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ABSTRACT OF THE DISSERTATION 

 

Insights into RNA Splicing and the Regulation of Gene Expression  

in Saccharomyces cerevisiae 

 

by 

 

Jason Anthony Gabunilas 

Doctor of Philosophy in Biochemistry and Molecular Biology 

University of California, Los Angeles, 2017 

Professor Guillaume Chanfreau, Chair 

 

RNA splicing is a critical component in the regulation of gene expression in all eukaryotes. The 

work described herein chronicles our investigative efforts into three facets of RNA splicing and 

their associated mechanisms in the model organism Saccharomyces cerevisiae. Previous work 

from our group highlighted the ability for nonsense-mediated mRNA decay (NMD) to mask the 

splicing defects of splicing factor mutants, suggesting that the full repertoire of splicing substrates 

and products is at least partly occluded by RNA surveillance mechanisms. Continuing this work, 

we sought to uncover previously unidentified splicing events by performing RNA-sequencing in 

wild-type yeast as well as strains deficient in NMD. This analysis revealed that alternative splicing 

at unannotated non-canonical 5’- and 3’-splice sites occurs within a large number pre-mRNAs in 

yeast, but that these events are not usually observed because they introduce premature 

termination codons (PTCs) into the translational reading frames of the spliced transcripts, thereby 

rendering them targets for degradation by NMD. This work demonstrated that the degree of 

alternative splicing in yeast RNA transcripts is greater than previously appreciated, and that 

alternative splicing linked to NMD (AS-NMD) serves to regulate overall transcript levels. Notably, 
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this study uncovered a non-productive alternative 5’-splice site for the ribosomal protein gene 

RPL22B that is activated in a stress-dependent manner. We further investigated the splicing of 

RPL22B and found that its protein product Rpl22p functions in an extra-ribosomal capacity by 

inhibiting the splicing of its own pre-mRNA, defining an autoregulatory splicing-mediated negative 

feedback mechanism that fine-tunes the expression of Rpl22p with potential implications in stress 

response. Finally, we identified a global role for the second-step splicing factor Prp18p in the 

suppression of non-canonical alternative 3’-splice sites throughout the yeast transcriptome. 

Specifically, we found that branchpoint-proximal alternative 3’-splice sites are activated in the 

absence of Prp18p in a substantial fraction of intron-containing genes. These results suggest that 

Prp18p is responsible for maintaining the fidelity of RNA splicing. Together, these studies reveal 

new insights into gene regulation by highlighting the interplay between RNA splicing and quality 

control.   
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 Since the initial discovery of introns within the genome of adenovirus 2 in the late 1970s 

(Berget et al., 1977; Chow et al., 1977a, 1977b), tremendous progress has been made in 

understanding the roles of intron splicing within the overall process of gene expression. 

Spliceosomal introns have been found in all known eukaryotic genomes and display an 

astounding diversity in size and frequency that varies both within a given genome and when 

comparing genomes of different organisms (Irimia and Roy, 2014). Decades of study have 

uncovered numerous roles for introns, including their ability to modulate gene expression by 

impacting transcription rates, mRNA export, and translation efficiency (Shaul, 2017), as well as 

promoting genetic stability by limiting the formation of R-loops (Bonnet et al., 2017). Perhaps the 

most widely recognized function of introns is their contribution toward increasing protein diversity 

through the alternative splicing of intron-containing genes (Nilsen and Graveley, 2010). Illustrating 

this point, the presence of an average of 8 introns within each of the ~26,000 protein-coding genes 

in the human genome allows for the production of nearly four times that many unique proteins 

through regulated alternative splicing (Ast, 2004). The generation of multiple protein isoforms 

through pre-mRNA splicing necessitates a high degree of regulation and quality control, since the 

correct splicing of introns to form appropriately functioning proteins is essential to normal cellular 

operations. In humans, splicing errors contribute toward a number of systemic diseases and over 

50% of human genetic disorders (Scotti and Swanson, 2015; Wang and Cooper, 2007). Moreover, 

RNA splicing is an essential function that serves as a major avenue for the regulation of gene 

expression in eukaryotes. 

