation affect
spliceosome dynamics?

Growing evidence supports a model in which splicing is
kinetically coupled to transcription (Merkhofer et al.
2014). Several studies in yeast suggest that the polymerase
pausing can be a “checkpoint” for spliceosome assembly,
and splicing catalysis coincides with polymerase elonga-
tion (Alexander et al. 2010; Carrillo Oesterreich et al.
2011; Chathoth et al. 2014; Oesterreich et al. 2016). It
has also been proposed that changes in polymerase elonga-
tion affect the “window of opportunity” available for na-
scent transcripts to be spliced, and slower elongation
increases this available window (Braberg et al. 2013;
Dujardin et al. 2014; Oesterreich et al. 2016). Nonetheless,
the rates of spliceosome rearrangements are also finely
tuned, and slow rearrangements provide the opportunity
for spliceosome disassembly and release of unspliced
RNAs (Koodathingal et al. 2010; Koodathingal and Staley
2013). Recent mammalian studies demonstrate that an
optimal elongation rate is required for proper pre-mRNA
splicing. Both increased and decreased elongation rates
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can alter alternative splicing and intron retention, indicat-
ing that transcription and splicing are coupled in a “Goldi-
locks-like phenomenon” (Fong et al. 2014). In yeast,
results from splicing analyses in polymerase trigger-loop
mutants show that, while splicing of some genes benefit
from slowed elongation, numerous genes are more poorly
spliced when the polymerase is slow (Braberg et al. 2013).
Intriguingly, the combination of “slow polymerase”
RNAPII mutations with deletion of H2A.Z or Swrl ren-
ders cells very sick (Braberg et al. 2013). Additionally,
we found that deletion of the general elongation factor
Dstl, which can negatively impact splicing outcomes
(Lacadie et al. 2006; Carey 2015), results in increased U2
association with nascent pre-mRNA, indicating that elon-
gation defects may lead to aberrant spliceosomal rear-
rangements (Supplemental Fig. S8D). These observations
suggest that the timing of polymerase elongation and
pausing can have important implications for the fate of
the RNA. H2A.Z-mediated splice defects do not entirely
mimic those observed in slow polymerase mutants, sug-
gesting that H2A.Z likely influences transcription elonga-
tion in more nuanced ways than altering rate alone. Our
data suggest a model in which deletion of H2A.Z alters
elongation such that the combined effects of poor splice
site recognition and RN APII elongation defects have a del-
eterious impact on splicing. As a result, spliceosomes are
disassembled, leading to release of unspliced products
and, ultimately, RNA degradation by nuclear and cyto-
plasmic machineries. H2A.Z helps coordinate the kinet-
ics of transcription and splicing to ensure proper splicing
outcomes.

A subset of DEAD-box and DEAH-box helicases hydro-
lyzes ATP to drive spliceosomal rearrangements and disas-
sembly and hasbeen proposed to act as “molecular clocks”
(Koodathingal and Staley 2013). In particular, DEAH-box
helicases Prpl6, a factor that ensures splicing fidelity,
and Prp43, a disassembly factor, help determine the fate
of weak intron substrates when splicing is stalled. Prpl6
can recognize and reversibly reject suboptimal slowly
spliced substrates to either facilitate proofreading of splice
sites or trigger spliceosome disassembly and subsequent
degradation of unspliced transcripts (Koodathingal et al.
2010; Koodathingal and Staley 2013). Interestingly, the
presence of Prpl6 prevents binding of the NTR complex
(Chen et al. 2013), which recruits the disassembly factor
Prp43 to help mediate spliceosome disassembly. The bal-
ance of Prpl6 and Prp43 therefore helps determine the
fate of the nascent mRNA. Unexpectedly, despite the
strong growth defect, splicing of the majority of ICGs in
cells containing a hypomorphic Prp43 allele is unaffected,
suggesting that decreased Prp43 expression disproportion-
ately affects nonspliceosomal functions of Prp43 (Fig. 7B;
Supplemental Fig. S9C). Indeed, Prp43 largely localizes
to the nucleolus, where it has functions in ribosome
biogenesis (Combs et al. 2006). However, decreased
Prp43 expression partially suppresses splicing defects
and preferentially improves splicing of introns containing
nonconsensus BP sequencesin htz1A cells, suggesting that
decreased spliceosome disassembly allows more time for
spliceosome rearrangements to occur before RNA is re-
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leased (Fig. 7B,C). Consistent with these results, the Guth-
rie laboratory (Nissen et al. 2017) recently found that
Prp43 overexpression in htzIA cells leads to a synthetic
growth defect in S. pombe. Additionally, they show that
Prpl6 overexpression suppresses defective splicing caused
by H2A.Z deletion (Nissen et al. 2017). It has been shown
that Prp16 enables alternative branch site selection; thus,
although Prpl6 normally antagonizes stalled spliceo-
somes, excess Prpl6 may protect the nascent mRNA by
outcompeting disassembly factors and promoting resam-
pling of weak splice sites (Chen et al. 2013; Semlow et al.
2016). Therefore, Prpl6 overexpression is expected to
have an outcome similar to that of decreased Prp43 expres-
sion, favoring splice site resampling over the discard
pathway.

We propose that H2A.Z functions to coordinate the ki-
netics of transcription elongation and spliceosome rear-
rangements to promote efficient splicing. In the absence
of H2A.Z, polymerase elongation is defective and there-
fore alters the availability of the nascent mRNA to the
spliceosome, ultimately altering splicing kinetics. Prpl6
and Prp43 may act as intrinsic timing mechanisms that
recognize slowed or stalled spliceosomes and target
them for splice site resampling or disassembly and the
subsequent release of unspliced pre-mRNA. Decreased
Prp43 or increased Prpl6 allows for decreased reliance
on H2A.Z to provide precise coordination of splicing
with transcription elongation.

Materials and methods

Yeast strains, media, and DNA constructs

All S. cerevisiae strains used in this study are listed in Supple-
mental Table S2. Strains described in Supplemental Table S2
are in the BY4743 strain background with the exception of the
Leal-HA, Msl1-HA, and Snul14-HA strains used for ChIP, which
were provided by Karla Neugebauer. All strains were propagated
according to standard procedures in either YPD (1% yeast extract,
2% peptone, 2% dextrose) or the appropriate selective medium.

For deletion of HTZ1 in rrp6A and LGI strains, deletion of
genes at their endogenous loci was performed using standard
PCR-based homologous recombination while preserving the
endogenous promoters (Longtine et al. 1998; Goldstein and
McCusker 1999). Deletions were confirmed by whole-cell extract
and immunoblot with anti-HTZ1 (Abcam, ab4626).

For all other strains, standard methods for mating, sporulation,
transformations, and tetrad analysis were used as described in
Amberg et al. (2005). The genotype of each viable spore was con-
firmed via PCR. Plasmids used in this study are listed in Supple-
mental Table S3.

Generation of HTZ1 backup plasmid

The HTZ1 gene along with 450 base pairs upstream of and down-
stream from HTZ1 was PCR-amplified from S. cerevisiae geno-
mics using the primers HtzlInFusion-F and HtzlInFusion-R
(Supplemental Table S2). Restriction enzyme cleavage sites for
HinDIII were introduced into both primers. PCR products were
digested with HinDIII and cloned into pRS316 (URA3) using
the InFusion Cloning HD Plus system (Clontech). Selected clones
were verified by sequencing. Plasmids were transformed into
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htz1A cells, and expression of Htz1 was verified by whole-cell ex-
tract and immunoblot with anti-HTZ1 (Abcam, ab4626).

Viability assay/dilution series

For growth analysis of msl1A and lealA strains containing a cen-
tromeric pRS316 (URA3) plasmid, strains were grown overnight
in SC-URA liquid medium at 30°C. Cells were diluted to an
ODggp of 0.1 in 5 mL of SC-URA medium and incubated at 30°
Cuntil all strains reached early log phase. A 10-fold serial dilution
of each strain was spotted onto SC—URA plates or 5-FOA plates to
select for plasmid loss and incubated at 25°C, 30°C, or 37°C. The
SC—URA plates were incubated for 2 d. The 5-FOA plates were in-
cubated for 4 d.

For growth analysis of viable double mutants, strains were
grown overnight in YPD liquid medium at 30°C. Cells were dilut-
ed to an ODggg of 0.1 in 5 mL of YPD and incubated at 30°C until
all strains reached early log phase. A 10-fold serial dilution of each
strain was spotted onto YPD plates and incubated for 2 d at 25°C,
30°C, or 37°C. For prp43P4™PF strains, cells were grown in liquid
YPD + G418 and plated on YPD + G418 for growth.

RNA-seq library preparation and alignment

RNA-seq libraries were prepared using an Illumina Truseq V3 kit
and ribosomal RNA depletion. Sequence reads were aligned to
SacCer3 and spliced transcripts from the Ares Lab Yeast Intron
Database version 3 (Grate and Ares 2002) in a single step using
STAR (Dobin et al. 2013). Only the highest-scoring alignments
for each read were kept, allowing for a single tie at most. Gene Ex-
pression Omnibus accession numbers are as follows: GSE97416
and GSE94404:GSM2474880 (for wild-type replicate #2).

RNA-seq RPKM and splicing efficiency calculation

RPKMs were computed for each gene by dividing the total num-
ber of reads that aligned entirely within the gene’s exon bound-
aries by the gene’s total exon length in kilobase pairs per million
mapped reads. Reads within ICGs were categorized as exonic,
spliced, or unspliced. Exonic reads were those that mapped en-
tirely within a single exon, as defined by the Ares Lab Yeast In-
tron Database. Spliced reads were those that aligned with a gap
that corresponded to an annotated intron, and unspliced reads
mapped partially within an exon and partially within an intron
with no gap. Spliced and unspliced read counts were normalized
by dividing each count value by the number of unique alignment
positions that were able to contribute to the total. For spliced
reads, this normalization value was the length of the read minus
1 for every intron. For unspliced read counts, this was the length
of the intron plus the read length minus 1. Splicing efficiency for
each intron was calculated as normalized spliced counts divided
by the sum of the normalized spliced and normalized unspliced
counts.

RT-PCR analysis and quantification

Cells were grown in YPD medium to an ODggo between 0.4 and
0.7. For prp43PAmPF strains, cells were grown in YPD + G418. To-
tal RNA was isolated from 10 mL of cells using a hot phenol
extraction method and dissolved in 100 pL of diethylpyrocarbon-
ate (DEPC)-treated water. Ten micrograms to 20 pg of RNA was
DNase-treated (Roche), and treated RNA concentration was mea-
sured by spectrophotometer. Two micrograms to 4 pg of RNA
was used to make ¢cDNA using the Maxima first strand cDNA
synthesis kit (Fermentas). cDNA was diluted 1:20 and used for
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PCR. To detect splicing isoforms, primers flanking the intronic
sequences were used for 27-cycle PCR using 1 pL of diluted
c¢DNA. PCR products were diluted 1:5 and run on a 6% TBE poly-
acrylamide gel. SUS1 products were run on an 8 % TBE polyacryl-
amide gel. Gels were stained with SYBR Green (Sigma), and
images were captured using Image Lab (Bio-Rad). Bands were
quantified as percent total of band intensity using Image Lab
software.

ChIP-seq analysis

ChIP-seq reads were obtained from Gu et al. (2015) and converted
to FastQ format using the NCBI Sequence Read Archive (SRA)
toolkit. Contaminating adapter sequences were trimmed, and
Bowtie2 was used to align the FastQ reads of two replicates to
sacCer3 with only one reported alignment (-k 1). Genomic track
files from immunoprecipitation and input alignments were creat-
ed using SAMTools, BEDTools, and the University of California
at Santa Cruz bedgraphToBigWig utility. After the input and im-
munoprecipitation pileup tracks were normalized for differential
read count, a ratio track was created by dividing the normalized
immunoprecipitation track by the normalized input track.

Metagenes and heat maps were plotted using the R package
seqPlots (http://github.com/przemol/seqplots). For metagenes,
transcripts were scaled to 1000 nucleotides (nt) between the
TSS and transcription termination site (TTS). For metagenes
across ORFs, transcripts were scaled to 1000 nt between the
TSS and TTS. Metagenes were also plotted for 600 nt upstream
of the TSS as well as 600 nt downstream from the TTS and scaled
1:1. Heat maps were plotted of fixed distances upstream of and
downstream from TSS, BP, and 3’SS sequences, separately for in-
tron-containing RPGs and non-RPGs.

ChIP and quantitative PCR

Cells were grown in YPD to an ODggo between 0.5 and 0.7 and
then cross-linked for 15 min at room temperature with formalde-
hyde to a final concentration of 1%. Cross-linking was quenched
for 5 min at room temperature with glycine to a final concentra-
tion of 125 mM. Cells were disrupted with 0.5-mm glass beads for
40 min at4°C. To shear chromatin for Msl1 samples, lysates were
sonicated for a total of 3 min and 20 sec at 15% intensity (10 sec
on and 15 sec off on ice). For all other samples, lysates were son-
icated for a total of 2 min and 30 sec. After sonication, lysates
were cleared by centrifugation. For Msll, Prp42, and Snull4,
samples were then used for immunoprecipitation with anti-HA
Y11 (Santa Cruz Biotechnology). For Rpb3 and Ser2 samples,
samples were used for immunoprecipitation with anti-Rpb3
(BioLegend) and anti-phospho-S2 (Abcam), respectively. After
immunoprecipitation, samples were washed and incubated over-
night at 65°C to reverse cross-linking.