Overview of the Mechanism of Splicing by the Major Spliceosome 

 Splicing of the majority of introns in eukaryotes is accomplished though the actions of the 

major nuclear spliceosome, a large molecular complex consisting of five small nuclear 

ribonucleoproteins (snRNPs), U1, U2, U4, U5 and U6, as well as a large number of associated 

splicing factors that participate in specific stages of splicing (Bentley, 2014; Chen and Cheng, 
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2012; Matera and Wang, 2014; Nilsen, 1994). The spliceosomal snRNPs contain multiple 

constituent proteins and snRNAs that function together to facilitate splicing. RNA splicing depends 

on three major signals within an intron: the 5’-splice site (5’-SS), the branchpoint, and the 3’-splice 

site (3’-SS). The 3’-SS is usually preceded by a polypyrimidine tract that serves as a binding 

platform for specific proteins and promotes the assembly of the spliceosome (Roecigno et al., 

1993). In general, the 5’-SS is characterized by a highly conserved GU motif at its 5’ end, while 

the 3’-SS usually ends with an AG dinucleotide (Burset et al., 2000). The branchpoint, which is 

likewise part of a consensus sequence, is most often an adenosine that becomes bulged when 

the branchpoint sequence is hybridized with the U2 snRNA (Gao et al., 2008). In S. cerevisiae, 

the 5’- and 3’-SS have the consensus sequences of GUAUGU and UAG, respectively, while the 

consensus branch sequence is UACUAAC, in which the penultimate base is the branchpoint 

adenosine (Spingola et al., 1999). These three sites on the intron serve as the major handles of 

substrate recognition and catalysis for the spliceosome during RNA splicing (Fig. 1.1A). 

 Splicing occurs in a concerted manner concurrent with or immediately following 

transcription (Tilgner et al., 2012) beginning with the initial assembly of the spliceosome onto the 

pre-mRNA substrate. The U1 snRNP recognizes and binds to the 5’-SS while the branchpoint is 

bound by the branchpoint bridging/binding protein (BPP, SF1 in humans) (Berglund et al., 1997; 

Konarska, 1998). The polypyrimidine tract and 3’-SS are recognized and bound by Mud2 (U2AF 

in mammals), and the interaction of all of these bound components forms the commitment 

complex (Abovich and Rosbash, 1997; Rain and Legrain, 1997). This arrangement commits the 

pre-mRNA to the splicing reaction by bridging the splice sites and branchpoint together for 

subsequent chemical reactions (Fig. 1.1). 

 Assembly continues with the hydrolysis of ATP by the splicing factor Prp5, resulting in the 

exchange of BBP for the U2 snRNP in the binding of the branch sequence and a conformational 

change that generates the A complex (Shao et al., 2012). The imperfect complementarity between 
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the U2 snRNA and the branch sequence results in the branchpoint adenosine being “bulged” out 

of the base pairing interactions (Berglund et al., 2001). Next, the U4/U5/U6 tri-snRNP is recruited 

to the spliceosome in an ATP-dependent process catalyzed by Prp28, forming the B complex in 

which all five spliceosomal snRNAs are present in the spliceosome (Strauss and Guthrie, 1994). 

Final rearrangements are catalyzed by the RNA helicase Brr2 and the ATPase Prp2, which disrupt 

the interaction between the U4 and U6 snRNPs and release the U1 and U4 snRNPs from the 

spliceosome (Ohrt et al., 2012; Raghunathan and Guthrie, 1998). In the resulting conformational 

change, U6 replaces U1 in binding to the 5’-SS, while U2 binds with U6. The U5 snRNP tethers 

the two exons in order to position them for ligation in a later stage (Newman, 1997). During this 

state a large complex of proteins known as the nineteen complex (NTC, after the essential factor 

Prp19) also joins the spliceosome, where it stabilizes the binding of the U5 and U6 snRNPs within 

the spliceosome (Chan and Cheng, 2005; Chan et al., 2003). The spliceosome is now catalytically 

competent and is referred to as the B* complex (Fig. 1.1B). 