All samples were incubated with Proteinase K (Sigma) and RN-
ase A (Ambion) followed by purification using a PCR product pu-
rification kit (Qiagen).

DNA samples were then analyzed by real-time PCR. Input
DNA was diluted 1:10, and 1 pL of this was used in a 20-uL (for
Msll and Prp42) or 10-pL (for Snull14, Ser-2, and Rpb3) reaction
volume. For ChIP DNA, samples were diluted 1:2, and 1 pL of
this was used in a 20- or 10-uL reaction volume. Reactions con-
sisted of 1x Perfecta SYBR Green master mix (Quanta Bioscienc-
es) and 0.5 pL of primers. Real-time PCR was performed using a
CFX96 touch system (Bio-Rad). All samples were run in technical
duplicate for each independent experiment.

For quantification, standard curves were generated for each
primerset,and DNA concentration for eachinput and ChIP sample



was calculated. ChIP values were divided by the input, and these
values were divided by the nontranscribed control and expressed
as fold accumulation over the nontranscribed control. Reported
values are averages of three or more independent experiments,
and error bars represent the standard error of the mean.
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Supplemental Materials and Methods

RNA-seq minimum-read filters: Raw reads for two biological replicate samples of
wild-type, xrn1A, and upf1A cells were normalized based on read depth. The geometric
mean of both spliced and unspliced reads was calculated for each gene in each pair of
biological replicates. The minimum-read threshold was defined as a geometric mean of
10 counts. Any genes with a geometric mean of <10 spliced counts or <10 unspliced
counts (Figure S3, in orange) were deemed noise and disregarded in the analysis. Due
to the high number of unusual isoforms, YKL186C was omitted for this study.

Thresholds for xrn1A samples were applied to prp43°A™"

sample analysis (Figures 7
and S9). Number of genes that passed threshold: WT background: RPG n = 90, non-
RPG n =129; xm1A, prp43°*™ background: RPG n=92, non-RPG n=164; upfiA

background: RPG n=92, non-RPG n=141.

qRT-PCR analysis and quantification: For qRT-PCR analysis of mud1A and isy1A
mutants: RNA isolation, cDNA synthesis and qPCR was performed as previously
described (Kress et. al, 2008). Yeast cultures were grow at 30°C n to OD 0.35-0.5 and
shifted to 37°C for 30 minutes. RNA was isolated using hot phenol chloroform
extraction. Prior to conversion to cDNA, 10 ug RNA was treated with 5 units of RQ1

DNase | (Promega) for 40 min. at 37°C and cDNA was then generated using 1ug dNg
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oligo. The reverse transcription reaction was stopped with 1.0 mL of water. QPCR was
performed using a Stratagene MX3500) with 58°C annealing for 35 cycles (20 uL of
cDNA and 0.5 uL Taqg DNA polymerase (NEB standard Taq). cDNA was analyzed by
qPCR with primers that detect the intron levels or the total levels of the mRNA. Percent
unspliced RNA (pre-mRNA) was determined by dividing the relative amounts of the
intron product (pre-mRNA) by the relative amount of the total product (total mMRNA) and
multiplying by 100. A standard curve was generated using 100 ng of genomic DNA

isolated from WT cells titrated 2-fold down to 1.25 ng.

Whole cell extract and immunoblot: Cells were grown in YPD media to an
ODegoo 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 supernated
was cleared by centrifugation and protein concentration was determined by
spectrophotometer. 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), 1:5000 dilution of anti-Rpb3
(BioLegend) or a 1:5000 dilution of anti-phospho S2 (Abcam). Signal was detected

using Pierce ECL Western Blotting Solution (ThermoScientific).
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Supplemental Figure Legends
Figure S1: Splicing of non-consensus splice sites
A. Distribution of changes in splicing in groups of intron-containing genes
characterized by RPGs or nonRPGs, and any consensus or non-consensus
splice sites.
c5’ss: consensus 5’ splice site. cBP: consensus branch point. ¢3’SS: consensus
3’ splice site. nc5’ss: non-consensus 5’ splice site. ncBP: non-consensus branch
point. nc3’SS: non-consensus 3’ splice
B. Venn diagram representing overlap of intron-containing genes with 210% splicing

defect in WT, xrn1A, and upfiA cells.

Figure S2: Genetic interactions and splicing profile of swr1A cells resembles
those of htz1A cells.

A. Serial dilution assay of double mutants, mud1A swr1A and isy1A swriA. Cells
were grown at 30°C in YPD liquid media until desired ODggo Was obtained. Cells
were spotted as a ten-fold dilution onto YPD plates and incubated at 30°C or
37°C for two days.

B. Distribution in splicing efficiencies of all intron-containing genes upon deletion of
SWR1 in either WT (left), xrn1A (middle) or upf1A (right) cells, represented as an
X-Y plot. RPGs are denoted in orange.

C. Comparison of splicing efficiencies of all intron-containing genes upon deletion of
HTZ1 or SWR1 in WT(left), xrn1A (middle) or upf1A (right) cells, represented as

an X-Y plot.
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D. Comparison of change in splicing efficiencies of all intron-containing genes in the
WT background upon deletion of HTZ1 or SWR1, represented as an X-Y plot.
There is strong overlap in the subset of genes whose splicing is negatively

affected in htz1A cells and swr1A cells (3™ quadrant).

Figure S3: Analysis of RNA-seq samples removed by minimum-read filter.

A. As in Figures 2A and 2B, but including genes removed by filtering process.
Distribution in splicing efficiencies of all intron-containing genes upon deletion of
HTZ1, represented as an X-Y plot, in WT (left), xrn1A (middle), or upf1A (right)
cells. Genes that did not pass our minimum-read filter are indicated by open
circles.

B. As in Figure 2C, but including genes removed by filtering process. Distribution of
changes in splicing efficiency upon deletion of HTZ1 compared to RPKM in WT
(top), xrm1A (middle) and upf1A (bottom) cells. Vertical dotted line represents
RPKM of 150. Horizontal lines represent 10% change in splicing efficiency.
Genes that did not pass our minimum-read filter are indicated by open circles.
Changes in splicing of removed points are evenly distributed between increased

and decreased splicing (Chi-square test, p-values indicated).

Figure S4: H2A.Z affects splicing of ribosomal protein genes when the
spliceosome is compromised.
A. RT-gPCR analysis of levels of unspliced (pre-mRNA) products of nonRPGs in

WT, mud1A, and isy1A cells + HTZ1. cDNA was collected after temperature shift
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to 37°C for 30 minutes. Graphs represent average of three to four independent
experiments and error bars represent the SEM.

B. Top: Analysis of intron-containing RPGs by RT-PCR in the presence and
absence of HTZ1. Products were analyzed on 6% PAGE gels. Pre-mRNA size
indicated by genomic DNA size. Bottom: Quantification of intron-containing RPG
RT-PCR products. pre-mRNA denoted in grey and spliced mRNA denoted in
black. Graphs represent the average of two independent experiments and error
bars represent the SD.

C. RT-gPCR analysis of levels of unspliced (pre-mRNA) products of RPGs in WT,
mud1A, and isy1A cells + HTZ1. cDNA was collected after temperature shift to
37°C for 30 minutes. Graphs represent average of three to four independent

experiments and error bars represent the SEM.

Figure S5: H2A.Z-mediated splicing changes are not due to changes in
spliceosome availability
A. Log-2 fold change in RPKM for all genes, general splicing factor genes (Table
S1), and spliceosomal snRNAs upon deletion of HTZ1 in WT (left), xrn1A
(middle), or upf1A (right) cells. Less than 2-fold change was observed for all
splicing factors and snRNAs.
B. Log-2 fold change in RPKM for all genes, and intron-containing RPGs upon
deletion of HTZ1 in WT (left), xrn1A (middle), or upf1A (right) cells. Less than 2-

fold change was observed for all RPGs.
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Figure S6: Deletion of HTZ1 does not affect protein expression of ChIP splice
factors or RNAPII core protein
A. Protein immunoblot of Msl1-HA and Lea1-HA strains used for ChIP assays in
Figure 5D. WT and htz1A cultures were grown in YPD liquid media and whole
cell extracts were prepared and probed with anti-HA 12CA5 (Roche) (top), and
anti-PGK1 as a loading control (Molecular Probes) (bottom).
B. Protein immunoblot for Prp42-HA used for ChIP assays in Figure 5E. Samples
prepared as in figure S5A.
C. Protein immunoblot for Snu114-HA used for ChIP assays in Figure 5F. Samples
prepared as in figure S5A.
D. Protein immunoblot for Rpb3 and serine2-P used for ChIP assays in Figure 6B.
Samples prepared as in figure S5A. Whole cell extracts were probed with anti-
Rpb3 (BioLegend) (top), anti-phospho S2 (Abcam) (middle), and anti-PGK1 as a

loading control (Molecular Probes) (bottom).

Figure S7: RNAPII CTD Ser-2 is phosphorylated earlier in gene body.

A. Schematic of intron-containing genes, YCL002C, ECM33, RPL13A, and
intronless gene PMA1. Underlined numbers represent amplicons generated by
each primer set used in this experiment.

B. Percent change in Rpb3 occupancy and Ser2-P enrichment (normalized to Rpb3)

in htz1A cells as compared to WT.
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Figure S8: Deletion of DST1 exacerbates polymerase kinetics defect in cells
lacking HTZ1.

A. Serial dilution assay of double mutant dst1A htz1A. Cells were grown at 30°C in
YPD liquid media until desired ODgoo Was obtained. Cells were spotted as a ten-
fold dilution onto YPD plates and incubated at 25°C, 30°C, or 37°C for two days.

B. Left: Analysis of candidate genes by RT-PCR in WT, and dst1A cells + HTZ1.
Products were analyzed on 6% PAGE gels (8% for SUS7). Pre-mRNA size
indicated by genomic DNA size. Middle: Quantification of RT-PCR pre-mRNA
products. Right: Quantification of SUS1 RT-PCR pre-mRNA and splicing
intermediate containing only the second SUS7 intron. Quantification graphs
represent the average of three independent experiments (four for YCL002C in
WT) and error bars represent the SD.

C. Schematic of intron-containing genes, YCL002C, ECM33, and RPL13A.
Underlined numbers represent amplicons generated by each primer set used in
this experiment.

D. Occupancy of Msl1 at each region of YCL0O02C (left), ECM33 (middle), or
RPL13A (right) relative to the non-transcribed region in WT or dst1A. Graphs
represent the average of six (WT) or three (dst7A) 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.
gDNA: genomic DNA. s: spliced mRNA product. *: p-value < .01 **: p-value <

.001. ***: p-value < .0001.
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Figure S9: prp43°"™" decreases PRP43 RNA levels and suppresses H2A.Z-
mediated splice defects.

A. RT-gPCR analysis of levels of Prp43 RNA in WT and prp43°A™ cells, normalized
to SCR1, a RNAPIII transcript. Graphs represent average of three independent
experiments and error bars represent the SD.

B. Analysis of candidate genes by RT-PCR in WT and prp43°2™ cells + HTZ1.
Products were analyzed on 6% PAGE gels (8% for SUS7). Pre-mRNA size
indicated by genomic DNA size.

3PAMP cells

C. Distribution in splicing efficiencies of all intron-containing genes in prp4
compared to WT cells.

D. Distribution of changes in splicing in groups of intron-containing genes
characterized by RPGs or nonRPGs, and any consensus or non consensus
splice sites.
c5’ss: consensus 5’ splice site. cBP: consensus branch point. ¢3’SS: consensus

3’ splice site. nc5’ss: non-consensus 5’ splice site. ncBP: non-consensus branch

point. nc3’SS: non-consensus 3’ splice
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Supplemental Table Legends

Supplemental Table $1: Splicing factors

List of all genes encoding splicing factors as defined by Chen & Cheng, 2012 [49].

Supplemental Table S2: Splicing factors

List of all strains described in this paper.

Supplemental Table S3: Plasmids

List of all plasmids used in this paper.

Supplemental Table S4: Primers

List of all primers used in this paper.

Supplemental Table S5: RNA-Seq Count Data

Splicing efficiency, unspliced and spliced counts, RPKMs for all genes. Replicate 2 data

only pertains to figure S3.
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CHAPTER 3

Chromatin-remodeling SWI/SNF complex regulates Coenzyme Qg

synthesis and a metabolic shift to respiration in yeast.
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Despite its relatively streamlined genome, there are many
important examples of regulated RNA splicing in Saccharomy-
ces cerevisiae. Here, we report a role for the chromatin remod-
eler SWI/SNF in respiration, partially via the regulation of splic-
ing. We find that a nutrient-dependent decrease in Snf2 leads to
an increase in splicing of the PTC7 transcript. The spliced PTC7
transcript encodes a mitochondrial phosphatase regulator of
biosynthesis of coenzyme Q4 (ubiquinone or CoQg) and a mito-
chondrial redox-active lipid essential for electron and proton
transport in respiration. Increased splicing of PTC7 increases
CoQglevels. The increase in PTC7 splicing occurs at least in part
due to down-regulation of ribosomal protein gene expression,
leading to the redistribution of spliceosomes from this abun-
dant class of intron-containing RNAs to otherwise poorly
spliced transcripts. In contrast, a protein encoded by the non-
spliced isoform of PTC7 represses CoQg biosynthesis. Taken
together, these findings uncover a link between Snf2 expression
and the splicing of PTC7 and establish a previously unknown
role for the SWI/SNF complex in the transition of yeast cells
from fermentative to respiratory modes of metabolism.

Similar to other eukaryotic genomes, genes in Saccharomyces
cerevisiae may be interrupted by non-coding sequences, called
introns. Introns are removed from the pre-mRNA through the
action of the spliceosome, a macromolecular machine com-
posed of five small nuclear ribonucleoproteins. The spliceo-
some recognizes consensus sequence signals on the pre-
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mRNA, termed splice sites, by which it subsequently binds to
the intron and catalyzes its removal via two transesterification
reactions (1). Pre-mRNA splicing is critical for accurate gene
expression in all eukaryotes, and there is significant evidence
that alterations in microenvironments, such as changes in the
chromatin state or chromatin-modifying factors, can affect
splicing outcomes (1). However, the mechanisms for how chro-
matin and chromatin factors influence splicing are not com-
pletely understood.

Although the genome of S. cerevisiae contains a smaller
number of introns than metazoan genomes, there are, nonethe-
less, numerous examples of intron-dependent gene regulation
(2). The largest functional class of intron-containing genes
(ICGs)* in budding yeast is ribosomal protein genes (RPGs) that
encode the protein components of the ribosome. Therefore, the
energy-intensive process of translation is under the heavy reg-
ulatory control of the spliceosome, such that splicing of RPGs
can be finely tuned to the cells’ environmental conditions and
to nutrient availability (3).

Interestingly, this enrichment of introns within RPGs
impacts the splicing of, as well as provides an opportunity for
the regulation of, other ICGs within the yeast genome. About a
third of yeast introns occur in RPGs, and the high transcription
levels of these genes means that about 90% of the intron load
encountered by the spliceosome is from this one functional
class of genes (4). Indeed, the prevalence of RPG introns func-
tions to titrate spliceosomes away from other introns, especially
those containing suboptimal splice sites. Conversely, down-
regulating RPG expression promotes the splicing of transcripts
harboring suboptimal splice sites. This effect is perhaps best
described during the process of yeast meiosis. Under conditions
of vegetative growth, a number of meiosis-specific ICGs are
expressed, but they possess suboptimal splice sites and are
therefore poorly recognized by the spliceosome and subopti-
mally spliced. However, upon the down-regulation of RPGs
during meiosis, increased availability of the previously limiting
pool of spliceosomes leads to improved splicing efficiency of
introns in meiosis-specific transcripts (5, 6).

“#The abbreviations used are: ICG, intron-containing gene; RPG, ribosomal
protein gene; ns, non-spliced; s, spliced; CoQ, coenzyme Q; DMQg, 5-deme-
thoxy-Qg; 4HB, 4-hydroxybenzoic acid; HHB, 3-hexaprenyl-4-hydroxyben-
zoic acid; qPCR, quantitative PCR; TOR, target of rapamycin.
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There are other important examples of intron-based regula-
tionin S. cerevisiae, especially among ICGs with non-consensus
splice sites (7, 8). One such gene is PTC7, which encodes a
Mg?>*/Mn?*-dependent, type 2C serine/threonine protein
phosphatase (9). The intron within PTC7 is particularly
intriguing because it contains a non-consensus branch-point
sequence, rendering its splicing relatively inefficient under log-
arithmic growth conditions. The PTC7 intron lacks a prema-
ture termination codon and is translated in-frame. The longer,
non-spliced (ns) form of the PTC7 RNA encodes a longer pro-
tein (Ptc7,,) that contains a single trans-membrane helix
located near the N terminus but is otherwise identical to the
protein isoform derived from the spliced PTC7 RNA (Ptc7,).
The read-through nature of the PTC7 intron is conserved
across yeast species, indicating potential functionality for both
Ptc7, and Ptc7, protein isoforms (10). Ptc7,,, has been local-
ized to the nuclear membrane, whereas Ptc7, is located within
mitochondria (10). Ptc7 has been implicated in regulation of
coenzyme Q (also termed ubiquinone or CoQ) biosynthesis via
its phosphatase activity (11, 12). However, mechanisms of reg-
ulation of Ptc7 itself and the role of the evolutionarily conserved
Ptc7,, isoform remain outstanding questions.

CoQ is a redox-active lipid composed of a fully substituted
benzoquinone ring and a polyisoprenoid tail and is required for
mitochondrial electron transport. The length of the polyiso-
prenoid group is species-specific; humans produce CoQ,,,
and S. cerevisiae produce CoQg, with 10 and 6 isoprene units,
respectively. The primary role of CoQ in the inner mitochon-
drial membrane is to accept the electrons from complex I and
complex II and pass those electrons to complex III. Several
other metabolic pathways, such as pyrimidine synthesis, sulfide
oxidation, and fatty acid B-oxidation, rely on CoQ as an elec-
tron carrier (13). CoQ is present in all intracellular membranes,
where it may function as a lipid-soluble antioxidant. Several
human syndromes, including encephalomyopathy, ataxia, cer-
ebellar atrophy, myopathy, and steroid-resistant nephrotic syn-
drome, are linked to primary deficiencies in CoQ biosynthesis
(14-17).

Mitochondrial proteins are responsible for facilitating the
biosynthesis of CoQg in S. cerevisiae and include Coql-Coql1
(18). Many of the Coq proteins necessary for the biosynthesis of
CoQg associate in a high-molecular weight complex (termed
the “CoQ-synthome”), a multisubunit complex that is periph-
erally associated with the inner mitochondrial membrane on
the matrix side (18). Ptc7 has been shown to localize to the
mitochondria, where it is thought to regulate the phosphoryla-
tion state of Coq7 (11) and/or influence mitochondrial respira-
tory metabolism (12). In the former case, Ptc7s is believed to
control, at least in part, the phosphorylation state of the Coq7
polypeptide, which modulates its hydroxylase activity. Coq7
catalyzes the hydroxylation of 5-demethoxy-Qg (DMQ), the
penultimate step in the biosynthesis of CoQg in yeast (19, 20).

The conserved SWI/SNF complex utilizes ATP hydrolysis by
Snf2, the catalytic subunit, to disrupt specific histone-DNA
contacts, resulting in the sliding or eviction of nucleosomes
from the locus. As a result, Snf2 activity contributes to tran-
scriptional regulation (21, 22). The genome-wide distribution
of SWI/SNF is responsive to conditions of stress, and the com-

plex is required for transcription of a number of stress response
genes (23, 24). We have previously reported that levels of Snf2
change in response to nutrient conditions. We have also
reported that the change in Snf2 leads to changes in levels of
RPG transcripts, thereby regulating splicing outcomes (6).
Here, we show that changes in levels of Snf2 modulate the CoQg
biosynthetic pathway in S. cerevisiae. First, we show that dele-
tion of Snf2 alters the relative levels of Ptc7, and Ptc7 s isoforms
inyeastand increases both the rate of synthesis and steady-state
levels of CoQg. This is due to down-regulation of RPG tran-
scripts and an increase in the available pool of spliceosomes.
Moreover, we find that the Snf2 protein is down-regulated over
time under batch growth conditions and nutrient depletion,
and together with a concomitant increase in the splicing of
PTC7, this leads to higher CoQg levels in preparation for the
transition from a fermentative mode of metabolism to a res-
piratory mode. Furthermore, we show that the two Ptc7
isoforms have opposing effects on the CoQg biosynthetic
pathway, which may explain contradictory reports in the lit-
erature about the effects of Ptc7 on CoQg levels (11, 12).
Importantly, although Snf2 is down-regulated in response to
nutrient-depleted conditions, it is nonetheless required for
growth on nonfermentable carbon sources, suggesting that
dynamic control of Snf2 levels is crucial for the transition
from fermentation to respiration.

Results

Deletion of Snf2 leads to enhanced splicing of PTC7 and a shift
in the ratios of Ptc7 protein isoforms

Previously published RNA sequencing data for yeast lacking
Snf2, the core ATPase component of the SWI/SNF complex
(GEO accession number GSE94404), revealed an increase in
splicing of a number of introns (6). Satisfyingly, the greatest
improvement in splicing upon deletion of Snf2 is experienced
by RPL22B, via a previously described mechanism consistent
with down-regulation of RPG expression (25). The next two
largest improvements in splicing efficiency are experienced by
YBR062C (an ORF of unknown function) and PTC7, a previ-
ously described type 2C serine-threonine mitochondrial phos-
phatase that contains all 11 canonical motifs of the PPM family
(type 2C) protein phosphatases, previously reported to play a
role in CoQg biosynthesis in yeast (11) (Fig. 1A4). This increase
in splicing of PTC7 RNA was verified by RT-PCR (Fig. 1B). In
addition, the results from the RNA-seq and RT-PCR were also
independently verified by qPCR (data not shown). It has previ-
ously been demonstrated that increased splicing of poorly rec-
ognized introns can be achieved by decreased expression of
competing, highly expressed RPGs (5). Furthermore, we have
shown that deletion of Snf2 causes en masse down-regulation of
RPGs and consequent improvement in splicing of a large num-
ber of introns (6). RPG down-regulation in the absence of Snf2
was validated by RT-PCR analysis. For example, expression of
RPS16A and RPL34B, two intron-containing RPGs, is down-
regulated in snf2A yeast compared with WT (Fig. 1C).

The PTC7 transcript makes two distinct protein isoforms,
one from the nonspliced and one from the spliced RNA. The
spliced isoform (Ptc7,) localizes to the mitochondria, whereas
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Figure 1. Deletion of SNF2 enhances splicing of PTC7 and the steady-state levels of the short Ptc7 protein isoform. A, deletion of SNF2 enhances splicing
of a subset of yeast RNAs, including PTC7. The scatter plot shows changes in splicing of individual introns in snf2A yeast over WT plotted against expression in
WT. Percentage change in splicing is calculated as 100 X (S.E.in snf2A — S.E.in WT)/(S.E. in WT). PTC7 is represented by the red dot. B, expression and splicing
of PTC7 in WT and snf2A yeast with HA-tagged and untagged Ptc7. Semiquantitative analysis of splicing efficiency of PTC7 mRNA is indicated below each lane.
sCR1 served as an internal control. Gray bars, exons of the RNA; thin gray line, intron. C, RT-qPCR measurement of selected intron-containing RPG transcripts
between WT and snf2A yeast strains. Shown is the mean of three biological replicates (unpaired Student’s t test; *, p < 0.05). Error bars, S.D. D, deletion
of SNF2 affects steady-state levels of HA-tagged Ptc7 proteins. Proteins derived from the nonspliced and spliced forms of the PTC7-HA RNA are denoted
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the nonspliced isoform (Ptc7 ) has been reported to localize to
the nuclear envelope (10). The PTC7 gene was endogenously
HA-tagged, and Western blot analysis demonstrated that dele-
tion of Snf2 leads to an increase in the levels of Ptc7, compared
with Ptc7 ¢ (Fig. 1D). It is noteworthy that the increase in the
ratio of Ptc7,/Ptc7,, polypeptides in the WT and snf2A cells
appears to be greater than the increased ratio of spliced/un-
spliced RNA.

It has previously been demonstrated that yeast strains lack-
ing Snf2 fail to grow on non-fermentable carbon sources, such
as glycerol or acetate (26). However, snf2A mutants frequently
incur secondary mutations, and the growth of such strains can
resemble WT. Therefore, growth on fermentable and non-fer-
mentable carbon sources was used as a quality control for the
assessment of the bona fide phenotype (24) of snf2A prior to
each experiment (Fig. 1E).

Deletion of Snf2 leads to increased CoQg synthesis in yeast and
improves the flux from DMQ, to CoQy

Ptc7, has previously been described as playing a role in reg-
ulating CoQg synthesis in S. cerevisiae (11). A schematic of the
entire CoQg biosynthetic pathway with 4-hydroxybenzoic acid as
the ring precursor and the role of Ptc7 is detailed in Fig. 2A. Ptc7, is
thought to enhance CoQg biosynthesis via its activation of Coq7
and subsequent catalysis of the hydroxylation of DMQ, the penul-
timate step of CoQg biosynthesis (Fig. 2B) (11, 27).

13C¢-Labeled 4-hydroxybenzoic acid (**C4-4HB), a ring pre-
cursor for Q biosynthesis, was used to determine the levels of
13C4-CoQg biosynthesis in WT versus snf2A yeast grown to
similar culture densities. The absence of Snf2 causes increased
steady-state levels of CoQg and increased de novo biogenesis of
13C-CoQg (Fig. 3A). Additionally, there are significant changes
in the levels of de novo synthesized DMQ, as well as 3-hexa-
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prenyl-4-hydroxybenzoic acid (HHB), an early CoQg biosyn-
thetic intermediate (Fig. 3, B and D). Consistent with the
increased synthesis of CoQg being a consequence of Ptc7
action, the snf2A yeast show significantly lower ratios of *C-
DMQ level to ®C4-CoQq content, indicating a significant
increase in the efficiency of conversion of DMQg to CoQyg,
namely the step catalyzed by Coq7, a target of Ptc7, (Fig. 3C)
(11). Strikingly, we also observe that the levels of both steady-
state and de novo synthesized HHB are significantly lower in
snf2A than in the WT yeast (Fig. 3D). This suggests that the
deletion of Snf2 not only causes higher CoQg production by

regulating catalysis from DMQg but that it also funnels the early
precursors more efficiently than WT, thus allowing a more
streamlined conversion of intermediates of the pathway to the
overall product of CoQg. This is reinforced by the observation
that snf2A yeast show significantly lower ratios of **C4-HHB to
13C4-CoQg content (Fig. 3E).

Depletion of Snf2 during batch growth is associated with
increased PTC7 splicing and increased CoQg production

Because snf2A yeast have a significantly slower growth rate
than WT, we considered the possibility that the increased CoQg

75



SWI/SNF regulates CoQg synthesis via PTC7 splicing

A. CoQglevels
65 1 XX mCOQ,
60 o
55 meo L cry - E113C-CoQg
a ig u,co/‘\fl\.z
S 40 2
S 36
£ 30
2 25
20
15
10
5
0 T u T
wT wr snf2A snf2A
13C-4HB  + . + "
B. DMQg levels D. HHB levels
2.00 i * * B DMQ; 0.225 o on I HHB
< H
Q 175 U_cHy B °C.DMQ; o 0.200 Y = 13¢.HHB
% 150 neo e 9 0475 X,
£ 125 & * g 0.150: on
S S 0.125
@ 100 £ wiw . @b
g o £ oors
S 040 S 0.050 *
4
0.26 & 0.025 Ifl
0.00 T v 0.000 . y ,
wr WT  snf2A  snf2A wr wr snf2A  snf2A
15C-4HB  + - + . C4HB  + . + :
C. — E.
& 13 13y i =
'C-DMQg/"*C-CoQg ratios 0.025+ 13C.HHB /13C-CoQ; ratios
g g 0.020-
=3
3 ¢
o O 0.015
3 2
< I @ 0.0104
5 :
) o
o O 0.0054 Fokokok
0.000-
wr snf2a wr snf2a
’c-4HB + + 13C-4HB + +

Figure 3. Deletion of SNF2 leads to increased steady state levels and de novo CoQg biosynthesis in yeast and improves the flux from DMQ, to CoQ,.
A, levels of steady-state CoQg ('2C-CoQq, blue bars) and de novo synthesized CoQg (**C4-CoQg, orange bars) were determined in WT and snf2A yeast. '*C¢-4HB
was added during midlog phase (A4o, = 0.5), and labeling was allowed to proceed until a cell density of A¢,, —1.75 was reached by both strains. '2C-CoQg and
13C,-CoQ, present in yeast cell pellets were quantified by HPLC-MS/MS, as described under “Experimental procedures.” Error bars, S.D. of n = 3 biological
replicates (unpaired Student's t test between corresponding bars for snf2A and WT; **, p < 0.005; ***, p < 0.0005). B, levels of steady-state ('2C-DMQg, blue bars)
and de novo synthesized DMQ; ('*C,-DMQ, orange bars) were determined in WT and snf2A yeast. DMQg was determined from the same cultures as in A. Error
bars, S.D. of n = 3 biological replicates (unpaired Student's t test between corresponding bars for snf2A and WT; *, p < 0.05). C, ratios of '*C,-DMQ/"*C¢-CoQq
in WT and snf2A yeast, depicting flux of conversion of '*C,-DMQ, to '*C¢-CoQ. Error bars, S.D. of n = 3 biological replicates (unpaired Student’s t test between
corresponding bars for snf2A and WT; ****, p < 0.00005). D, levels of steady-state HHB ('>C-HHB, blue bars) and de novo synthesized HHB (**C¢-HHB, orange bars)
were determined in WT and snf2A yeast. HHB was determined from the same cultures as in A. Error bars, S.D. of n = 3 biological replicates (unpaired Student’s
ttest between corresponding bars for snf2A and WT; *, p < 0.05; **, p < 0.005). E, ratios of *C-HHB/"*C-CoQg in WT and snf2A yeast, depicting flux of conversion
of '*Cg-HHBto '3C¢-CoQg. Error bars, S.D. of n = 3 biological replicates (unpaired Student's t test between corresponding bars for snf2A and WT; ***, p <

0.00005).

synthesis was a consequence of the increased time in culture
required to achieve equal cell density. To address this, rates of
CoQg biosynthesis in WT and snf2A yeast were determined at
timed intervals of culture. First, measurements of steady-state
and de novo synthesis rates of CoQg between 2 and 12 h of batch
growth in YPD revealed that whereas there is indeed an
increased rate of synthesis in the snf2A yeast strain, the steady-
state levels of CoQgq plateau within 4—6 h of labeling (Fig. 4A4).
We also observe decreasing levels of Snf2 as the time course
progresses and nutrients are depleted (Fig. 4B). Consistent with
the role of Snf2 in RPG transcription, RPG levels decrease with
time in batch cultures of yeast, in a manner that tracks well
with decreasing levels of Snf2 (Fig. 4C). This decrease also coin-
cides with a concomitant increase in the splicing of PTC7 (Fig.
4, D and E). Notably, splicing of the PTC7 transcript in snf2A
yeast starts off higher than in WT yeast, but as Snf2 is depleted

from the WT strain, splicing of the PTC7 transcript approaches
the levels of splicing in the snf2A strain (Fig. 4F).

To better understand the kinetics of CoQg synthesis, a
shorter time course was performed to capture points preceding
the plateau, between 0 and 5 h of labeling. Within 4 h after
labeling with **C-4HB precursor, significant down-regulation
in the levels of Snf2 protein is evident (Fig. 54). The decrease in
the level of Snf2 protein is mirrored in the increase in splicing
efficiency of PTC7 transcript in the WT strain (Fig. 5, B-E). It is
interesting to note that the PTC7 transcript is initially better
spliced in the snf2A strain than in WT, but as the levels of Snf2
in the WT yeast decrease, splicing improves to a degree com-
parable with the snf2A strain (Fig. 5, D and compare C and F).

Additionally, there is a striking increase in the overall CoQg
product and its de novo biosynthesis in the snf2A yeast within
0-5 h of labeling, as compared with CoQg levels of the WT
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purposes of comparison. Shown is the mean of three biological replicates. Error bars, S.D. (unpaired Student’s t test; *, p < 0.05.

during the same time course (Fig. 6, compare A and F). Further-
more, the gradual increase in CoQg biosynthesis observed in
the WT strain plateaus at 3—4 h after labeling (Fig. 64), by
which point the significant down-regulation in the levels of
Snf2 protein is also evident (Fig. 5A4). The steady-state and de
novo synthesized levels of DMQg and HHB were also measured
in the 5-h time course of WT and snf2A yeast (Fig. 6, B, C, G, and
H). Strikingly, the conversion of de novo DMQg to CoQgq
increases (as shown by the decreased ratio of **C4-DMQq to
13C4-CoQg) in a manner concurrent with the decrease in Snf2
levels and increase in PTC7 splicing in WT (compare Fig. 6D
with Fig. 5 (A and B)). In fact, as the levels of Snf2 in WT
yeast decrease, the conversion efficiency of DMQ, to CoQq
approaches the low ratio of DMQg to CoQy in snf2A yeast (Fig.
6, compare D and I). The role of Ptc7 in the increased synthesis
of CoQg in the absence of Snf2 can be inferred from the obser-
vation that whereas the conversion efficiency from DMQg to
CoQg is higher in the absence of Snf2, the level of DMQg itself
does not change appreciably between WT and snf2A yeast over
the 5-h time course (Fig. 6, compare B and G). However, the
snf2A cells also show significantly lower rates of HHB synthesis
(Fig. 6, compare Cand H), as well as lower ratios of **C,-HHB to
13C¢-CoQg content (Fig. 6, compare E and J), consistent with

the observation that deletion of Snf2 markedly accelerates the
synthesis of CoQg, presumably by expediting the conversion of
these intermediates to the final product.

RPG down-regulation in general leads to increased PTC7
splicing

Our previous work showed that Snf2-dependent down-reg-
ulation of ribosomal protein genes enhances splicing, particu-
larly of genes with nonconsensus splice sites. To determine
whether the observed increase in PTC7 splicing is a conse-
quence of RPG down-regulation per se, rapamycin was used to
inhibit target of rapamycin (TOR)-dependent RPG transcrip-
tion in a Snf2-independent manner (28) (Fig. 7A). It has also
been previously published that rapamycin mitigates certain
mitochondrial disorders in Drosophila and improves lifespan in
response to TOR inhibition, purportedly by modulating carbon
metabolism (29). In our work, rapamycin treatment led to a
significant increase in the splicing of the PTC7 transcript (Fig.
7, B and C). As previously observed, the change in the ratio of
Ptc7,/Ptc7 ¢ protein (Fig. 1D) is greater than the change in the
ratio of spliced to nonspliced transcript upon the deletion of
Snf2 (Fig. 1B). This suggests that whereas Snf2-dependent RPG
down-regulation changes the splicing of the PTC7 transcript,
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there are probably additional layers of gene regulation that con-
trol the relative levels of the Ptc7, and Ptc7, protein isoforms.
Experiments probing these mechanisms are currently ongoing.
Nonetheless, these results are consistent with a model whereby
down-regulation of RPG expression redirects spliceosomes
from these abundant transcripts to otherwise poorly spliced
transcripts, such as PTC7 (5, 6). In light of the role of Snf2 in
RPG expression, changes in Snf2 levels allow fine-tuning of
splicing in response to the cell’s metabolic needs.

Ptc7 isoforms have differing and opposing effects on CoQg
synthesis

The predicted structures of the two isoforms of Ptc7, Ptc7
and Ptc7,, have been modeled (Fig. 8, A and B). In fact, the
Ptc7,, contains a transmembrane helix, encoded for by the
PTC7 intron, which is capable of spanning the nuclear mem-
brane. Overall, the presence of this transmembrane helix is not
predicted to influence the folding of the rest of the protein, thus
potentially retaining its phosphatase activity (Fig. 8).

To determine the effect of each Ptc7 isoform on CoQg syn-
thesis, we assayed CoQy levels in cells expressing both forms of
Ptc7, Ptc7, only, Ptc7, only, or neither (ptc7A). As reported
previously, there is no significant change in CoQg synthesis
levels in the ptc7A mutant (12, 30). However, exclusive expres-
sion of Ptc7 leads to an increase in CoQg synthesis, whereas
exclusive expression of Ptc7 ¢ leads to a decrease in CoQg syn-
thesis (Fig. 9A4). The relative RNA levels from each strain are
shown (Fig. 9B). Moreover, there are no significant changes

observed in the protein levels of Snf2 or Coq7, the target of Ptc7
activity (Fig. 9C), in these strains. Whereas each of these iso-
forms was expressed within the endogenous context and from
the endogenous PTC7 promoter, protein levels of the Ptc7,
appeared to be increased relative to the other isoforms (Fig. 9, B
and C), perhaps due to a cellular feedback mechanism that
increases expression or enhances stability of Ptc7 .

The steady-state and de novo synthesized levels of CoQg were
also measured in a 5-h time course with the yeast strains
expressing either Ptc7 ¢ or Ptc7,. Both steady-state and de novo
CoQg biosynthesis are significantly lower in Ptc7 strain than
in the Ptc7, and in fact appear to be actively repressed, suggest-
ing that the two isoforms of Ptc7 have differing and opposing
effects on CoQgq biosynthesis (Fig. 9D). In addition, the exclu-
sive presence of Ptc7 causes increased de novo biogenesis of
13C-CoQg as compared with the exclusive presence Ptc7, (Fig.
9D). Whereas the positive effect of Ptc7, on CoQg biosynthesis
is consistent with the mechanisms of Ptc7 action described pre-
viously, it is clear that Ptc7, has a repressive effect on CoQgq
biosynthesis (compare Ptc7, , and ptc7A in Fig. 9A). To begin to
elucidate the mechanism of this repression, we assayed the
mRNA transcript levels of genes encoding components of the
CoQg biosynthetic complex (viz. COQI-11 and PTC7). On
average, there is little change in the expression of the complex
upon deletion of Snf2 (Fig. 9, G and H) or with the exclusive
expression of Ptc7 or ptc7A. However, exclusive expression of
Ptc7, is associated with pronounced down-regulation of every
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Figure 7. RPG down-regulation and redistribution of spliccosomes result in increased PTC7 splicing. A, RT-gPCR measurement of selected intron-
containing RPG transcripts between WT yeast treated with rapamycin and a vehicle control. Mean of three biological replicates (unpaired Student’s t test, **p <
0.005). Error bars, S.D. B, expression and splicing of PTC7 in WT yeast treated with rapamycin and a vehicle control (DMSO). PCR products representing the
spliced and nonspliced forms are indicated. C, quantification of three independent biological replicates of B (unpaired Student’s t test; ***, p < 0.0005). Error
bars, S.D.

member of the CoQ-synthome (Fig. 9, E and F). Although the
mechanism by which these components are down-regulated
is unclear, it is interesting that Ptc7 ¢ has previously been
localized to the nuclear membrane (10), hinting at a novel
role for this isoform in expression of the RNAs encoding the
CoQ-synthome. Two possible mechanisms by which nucle-
us-localized Ptc7,, may affect synthesis of the CoQ-syn-
thome are via direct action on nucleus-localized Coq7 or via
indirect effects on gene expression. It is important to men-
tion here that to the best of our knowledge, no reports have
demonstrated nuclear localization of, or a nuclear role for,
Coq7 in S. cerevisiae.

Interestingly, yeast strains engineered to express either Ptc7
or Ptc7 ¢ still retain the ability to grow on medium containing a
non-fermentable carbon source, as do ptc7A null mutants (data
not shown). This is consistent with our prior observations that
~1-10% of CoQg levels are sufficient for comparable growth on
medium containing a nonfermentable carbon source. It has

been postulated that residual CoQg levels are observed due to
the overlapping activities of Ptc5 and/or Ptc6, and in fact the
ptc5SAptc7A double null mutant has impaired growth under
conditions of temperature stress (11, 31). It is also worth noting
that unlike the deletion of SNF2, the conversion efficiencies or
ratios between the early components of the pathway (DMQg or
HHB) and CoQg do not vary between strains exclusively
expressing either Ptc7 isoform (Fig. 10, C and D). This is
because although there are significant changes in the levels of
de novo synthesized DMQgq as well as HHB when comparing
Ptc7, to Ptc7,¢ (Fig. 10, A and B), Ptc7, is synthesizing higher
levels of de novo CoQg, DMQg, and HHB, compared with over-
all lower levels of these same lipids in Ptc7 (Fig. 10, C and D).
Thus, the overall conversion efficiencies (ratios) between both
isoforms are comparable (Fig. 10, C and D). This is consistent
with our interpretation that the absence of Snf2 contributes to
the metabolic state of the cell in other ways in addition to its
role in regulation of the Ptc7 isoforms.

Figure 6. Overall conversion efficiency of the CoQ¢ biosynthetic pathway increases upon depletion of Snf2, with increased conversions of both DMQg
to Qg and HHB to Qq. A, levels of steady-state CoQg ('>C-CoQg, blue bars) and de novo synthesized CoQ; ('*Cs-CoQg, orange bars) in WT yeast cells were
determined at the designated hours after labeling with '*C¢-4HB. Error bars, S.D. of n = 3 biological replicates. B, levels of steady-state DMQ, ('2C-DMQg, blue
bars) and de novo synthesized DMQ, ('*C-DMQg, orange bars) in WT yeast were determined at the designated hours after labeling with ' *C,-4HB. Error bars, S.D.
of n = 3 biological replicates. C, levels of steady-state HHB ('2C-HHB, blue bars) and de novo synthesized ('*C¢-HHB, orange bars) in WT and snf2A yeast were
determined at the designated hours after labeling with '*C¢-4HB. Error bars, S.D. of n = 3 biological replicates. D, the ratio of '*C,-DMQg/"*C¢-CoQg in WT yeast
was determined at the designated hours after labeling with 13C36;4HB. Error bars, S.D. of n = 3 biological replicates. The 0-h time point is excluded, because the
ratio is not indicative of pathway conversion. E, the ratio of '*C,-HHB/"3C¢-CoQg in WT yeast was determined at the designated hours after labeling with
'3C4-4HB. Error bars, S.D. of n = 3 biological replicates. The 0-h time point is excluded, because the ratio is not indicative of pathway conversion. F, levels of
steady-state CoQg ('2C-CoQ, blue bars) and de novo synthesized ('2C4-CoQg, orange bars) in snf2A yeast cells were determined at the designated hours after
labeling with '3C4-4HB. Error bars, S.D. of n = 3 biological reE)Iicates (unpaired Student’s t test between corresponding bars for snf2A and WT in A; ¥, p < 0.05; **,
p < 0.005; ***, p < 0.0005). G, levels of steady-state DMQ ('2C-DMQ, blue bars) and de novo synthesized DMQ, ('*C¢-DMQ, orange bars) in snf2A yeast were
determined at the designated hours after labeling with '*C¢-4HB. Error bars, S.D. of n = 3 biological replicates. (unpaired Student's t test between corresponding
bars for snf2A and WT in B; *, p < 0.05). H, levels of steady-state HHB ('>C-HHB, blue bars) and de novo synthesized HHB (*3C.-HHB, orange bars) in snf2A yeast
were determined at the designated hours after labeling with '*C-4HB. Error bars, S.D. of n = 3 biological replicates (unpaired Student’s t test between
corresponding bars for snf2A and WT in C; *, p < 0.05; **, p < 0.005; ***, p < 0.0005). /, the ratio of '2C,-DMQ,/">*C-CoQg in snf2A yeast cells was determined at
the designated hours after labeling with '*C4-4HB. Error bars, S.D. of n = 3 biological replicates (unpaired Student’s t test between corresponding bars for snf2A
and WT in D; *, p < 0.05; **, p < 0.005; ***, p < 0.0005). The 0-h time point is excluded, because the ratio is not indicative of pathway conversion. J, the ratio of
13C¢-HHB/"3C¢-CoQg in snf2A yeast cells was determined at the designated hours after labeling with '>C¢-4HB. Error bars, S.D. of n = 3 biological replicates
(unpaired Student’s t test between corresponding bars for snf2A and WT in E; *, p < 0.05; **, p < 0.005). The 0-h time point is excluded, because the ratio is not
indicative of pathway conversion.
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Figure 8. Structural predictions of mitochondrial Ptc7, and nuclear mem-
brane traversing Ptc7,.. A, PHYRE2 homology modeling of mature mito-
chondrial Ptc7,, which is experimentally determined to start at amino acid
Gly*? (46). 85% of residues modeled at >90% confidence (15% of residues
modeled ab initio). The N terminus and C terminus of the protein are shown.
B, PHYRE2 homology modeling of nuclear membrane Ptc7,... The predicted
trans-membrane helix encoded by the intron is shown in cyan. 86% of resi-
dues modeled at >90% confidence (14% of residues modeled ab initio. To
show the interaction with the nuclear membrane, the N-terminal loop resid-
ing on the one side of the nuclear membrane is proposed to be linked to the
modeled transmembrane helix, which is then proposed to be linked to the
rest of the Ptc7 protein that is predicted to reside on the alternate side of
the nuclear membrane. The nine black dashes connecting the helix to the
larger portion of the protein represent nine amino acids in the intron that
were in an unmodeled region.

These data reveal a novel role for Snf2 in respiration and
specifically in the transition from a largely fermentative mode
of metabolism to a largely respiratory one in S. cerevisiae, as
shown by the model in Fig. 11. Under conditions of high nutri-
ent availability, Snf2-dependent transcription of intron-rich
RPGs sequesters spliceosomes away from transcripts with weak
splice sites, such as PTC7. As a consequence, both isoforms of
the Ptc7 protein are expressed at appreciable levels, and their
opposing effects on CoQg synthesis ensure that CoQg is main-
tained at a relatively low level. As the nutrients in the medium
are depleted, the levels of Snf2 and, consequently, RPG tran-
scripts, decrease concurrently, freeing up spliceosomes to act
on PTC7. This leads to better splicing of PTC7 and a shift in the
relative abundances of the two protein isoforms, which eventu-

ally leads to an increase in CoQg synthesis.

Discussion

Whereas it has been broadly acknowledged that chromatin
states and chromatin factors influence splicing outcomes in

various organisms, identifying the functional importance of
such regulation under biologically relevant conditions remains
achallenge. We have shown previously that down-regulation
of Snf2, the core ATPase component of the SWI/SNF chro-
matin-remodeling complex, in response to nutrient deple-
tion leads to a change in cellular splicing outcomes due to
down-regulation of RPGs and subsequent redistribution of
spliceosomes (5, 6). We show here that Snf2-dependent
changes in splicing of PTC7 during yeast growth, combined
with the general conditions in the cell in the absence of Snf2,
causes a shift in the ratio of two distinct isoforms of the Ptc7
protein that have distinct and opposing effects on CoQg bio-
synthesis. This change in the ratio of the isoforms is concom-
itant with an increase in CoQg levels in the cell, preparing for
the transition from a largely fermentative to a respiratory
mode of metabolism.

Previous studies have presented contradictory evidence
regarding the involvement of PTC7 in CoQg biosynthesis. Ptc7
is required for the dephosphorylation of Coq7, thus transition-
ing Coq7 toits “active” form, which is able to catalyze the penul-
timate step of the CoQg pathway. This led to the prediction that
the ptc7A strain would demonstrate decreased CoQg synthesis,
as assayed by quantification of lipids from purified mitochon-
dria (11). Surprisingly, although Ptc7 supports general respira-
tory function, the absence of PTC7 does not lead to a deficiency
in CoQg levels, as assayed in lipid extracts of whole cells (12)
(Fig. 9A4). The studies here help to resolve this apparent contra-
diction. Studies with the ptc7A cells fail to address the opposing
roles that the two Ptc7 isoforms have in the cell under WT
conditions. Only cells with the capacity to express both Ptc7,
and Ptc7, can accurately reflect the full extent of Ptc7 function.
We demonstrate that exclusive expression of Ptc7, has a sig-
nificant repressive effect on CoQg biosynthesis (Fig. 9,4 and D).
Notably, the rates of conversions from precursors in the path-
way to the final product remained unchanged, indicating down-
regulation of the entire pathway (Fig. 10, C and D). Consistent
with this, we observe down-regulation of almost all of the com-
ponents of the CoQg biosynthetic complex upon exclusive
expression of Ptc7 ¢ (Fig. 9F). The mechanism by which Ptc7, ¢
affects RNA expression is as yet unknown, and investigations to
understand the same are ongoing.

PTC7is not the only known example of a gene in S. cerevisiae
encoding functional proteins from both the nonspliced
pre-mRNA as well as the “mature” spliced mRNA (10). We
recently reported translation of unspliced GCRI pre-mRNA
leading to a functional Gerl protein, although in this case,
translation starts from within the retained intron (7). Whereas
the read-through nature of the intron is conserved across most
Saccharomycetaceae species, the intron is excised in the same
species (analysis of publicly available RNA-seq data sets; data
notshown), rendering it likely that both forms of the protein are
necessary and functional. This is illustrated in the case of Tet-
rapisispora blattae, which, like S. cerevisiae, underwent a whole
genome duplication event; but unlike S. cerevisiae, which lost
the duplications of most of its genes, T. blattae retains two cop-
ies of the PTC7 gene. Interestingly, the two PTC7 genes in
T. blattae subfunctionalized into a gene that encodes a mito-
chondrial PP2C (Ptc7,, from a spliced transcript of PTC7b con-
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('2C-CoQ, blue bars) and de novo synthesized ('*C4-CoQg, orange bars) CoQg in PTC7,HA and PTC7,,,HA yeast cells were determined at the designated hours
after labeling with '*C¢-4HB. Error bars, S.D. of n = 3 biological replicates (unpaired Student s t test between correspondlng bars for PTC7,HA and PTC7,.HA; *,
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from E. G, RT-qPCR measurement of COQ7-COQ11 and PTC7 transcript levels between WT and snf2A yeast. Shown is the mean of three biological replicates.
Error bars, S.D. H, summary analysis of transcript levels of Q-biosynthetic factors from G.

taining a stop codon within its intron) and a second gene encod-
ing a PP2C predicted to localize to the nuclear envelope (Ptc7,,
from an nonspliced transcript of PTC7a (32). This conservation
further suggests that both protein isoforms derived from the
PTC?7 transcript in S. cerevisiae are functional. Cells lacking
Ptc7,,, show increased sensitivity to latrunculin A treatment,
compared with strains expressing both isoforms of Ptc7 or lack-
ing Ptc7, (10). Such sensitivity might suggest a distinct role for
Ptc7,,, in actin filament formation.

It is noteworthy that nuclear roles for numerous metabolic
enzymes have been described previously. The ability of meta-
bolic enzymes to “moonlight” in the nucleus, affecting gene

regulation at various steps, appears to be crucial for the ability
of cells to sense and adapt to their potentially distinct nutrient
environments (33). Numerous mitochondrial enzymes, such
as succinate dehydrogenase, fumarase, aconitase, and malate
dehydrogenase (all components of the Krebs cycle), have been
shown to have significant nuclear roles in the regulation of gene
expression (34-38). In some of these cases, enzymatic activity
of these enzymes has been shown to be crucial to their nuclear
roles (39). This precedence, combined with the evolutionarily
conserved presence of an isoform of Ptc7 in the nuclear mem-
brane, raises the possibility that a nucleus-localized phospha-
tase is crucial to regulation of components of the CoQg biosyn-
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The 0-h time point is excluded, because the ratio is not indicative of pathway conversion.

thetic pathway. Intriguingly, CLK-1 and COQ?7, the C. elegans
and human homologs of Coq7, which is a target for Ptc7 in
S. cerevisiae (11), have been demonstrated to localize to the
nucleus and are postulated to have roles independent of CoQ
biosynthesis (40). COQ?7 has also been shown to associate with
chromatin in HeLa cells (40), although recently this has been
attributed to a transformed cell phenomenon (41). Whereas
nuclear localization of Coq7 in S. cerevisiae has not been dem-
onstrated, we suggest a potential role in nuclear gene regulation
for Ptc7 via phosphatase activity on Coq7 or other unidentified
targets, including conventionally nuclear and other “moon-
lighting” mitochondrial enzymes.

It is also possible that Ptc7 has a substrate other than Coq7
that affects expression of the CoQg-synthome. In fact, a recent
study identified with high confidence numerous differentially
phosphorylated proteins in a ptc7A strain (12). Notably, this
proteomic analysis does not distinguish between the potential
effects of the two Ptc7 isoforms globally. In fact, rescue using
plasmid-based expression of PTC7 (full-length) does not
restore dephosphorylation levels for a number of nuclear pro-
teins, although the increased phosphorylation of mitochondrial
proteins upon deletion of PTC7 is almost completely reversed
by exogenous expression of Ptc7 (12). Furthermore, it is possi-
ble that the mitochondrial role for Ptc7; is in fact covered by
multiple redundancies. Ptc5 and Ptc6, two other PP2C protein
phosphatases, also localize to the mitochondrial membrane,
and PTCS demonstrates a negative genetic interaction with

PTC7, indicating the possibility of overlapping functions
(11, 31).

Interestingly, the effect of Snf2 deletion on CoQg biosynthe-
sis does not perfectly mirror the exclusive expression of Ptc7,.
We postulate that this is partially due to the Snf2 affecting the
flux of the entire CoQg biosynthetic pathway, as demonstrated
by the increased conversion of early precursors. Whereas dele-
tion of Snf2 does not, on average, change the expression of the
components of the CoQg-synthome (Fig. 9, G and H), it is pos-
sible the Snf2 may have other effects of CoQg flux. We are
exploring these possibilities.

Intriguingly, although the absence of Snf2 enhances levels of
CoQg, yeast strains lacking Snf2 have a severe growth defect on
non-fermentable carbon sources, such as glycerol or acetate
(26) (Fig. 1E). However, Snf2 protein is undetectable by immu-
noblotting during growth in medium containing glycerol or
acetate as the only carbon source (data not shown). This leads
us to hypothesize that before Snf2 protein is down-regulated in
response to glucose depletion, it is required for the transition
from a fermentative metabolic state to one that is predomi-
nantly respiratory in nature. The molecular details of the
requirement for Snf2 in this transition are the subject of ongo-
ing investigation. However, it is probably at least in part due to
its reported role in the activation (de-repression) of genes
whose transcription had previously been subject to glucose-
mediated catabolite repression. This activation occurs once the
glucose has been depleted or the yeast have been shifted to a
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A. Snf2 regulates the relative abundance of Ptc7 isoforms to control CoQ synthesis.
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Figure 11. Model for a novel role for Snf2 in respiration, and in the transition from a primarily fermentative mode of metabolism to a primarily
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different, non-fermentable carbon source (26). We postulate
that once the gene expression profile required for adaptation to
the new nutrient environment has been initiated and/or estab-
lished, the requirement for Snf2 is relieved, and in fact, the
down-regulation of Snf2 enhances splicing of PTC7. This tran-
sient requirement for Snf2 bears striking similarities to a previ-
ous report detailing the role of Snf2 in reversing Ume6-medi-
ated repression at certain meiotic genes early in meiosis, before
it is itself down-regulated to enable splicing of meiotic tran-
scripts (6).

This work reveals a mechanism by which SWI/SNF acts as a
nexus point in the fermentation—respiratory transition in
S. cerevisiae. We also demonstrate opposing effects of isoforms
of a single gene, PTC7, on the process of CoQg biosynthesis, via
distinct mechanisms. Numerous aspects of these mechanisms
remain to be studied, as well as their potential roles in the gene
regulation response to other physiological conditions that yeast
might experience.

Experimental procedures
Yeast strains and culture conditions

The yeast strains used in this study are listed in Table 1. All
strains except W303Acoq2 are derived from the BY back-
ground. Yeast strains were grown in YPD (1% yeast extract, 2%
peptone, 2% dextrose) medium at 30 °C. Snf2 and Ptc7 null
strains were maintained with a backup expression plasmid
(pRS316 backbone harboring either SNF2 or PTC7). The plas-
mid was shuffled out by growth on 5-fluoroorotic acid before
using the strains in experiments. Strains with tagged iso-
forms of Ptc7 were a kind gift from Dr. Ron Davis (10). These
strains were back-crossed against WT or snf2A strains, and
daughter strains used for this study are listed in Table 1. The
snf2A strain was observed to spontaneously mutate if grown
on YPD for longer than 7-8 days, acquiring suppressor
mutations that made it difficult to distinguish from WT.
Hence, for all experiments with snf2A, the plasmid contain-
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Table 1

Genotype and source of yeast strains
Strain number Name Genotype Source/reference
TJY6724 WT MATa his3A leu2A LYS2 met15A ura3A Ref. 6
TJY6727 snf2A MATa his3A leu2A ura3A snf2A:NatMX Ref. 6
TJY7114 PTC7 HA MATa his3A leu2A ura3A PTC7,HA:KanMX This study
TJY7115 snf2APTC7,HA MATa his3A leu2A ura3A snf2A:NatMX PTC7,HA:KanMX This study
W303Acoq2 cog2AA MATa ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 coq2:HIS3 Ref. 47
TJY7116 PTC7HA MATa his3A leu2A ura3A PTC7 HA:KanMX This study
TJY7118 PTC7,HA MATa his3A leu2A ura3A PTC7, HA:KanMX This study
TJY7142 ptc7A MATa his3A leu2A ura3A ptc7A:KanMX This study
BY4741Acoq9 cog9A MATa his3A0 leu2A0 met15A0 ura3A0 coq9:KANMX4 Ref. 48

ing SNF2 was shuffled out prior to each experiment, allowing
a fresh snf2A strain with each experiment, to avoid these
suppressor mutants. We found that this was absolutely
instrumental to observe the proper phenotype and behavior
of the snf2A strain.

RNA-sequencing analyses

The RNA-sequencing data reported in this study were gen-
erated previously (6). Briefly, RNA sequencing libraries were
prepared using the Illumina Truseq® V3 kit and ribosomal
RNA depletion (Ribo-Zero, Illumina). Single-end, 50-nucleo-
tide sequence reads (HiSeq 2000) were aligned to SacCer3 and
spliced transcripts from the Ares Lab Yeast Intron Database
version 3 (42) in a single step using STAR (43). Only the highest
scoring alignments for each read were kept, allowing for at most
a single tie. Reads/kb/million were computed for each gene by
dividing the total number of reads that aligned entirely within
the gene’s exon boundaries by the gene’s total exon length in
kilobase pairs per million mapped reads. Reads within ICGs
were categorized as exonic, spliced, or unspliced. Exonic reads
map entirely within an exon, as defined by the Ares Lab Yeast
Intron Database. Introns with annotated small nucleolar RNAs
within the defined intron boundaries were disregarded in this
analysis. Spliced reads are those that align with a gap that cor-
responds to an annotated intron, and unspliced reads map par-
tially within an exon and partially within an intron with no gap.
Spliced and unspliced read counts were normalized by dividing
total spliced counts by the number of potential unique align-
ment positions that contribute to the total. For spliced reads,
this is read length minus one for every intron. For unspliced
read counts, this is the length of the intron plus the read
length minus one. Splicing efficiency for each intron was
calculated as normalized spliced counts divided by the sum
of the normalized spliced and normalized unspliced counts.
Changes in splicing efficiency were calculated as percentage
difference over WT efficiency and plotted against expression
levels (reads/kb/million) in WT. Data are available under
GEO accession number GSE94404, and detailed methods
were described previously (6).

RT-PCR and real-time PCR analysis

RNA was isolated from a 5-ml aliquot of cell culture corre-
sponding to time points described in each experiment. After
DNase treatment (Roche Applied Science), equal quantities of
total RNA from each sample were used to make cDNA using a
c¢DNA synthesis kit (Fermentas). To detect PTC7 splicing iso-
forms, primers flanking the intronic sequences were used for

PCR using 1 pul of cDNA diluted 1:20. PCR products were then
separated on a 2% agarose gel and imaged. RT-qPCR was done
in a 10-pl reaction volume with gene-specific primers using 1
wl of cDNA diluted 1:20 using Perfecta SYBR Green Fastmix
(Quanta Biosciences) and a CFX96 Touch System (Bio-Rad).
All samples were analyzed in triplicate for each independent
experiment. RT-qPCR was also performed for the scRI (cyto-
plasmic signal recognition particle RNA subunit) RNA from
each ¢cDNA sample. Gene expression analysis was done by
274 methods using scRI as a reference. -Fold expression of
mRNA was measured compared with WT by 2744 methods
(44).

Immunoblots

Protein was isolated from cell pellets with FA-1 lysis buffer
(50 mm HEPES, pH 7.5, 150 mm NaCl, 1 mm EDTA, 1% Tri-
ton X-100, 0.1% sodium deoxycholate, 1 mm PMSF, and pro-
tease inhibitors) with bead beating. The buffer was supple-
mented with protease inhibitor mixture tablet (Roche
Applied Science). Total protein was resolved by SDS-PAGE.
The gel was transferred to PVDF membrane, and proteins
were detected with the following antibodies at the stated
dilutions: anti-SNF2 antibody (yN-20, Santa Cruz Biotech-
nology) at a 1:200 dilution in 2% milk, anti-HA antibody
(901514, BioLegend) at a 1:2000 dilution in 5% milk, anti-
Pgk1 antibody (459250, Invitrogen) at a 1:3000 dilution in 5%
milk, or anti-Coq7 antibody (described previously (16) at a
1:2000 dilution in 3% milk. Signal was detected with en-
hanced chemiluminescence (Thermo Scientific) as described
by the manufacturer.

Metabolic labeling of CoQ, with ">C,-labeled precursors

Yeast strains were grown overnight in 25 ml of YPD in a
shaking incubator (30 °C, 250 rpm) and diluted to an Ay, 0f 0.1
in 60 ml of fresh YPD the next morning. The cultures were
incubated as before to an A of 0.5 (midlog phase) and subse-
quently treated with *Cg-4HB at 10 wg/ml (600 ug total) or
ethanol vehicle control (0.015%, v/v). At designated time peri-
ods, cells were harvested by centrifugation at 3000 X g for 5
min, from 50-ml aliquots (used for lipid extraction) or 10-ml
aliquots (used for RNA and protein analysis). Cell pellets were
stored at —20 °C.

Analysis of CoQg and CoQ, intermediates

Lipid extraction of cell pellets was conducted as described
(18) with methanol and petroleum ether and CoQ, as the inter-
nal standard. Lipid measurements were performed by HPLC-
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MS/MS and normalized to total OD. Prior to mass spectrome-
try analysis, all samples were treated with 1.0 mg/ml
benzoquinone to oxidize hydroquinones to quinones. Mass
spectrometry analyses utilized a 4000 QTRAP linear MS/MS
spectrometer (Applied Biosystems), and data were acquired
and analyzed using Analyst version 1.4.2 and 1.5.2 software
(Applied Biosystems). Separation of lipid quinones was per-
formed with a binary HPLC delivery system and a Luna 5p
phenyl-hexyl column (100 X 4.6 mm, 5 wm; Phenomenex). The
mobile phase consisted of a 95:5 methanol/isopropyl alcohol
solution with 2.5 mM ammonium formate as solution A and a
100% isopropyl alcohol solution with 2.5 mM ammonium for-
mate as solution B. The percentage of solution B was increased
linearly from 0 to 5% over 6 min, whereby the flow rate was
increased from 600 to 800 pwl. Initial flow rate and mobile phase
conditions were changed back to initial phase conditions lin-
early over 3.5 min. Each sample was analyzed using multiple-
reaction monitoring mode. The following precursor-to-prod-
uct ion transitions were detected as well as the +17 m/z
ammoniated adducts for each of the metabolic products: "*C-
HHB m/z 553.4/157.0 (ammoniated: 570.4/157.0), >*C-HHB
m/z 547.4/151.0 (ammoniated: 564.4/151.0), '3C¢-DMQg m/z
567.6/173.0 (ammoniated: 584.6/173.0), *>*C-DMQg m1/z 561.6/
167.0 (ammoniated: 578.6/167.0), '*C¢-CoQg m/z 597.4/203.1
(ammoniated: 614.4/203.1), *2C-CoQg m/z 591.4/197.1 (am-
moniated: 608.4/197.1), and '>’C-CoQ, m/z 455.4/197.0
(ammoniated: 472.4/197.0).

Plate dilution assays

Strains were grown overnight in 5 ml of YPD and diluted
to an Agyo 0f 0.2 in sterile PBS. A 5-fold serial dilution in PBS
was performed, after which 2 ul of each dilution (1X, 5X,
25X, 125X, and 625X) were spotted onto the designated
carbon sources. The final Ay, of the aforementioned
dilution series are 0.2, 0.04, 0.008, 0.0016, and 0.00032,
respectively.

PHYRE homology modeling

Phyre2 is a modeling program designed to analyze protein
structure, function, and mutations (45). It is used to analyze the
primary sequence of a protein and, with homology detection
methods, constructs a structure that compares the protein of
interest with other proteins (or motifs of proteins) with known
structure. In regard to Ptc7, the full nonspliced version of the
protein (Ptc7,, ), which is composed of 374 amino acids and
retains its 31-amino acid intron (amino acids 19-50), was
analyzed. The resulting structure and alignment coverage
contained 86% of residues modeled at >90% confidence,
with 14% of residues modeled ab initio. Additionally, the
spliced isoform of Ptc7 (Ptc7), which is localized and pro-
cessed in the mitochondria, comprised of 305 amino acids,
resulting from the removal of the 31-amino acid intron
and the excision of the predicted mitochondrial targeting
sequence (the 38 N-terminal amino acids of Ptc7,) (46), was
also modeled using the PHYRE?2 intensive modeling mode.
The resulting structure and alignment coverage contains
85% of residues modeled at >90% confidence, with 15% of
residues modeled ab initio.
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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
Msll 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 Snull4 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 Dstl (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 Dstl 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.
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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 ACTI-CUPI reporter system. In this assay, cupIA cells were
transformed with a plasmid encoding the CUPI gene interrupted by the ACT/ intron. Cupl 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 ACTI-CUP construct (Lesser and Guthrie
1993). As the splice sites in yeast are very well conserved, ACTI-CUPI 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 ACTI-CUPI in cupIA and htzIAcupIA cells. Notably, the consensus ACTI-
CUPI construct is spliced efficiently, even in the absence of H7Z1. 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
Snull4 (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 H7Z1
deletion by examining the recruitment profile of the NineTeen Complex (NTC) factor Prpl9
across three ICGs (YCL002C, ECM33, RPL13A)(Figure 4.3 A). Consistent with decreased U5
snRNP recruitment, Prp19 recruitment across ECM33 and RPLI34 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 YCL0O02C is
very low in wild type cells, differences in Prpl9 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 htzIA
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
Ntrl, 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 Ntrl 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 htz/A 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 AtzIA 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 Prpl16/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 prpl6°*"" allele (data not shown). In this strain, the 3°UTR of PRPI6 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 prpl6”*""
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 Prpl6 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 prpl6°""
alleles in both wild-type and A#zIA cells (as described in Breslow et al. 2008). Unexpectedly,
neither the prp6°*™ nor prp22°*"" construct significantly altered PRP16 or PRP22 RNA levels

(respectively) in wild-type or cells lacking H2A.Z (Figure 4.5 B). Additionally, while prp22°4™*
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confers a slight growth defect that is exacerbated at lower temperatures (25°C), deletion of

6DAmP 2DAmP

H2A.Z does not appear to affect growth of either prpl or prp2 cells in rich media

(Figure 4.5 C). Curiously, and despite no apparent change in PRP22 RNA expression, prp22°4"*
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 DST/) 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 Dstl in cells lacking H2A.Z affects splicing by
two distinct mechanisms.

Dstl (TFIS) 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, Dstl is important for efficient rearrangements of the
U2 snRNP and deletion of DSTI not only exacerbates growth defects, but can also further
decrease splicing efficiency of non-consensus BP containing introns of CIN2 and SUS/ in cells
lacking H2A.Z (Neves et al. 2017).

In the absence of Dstl, 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 Dstl affects polymerase occupancy patterns in cells

lacking H2A.Z. Satisfyingly, loss of Dstl in htzIA cells further decreases Rpb3 occupancy on
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our candidate genes ECM33 and PMAI (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 Dstl deletion in A#zIA cells may further disrupt spliceosome
rearrangements and lead to decreased splicing.

We next analyzed splicing genome-wide to determine to what extent Dstl deletion
enhances H2A.Z-mediated splice defects. We repeated our comparison of the splicing efficiency
in wild-type and A#zIA 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 Dstl alone on co-transcriptional
splicing is more subtle than that of H2A.Z. There are notable exceptions, such as decreased
splicing of NBLI or increased splicing of MCO13 (Figure 4.6 C, middle: NBLI in green, MCO13
in blue), that suggest that splicing of these genes are particularly susceptible to Dstl presence.
Although we expected to largely find decreased splicing, we also observed subsets of genes in
which splicing was increased by deletion of Dstl in A#zIA 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 Dstl in AtzIA 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 DS7/ deletion was due to altered RPG
abundance. In fact, although deletion of H7ZI or DSTI alone does not significantly alter RPG
expression, there is a general decrease in RPG expression in dst/A htzIA 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 Dstl 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 htzIA 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 ACT/-CUPI reporter gene demonstrates that
mutation of any splice site renders cells lacking H2A.Z unable to produce enough functional
Cupl 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 ACT/ intron. It will be interesting
in the future to directly assay changes in splicing in htzIAcupIA cells grown in copper-
containing using RT-PCR. Additionally, because the ACT/-CUPI 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 ACT/ 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 ACTI-CUP] plasmid.

Chromatin immunoprecipitation reveals that, similar to Snul14 (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 Ul 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 Ul 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 Msll with nascent RNA is aberrantly extended

in cells lacking H2A.Z, Msll 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 Ntrl, 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 Prpl6 or
Prp22 prevents binding of the NTR complex and subsequent Prp43 recruitment (Chen et al.
2013). The balance of Prpl6 and Prp22 with Prp43 therefore helps determine the fate of the
nascent mRNA. It was recently demonstrated that Prpl6 overexpression suppresses defective
splicing caused by H2A.Z deletion (Nissen et al. 2017), likely because, although Prp16 normally
antagonizes stalled spliceosomes, excess Prpl6 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 prp22°*"" 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

2P4mF cells, the DAmP allele may alter Prp22 expression at the protein level.

unchanged in prp2
The 3’UTR has long been known to have an important role in translational regulation (Day and
Tuite 1998) and, because the prp22°*"" 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 htz/A cells.
Surprisingly, although loss of Dstl further decreased RNAPII occupancy in htzIA cells, we find
that DST1 deletion can both exacerbate and suppress of H2A.Z-mediated splicing defects (Figure

4.6). Interestingly, loss of both Dstl 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 Dstl may affect splicing outcomes in at least two opposing ways. Loss of Dstl exacerbates
transcription elongation defects in A#z/A 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 DS77 and HTZI 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 DST/ 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 dst/IA htzIA, 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 Dstl. Due to the compounded transcription elongation defects
we observed in dstIA htzIA 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 (hzz/A or
dstIA) 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 cup /A 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 HTZ! in cupIA strains was
as described in (Neves et al. 2017). The prpl6”*"" 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 | leu2A0 ura3A0 Open Biosystems
TJY1900 | BY 4743 | htzl1A::kanMX4 Open Biosystems
TJY7101 | BY4743 | leu2A0 ura3A0 kanMX4 This study
TJY6906 | BY 4741 | htzl1A::natMX4 This study
TJY6907 | BY 4742 | htzlA::natMX4 This study
TIY7193 | LG1/BY | PRP19-HA3::TRP1 This study
4742

TJY7194 | LG1/BY | PRP19-HA3::TRP1 htzlA::natMX4 This study
4742 htz1A::kanMX4

TJY7084 | BY 4743 | PRP43-HA3::HIS3 Calvin Leung
TJY7085 | BY 4743 | PRP43-HA3::HIS3 htz1A::natMX4 This study
TIY7173 | BY 4743 | NTR1-MYC::kanMX3 Calvin Leung
TJY7174 | BY 4743 | NTR1-MYC::kanMX3 htzlA::natMX4 | This study
TJY3983 | YTV311 | cuplA::URA3-52 Christine Guthrie
TIY6824 | YTV311 | cuplA::URA3-52 htz1A::kanMX4 This study
TIY1271 | BY 4341 | dstlA::kanMX4 Open Biosystems
TIY7093 | BY 4743 | dstlA::kanMX4 htz1A::natM X4 This study
TJY7175 | BY 4741 | prp22DAmP::kanMX4 Open Biosystems
TJY7176 | BY 4743 | prp22DAmP::kanMX4 htz1A::natMX4 | This study
TIY7196 | BY 4741 | prpl6DAmP::kanM X4 This study

TIY7178 | BY 4741 | prpl6DAmP::kanM X4 htz1A::natMX4 | This study
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Viability assay/dilution series: For growth analysis of cup/A strains containing a centromeric
ACTI-CUPI (URA3) plasmid, strains were grown overnight in SC-LEU liquid media at 30°C.
Cells were diluted to an ODgpoof .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 CuSOj4 concentrations and incubated 30°C for 3 days. ACTI-CUPI
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 ODggp 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 ODgg
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 Ntrl, 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
ul of this was used in a 10 ul reaction volume. For ChIP DNA, samples were diluted 1:2 and 1 pl
of this was used in a 20 pl or 10ul reaction volume. Reactions consisted of 1x Perfecta SYBR
GREEN Master Mix (Quanta Biosciences) and .5 pl 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 ODgoy 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 12CAS5 (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 ODgoo 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 pul 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 Maxima™ First Strand
cDNA Synthesis Kit (Fermentas). qRT-PCR was done in a 10 pl reaction volume with gene
specific primers using 1 pl 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 scR/ RNA from each cDNA
sample. Gene expression analysis was done by 2-ACt methods using scR/ 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-AACt methods (Livak and Schmittgen 2001)

TABLE 4.2: qPCR primers

PRP16 gPCRF | ACTAACGCCTGGGTTGCTTT
PRP16 gPCR R | TCGGATTGTTGCTGCTGAGT
PRP22 qPCRF | AAGGCGTGCTTTGACTTCAC
PRP22 qgPCR R | ACTGCCGTCATCTCTTTTCG
sCR1F TTTCTGGTGGGATGGGATAC
sCRI R TTTACGACGGAGGAAAGACG

RNA-seq library preparation, alignment and splicing efficiency calculation: RNA-seq
libraries for WT, htzIA, dstIA, and dstIAhtzIA strains were constructed in conjunction with

3DA mP

prp4 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
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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.
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Figure 4.2
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Figure 4.2 Introns containing mutated splice sites are sensitive to H2A.Z presence

A. Schematic of ACTI-CUPI hybrid construct. Splice site mutations indicated in red.
Adapted from (Lesser and Guthrie 1993)

B. Serial dilution assay of cupIA and htzIA cupIA mutants. Cells were transformed with
empty pRS315 LEU plasmid or pRS315 containing the ACT/-CUPI 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 CuSO,; and

incubated at 30°C for three days.
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Figure 4.3

A yeLooze ECM33 RPL13A
J234 2% 123 18 123 438

—Ha— . ——_.

868 nt 1620 nt 965 nt

 WwT
htz1A

B Prp19-HA

YCL002C ECM33 RPL13A
i

=y -
N
'S

=
i
H
H
o oo oo
o N

Fold accumulation over NTR
N

Fold accumulation over NTR

Fold accumulation over NTR

o N H D -
S N A O

1 2 3 4 5 6 NTR 1 2 3 4 5 NTR 1 2 3 4 5 NTR

C Prp19-HA
+ - H2AZ

AnticHA [ —

Anti-Pgk | s "

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 RPLI3A. Underlined
numbers represent amplicons generated by each primer set used in this experiment.

B. Occupancy of Prpl9 at each region of YCLO02C (left), ECM33 (middle), or RPLI3A4
(right) relative to the non-transcribed region in WT or htzIA. 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 Ahzz/A whole cell

extracts probed with anti-HA 12CAS5 (top), and anti-PGK1 as a loading control (bottom)
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Figure 4.4
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Figure 4.4 Enrichment of disassembly factor Prp43 or cofactor Ntrl 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 A#zIA.
C. Occupancy of Ntrl at each region of YCL002C (left), or ECM33 (right) relative to the
non-transcribed region in WT or A#zIA.

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
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Figure 4.5 DAmP alleles do not alter PRP16 or PRP22 RNA levels but prpZZD 4mP renders

cells highly susceptible to transcription defects

A. RT-qPCR analysis of levels of RNA in diploid WT and heterozygous diploid prp16°*™"

normalized to sCRI, 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 prpl6°*"" (right) or prp22°*"" (left)

cells =+ HTZ1, normalized to sCRI, an RNAPIII transcript. Graphs represent average of

three independent experiments and error bars represent the SD.

C. Serial dilution assay of prpl6°*™" htzIA and prp22°*"" htzIA mutants. Cells were grown

at 30°C in YPD+G418 liquid media until desired ODgo9 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.

. Serial dilution assay of prpl6"*"" htzIA and prp22°*"" hizIA mutants under
transcriptional stress. Cells were grown at 30°C in YPD+G418 liquid media until desired
ODygoo 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
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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 PMAI. Underlined numbers represent

amplicons generated by each primer set used in this experiment.

B. Occupancy of Rpb3 at each region of ECM33 (left), or PMAI (right) relative to the non-

transcribed region in WT, htzIA, or dstIA htzIA.
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C. Distribution in splicing efficiencies of all intron-containing genes upon deletion of H7Z1
in WT cells (left), deletion of DSTI in WT cells (middle), or deletion of DST/ in htzIA
cells (right), represented as an X-Y plot.

D. Distribution of changes in splicing efficiency upon deletion of DST/ in htzIA 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 H7Z1
in WT cells (left), deletion of DSTI in WT cells (middle), or deletion of DST/ in htzIA
cells (right). Deletion of DST! in htzIA cells leads to an average of 1.3 fold decrease for

intron-containing RPGs.
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CHAPTER 5

Swrl 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 Riml101 Cys;His, 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 Snfl-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 HTZ!I 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 Swrl 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 SWRI suppresses growth defects of htzIA 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 AzzIA 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

123



histone-replacement activity transiently destabilize nucleosomes when H2A.Z is not present and
cannot be inserted in to the chromatin. This Swrl 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 Swrl activity in the absence of H2A.Z. When H2A.Z is lost, the presence of Swrl
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 H7ZI (Neves et al. 2017). We compared differential expression of all
genes between wild-type (n=3) and htzIA (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'%) (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 htz/A

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 AtzIA 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 htzIA 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 AtzIA 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 Cupl, 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 Cupl activity could mask copper sensitivity of cells lacking
H2A.Z. However, similar to wild-type cells, HTZI deletion in cupIA 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 H7Z! alone does not affect growth on glycerol-containing media, loss of
both H2A.Z and Cupl 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 H7Z1 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 H7ZI 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 PHOS 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 A#zIA cells, expression of PHO5 RNA is reduced by more than 2-fold in

3P4mP cells, but, consistent with genetic interactions, PHO) expression is restored to wild-

prp4
type levels in the prp43°*™" htzIA (Figure 5.5 B).

PHOS85 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 PHOS85 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

3P4AmP and hizIA cells is due to

PHOS5 expression, and subsequent alkaline sensitivity, in prp4
changes in PHOS)5 splicing. Consistent with previous findings (Neves et al. 2017), deletion of
HTZ1 leads to increased PHOS8S5 pre-mRNA, and Prp43 depletion partially restores this defect
(Figure 5.5 C). However, the level of PHO85 pre-mRNA in prp43°*™ cells does not differ
significantly from wild-type levels (Figure 5.5 C) and so the way in which Prp43 down-
regulation affects PHOS expression remains unclear. Together these data suggest that H2A.Z and
Prp43 interactions are important for adaptation to alkaline conditions and, while defects in

PHOS5 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 Swrl in the absence of H2A.Z.

Swrl, 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 Swrl,
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 Swrl
affects cell viability in alkaline conditions similarly to H2A.Z. Surprisingly, deletion of SWRI
not only had no affect on growth on high pH media, but also suppressed alkaline sensitivity of
htzIA 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, SWRI 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 SWRI in a wild-type background not only results in increased PHOS expression, but
also restores PHOS expression in htzIA 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 Swrl activity interference with appropriate phosphate gene expression.

Deletion of SWRI restores appropriate polymerase phosphorylation in h#zIA 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 Swrl reflect changes in RNAPII phosphorylation status.
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In order to determine if deletion of H7ZI or SWRI affects CTD phosphorylation in a
manner that correlates with expression of PHOS5 we analyzed the abundance of Rpb3, the core
RNAPII subunit, or phosphorylated Rpbl, the CTD-containing subunit of RNAPII. Rpb3
abundance is slightly decreased in hzzIA 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 HTZ! leads to
increased serine 2 phosphorylation relative to total RNAPII (Figure 5.7 A and C). Satisfyingly,
deletion of SWRI restores Rpb3 abundance and suppresses Ser2-P accumulation defects in hzz/A
cells (Figure 5.6 A and C), indicating that the presence of Swrl 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 PHOS5 (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 SWRI 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 HTZ/ deletion has little affect on
polymerase occupancy across the PHOS, 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 Swrl
activity impairs appropriate CTD phosphorylation, deletion of SWRI suppresses
hyperphosphorylation of threonine 4 in cells lacking H2A.Z (Figure 5.7 E). Interestingly,
deletion of SWRI in both wild-type and hzzIA cells leads to increased polymerase abundance and
slightly decreased Thr4-P levels across the PHOS5 gene as compared to wild-type cells in both
(Figure 5.7 E). High polymerase engagement and low Thr4-P likely explain PHOS
overexpression observed in swrlA and swriA htzIA 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 Swrl 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 Swrl, rather than the absence of
H2A.Z, is responsible for aberrant gene expression and alkaline sensitivity in A#z/A cells. When
H2A.Z is lost, the presence of Swrl 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 PHOS5 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 hzzIA 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 H7ZI 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, PHOS8S5 splicing outcomes are not sufficient to explain the alkaline sensitivity of
prp43°4™" 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 Swrl, 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
HTZI, but not SWRI, negatively impacts PHOS expression (Barbaric et al. 2007). Interestingly,
deletion of SWRI suppresses alkaline sensitivity of and restores PHOS5 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 PHOS5 expression.
Consistent with genetic and PHOS expression analysis, deletion of SWRI restores total, as well
as PHO) gene body specific, threonine 4 phosphorylation to at, or even below, wild-type levels
in htzIA cells (Figure 5.7). While questions remain as to how Swrl impedes appropriate gene
expression, RNAPII hyperphosphorylation in the absence of H2A.Z suggests that continued

Swrl activity interferes with transcription elongation machinery.

How does Swr1 affect stress response in the absence of H2A.Z.?

To characterize the roles of Swrl 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 Swrl on phosphate homeostasis in the absence of H2A.Z, it will be
necessary to assay the growth of A#z/A cells with and without Swrl in low phosphate conditions.
Cells lacking H2A.Z have been shown to grow poorly when phosphate is limiting (Rosonina et
al. 2014), and if Swrl activity activation of the phosphate-starvation response, deletion of SWR1
is expected to restore viability of AtzIA 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 PHOS induction (Rosonina et al. 2014) and to determine
whether deletion of SWRI can restore appropriate activation of PHOS5 when phosphate is low.

Additionally, RNA-sequencing followed by differential expression analysis of AtzI/A cells with
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and without SWRI in high and low phosphate conditions will allow us to expand our analysis to
all phosphate-regulated genes.

Viability and colony color analyses of swr/A cells (with and without H2A.Z) in copper-
containing media, followed by the RNA-seq analyses describe above, can help elucidate the role
of Swrl in copper uptake and utilization pathways. If, similar to cells lacking H2A.Z, swriA and
swriA htzIA cells fail to change color in the presence of copper and up-regulate copper/iron
genes, effects of Swrl on these gene expression pathways are likely due to a loss of H2A.Z
exchange. However, increased copper/iron uptake gene expression in AtzIA cells may be due to
persistent Swrl 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, swriA cells are expected to resemble wild-type, but, if up-
regulation is a secondary effect, ectopic expression of phosphate-regulated genes in htz/A cells
should restore appropriate copper/iron uptake gene expression levels.

The RNA-seq analysis described above will not only elucidate the affects of Swrl 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 swrlA htzIA double mutants will also
reveal if persistent Swrl 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 swr/A cells as compared to AtzIA cells (Neves et al.
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2017). It is possible that, while the effect of Swrl on splicing is largely due to the subsequent

lack of H2A.Z in the chromatin, persistent Swrl activity may exacerbate splicing defects.

How does Swrl impede stress response gene expression in the absence of H2A.Z?

In order to determine if Swrl directly affects transcription of phosphate-starvation genes
it will first be important to demonstrate that Swrl is recruited to the chromatin in the absence of
H2A.Z. Indeed, previous reports have shown that Swrl can be found on the chromatin in Atz/A
cells (Morillo-Huesca et al. 2010; Ranjan et al. 2013), however, genome-wide chromatin
immunoprecipitation analyses will verify that Swrl is recruited to the PHOS5 and other
phosphate-starvation gene loci in the absence of H2A.Z in both phosphate replete and limiting
conditions. If Swrl does impede transcription machinery, we expect to find greater or more
wide-spread Swrl 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
Swrl 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 SWRI reverses threonine hyperphosphorylation across the PHOS5 gene
body in htzIA 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 Atz/A cells with and
without Swrl in low phosphate growth conditions.

Although the mechanism by which Swrl impedes the transcription machinery is unclear,
it is possible that Swrl interacts with and recruits kinases that could drive hyperphosphorylation

of the CTD. In yeast, two kinases, Burl and Ctk1, are responsible for serine 2 phosphorylation
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(Reviewed in Heidemann et al. 2013). Interestingly, the gene encoding Ctk1 negatively interacts
with HTZI but positively interacts with SWRI (Zheng et al. 2010), suggesting that Swrl may
functionally oppose the roles of Ctkl and H2A.Z. Although no threonine 4 kinase has been
identified in yeast, polo-like kinases Plk1l 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 Plkl or Plk3 (Lee and
Erikson 1997; Archambault and Glover 2008) and physically interacts with the SWR-C subunit
SwcS (Ptacek et al. 2005). Therefore, further characterization of physical interactions between
the SWR-C machinery and CTD kinases can indicate how Swrl 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 Swrl 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
cupIA, 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 HTZ! in cupIA 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 | leu2A0 ura3A0 Open Biosystems
TJY1900 | BY 4743 | htzl1A::kanMX4 Open Biosystems
TJY7101 | BY 4743 | leu2A0 ura3A0 kanMX4 This study
TJY6906 | BY 4741 | htzlA::natMX4 This study
TJY6907 | BY 4742 | htzl1A::natMX4 This study
TJY3983 | YTV311 | cuplA::URA3-52 Christine Guthrie
TIY6824 | YTV311 | cuplA::URA3-52 htz1A::kanMX4 This study
TIY7100 | BY 4741 | prp43DAmP::kanM X4 Open Biosystems
TIY7101 | BY 4743 | prp43DAmP::kanMX4 htzl A::natMX4 This study
TJY5852 | BY 4341 | swrlA::kanMX4 Open Biosystems
TJY7080 | BY 4743 | swrlA::kanMX4 htz1A::natM X4 This study

RNA-sequencing and differential expression analysis: RNA-seq libraries WT, htzIA, swriA,
and swrlAhtzIA 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 Atz/A
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 htz/A strains, strains
were grown overnight in CSM (+2% glucose) liquid media at 30°C. Cells were diluted to an
ODggpof .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.

DAmP . .
3740 and swrlA strains, strains were

For pH sensitivity growth analysis of htzIA, prp4
grown overnight in YPD+G418 liquid media at 30°C. Cells were diluted to an ODggpof .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 HCI prior to
sterilization.
RT-PCR splicing analysis, RT-qPCR analysis and quantification: Cells were grown in
YPD+G418 media to an ODggo 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 ul 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 Maxima™
First Strand cDNA Synthesis Kit (Fermentas). cDNA was diluted 1:20 and used for PCR.

To detect splicing isoforms of PHOSS, primers flanking the intronic sequences were used
for 27-cycle PCR using lul 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 PHOS abundance, qRT-PCR was done in a 10 ul reaction volume
with gene specific primers using 1 pl 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 scR/ RNA
from each ¢cDNA sample. Gene expression analysis was done by 2-ACt methods using scR/
cytoplasmic RNA as reference. Fold-expression of mRNA was measured compared to WT by 2-
AACt 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 PHOS5 653 F and
PHOS5 799 R were used for PHOS5 abundance.

Whole cell extract and immunoblot: Cells were grown in YPD+G418 media to an
ODgoo 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 ODgg
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
ul of this was used in a 10 ul reaction volume. For ChIP DNA, samples were diluted 1:2 and 1 pl
of this was used in a 20 pl or 10ul reaction volume. Reactions consisted of 1x Perfecta SYBR
GREEN Master Mix (Quanta Biosciences) and .5 pl 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

PHOS85 F GATCTCACGGATGGCCGTAGA
PHO85 R GGGCAAACTTGAGCAATACCAATG
PHOS 2 F GTTTAAATCTGTTGTTTATTCA
PHO595 R CCAATCTTGTCGACATCGGCTA
PHOS 131 F | CGGACCATACTACTCTTTCCCT
PHOS5 253 R | CCAGACTGACAGTAGGGTATCT
PHOS5 653 F | GGACTACGATGCCAATGATG

PHOS5 799 R | CTTCAAATGCACACCACGAG

PHOS5 1037 F | CACCGCTGGTATAATTGACG

PHOS 1116 R | GGATCTGTGGAAAGTGTTGC

sCR1F TTTCTGGTGGGATGGGATAC
sCRI R TTTACGACGGAGGAAAGACG
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Figure 5.1
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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
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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 htz/A versus wild-type (WT)
cells. Log, 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).
Log, Fold Change values >0: increased expression in htzIA (n = 45). Log, Fold Change
values <0: decreased expression in htzI/A (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
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Figure 5.3 H2A.Z is normally enriched in genes down-regulated in h#zIA 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 szz/A (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 AtzIA (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 A#zIA 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
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Figure 5.4 H2A.Z alters copper uptake and/or utilization

C. Serial dilution assay of AtzIA and cupIA htzIA 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 CuSOy
and incubated at 30°C for two days.

D. Color image of serial dilution assay of A#z/A and cupIA htzIA 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 (OmM) or four

(.0675mM) days.

147



E. Serial dilution assay of A#z/A and cupIA htzIA 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
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Figure 5.5 H2A.Z and Prp43 interactions affect alkaline stress resistance

A. Serial dilution assay of prp43°*"" htzIA 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 prp43°*"" cells + HTZI,
normalized to sCRI, an RNAPIII transcript. Graphs represent average of three
independent experiments and error bars represent the SD.

C. Quantification of unspliced (pre-mRNA) products of PHOS85 in WT or prp43°4™ cells +
HTZ]I 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
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Figure 5.6 Swrl impedes alkaline stress resistance and phosphate starvation response genes
in the absence of H2A.Z
A. Serial dilution assay of swriA htzIA 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 htzIA
dilution series is reprinted for comparison.
B. Top: List of average RPKM values for phosphate starvation response genes in WT,
htzIA, and swriA cells. Bottom: Log® (fold change of RPKM) values for htzIA or swriA

versus WT cells.
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C. RT-gPCR analysis of levels of PHO5 RNA in WT or swrlA 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
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Figure 5.7 Deletion of SWRI 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 swrlA + HTZ] 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 Pgkl. 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 PHOS gene and qPCR amplicons.

E. Left: Occupancy of Rpb3 at each region of PHO) relative to the non-transcribed region
in WT, htzIA, swrlA, or swrlA htzIA. 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 PHOS in WT, htzIA, swrilA, or swriA htzIA. 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 Dstl) 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
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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 Dstl 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 Dstl 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 Swrl, 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 YLI1,
rather than Swrl, is responsible for H2A.Z deposition in metazoans(Latrick et al. 2016; Liang et
al. 2016). While Swrl 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 Swrl 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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