 The first catalytic step of splicing is an ATP-independent transesterification reaction in 

which the 2’-hydroxyl of the bulged adenosine of the intron branchpoint makes a nucleophilic 

attack on the 5’-SS, cleaving the first exon from the intron and forming a 2’-5’ phosphodiester 

linkage between the 5’-SS G1 guanosine and the branchpoint adenosine, thereby generating an 

intron lariat-exon 2 RNA intermediate and rearranging the spliceosome into the C complex (Fig. 

1.1). This reaction requires the activities of the splicing factors Yju2 and Cwc25 (Chiu et al., 2009; 

Liu et al., 2007). Although the first catalytic step does not directly require ATP hydrolysis, Yju2 

and Cwc25 are only able to promote the reaction after the ATP-dependent spliceosomal 

rearrangements catalyzed by Prp2 are completed.  

 The U5 snRNP is central to the second catalytic step of splicing. The U5 snRNA contains 

an invariant loop of nine nucleotides that interact with the exonic nucleotides of the RNA substrate 

that flank the intron, positioning them for ligation within the catalytic core of the spliceosome 
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(Frank et al., 1994; Newman and Norman, 1992). Remarkably, while these exonic sequences can 

determine the stability of the interaction with loop 1 nucleotides of the U5 snRNA and thus 

influence the fidelity 3’-SS selection (Crotti and Horowitz, 2009), they are poorly conserved in 

yeast (Horowitz, 2012), suggesting that 3’-SS choice may be more dependent upon other 

determinants.  

 Following the first catalytic reaction, hydrolysis of ATP by Prp16 remodels the spliceosome 

and releases Yju2 and Cwc25 to form the C* complex (Fig. 1.1) (Tseng et al., 2011). The timing 

of Prp16 function is highly significant – if Prp16 binds the spliceosome before the first 

transesterification reaction has occurred, it may prematurely hydrolyze ATP and eject Cwc25 and 

Yju2, effectively rejecting the pre-mRNA substrate (Koodathingal et al., 2010; Tseng et al., 2011). 

Because slow splicing kinetics are often dictated by poor splice site choice, this Prp16-mediated 

rejection of slow substrates is believed to contribute toward the overall fidelity of splicing 

(Horowitz, 2011).   

 Following the release of Prp16, Yju2, and Cwc25, the second-step splicing factors Slu7 

and Prp18 bind the spliceosome and associate with the U5 snRNP (Fig. 1.1) (James et al., 2002). 

Prp18 and Slu7 interact both functionally and physically to position the 3’-SS within the active site 

of the spliceosome (Ohrt et al., 2013). Furthermore, both proteins have been shown to impact 3’-

SS choice (Frank and Guthrie, 1992; Kawashima et al., 2014), and both are dispensable for 

splicing when the distance between the 3’-SS and the branchpoint is sufficiently short (Brys and 

Schwer, 1996; Zhang and Schwer, 1997).  

The second transesterification reaction involves a nucleophilic attack by the 3’-hydroxyl at 

the end of exon 1 on the 3’-SS, forming a 5’-3’ phosphodiester link and resulting in the cleavage 

of the 3’-SS from exon 2, the separation of the intron lariat from the exons, and the joining of the 

two exons (Fig. 1.1). Similar to the first catalytic step, the second catalytic reaction is ATP-

independent (Horowitz and Abelson, 1993). Release of the mRNA from the post-spliceosomal 
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complex involves the translocation and helicase activities of Prp22, which joins the spliceosome 

prior to the second transesterification but after the binding of Slu7 and Prp18. The translocation 

of Prp22 along the RNA requires ATP hydrolysis and results in the ejection of Slu7 and Prp18 

from the spliceosome, while the intrinsic helicase activity severs the interactions between the U5 

snRNA loop 1 nucleotides and the exonic nucleotides of the mRNA, thus releasing the spliced 

mRNA and forming the post-spliceosomal complex (Schwer, 2008; Schwer and Meszaros, 2000). 

Mutants of Prp22 have also been shown to allow exon ligation for pre-mRNAs harboring 3’-SS 

sequence mutations that would otherwise inhibit that step, indicating that Prp22 normally 

proofreads exon ligation (Mayas et al., 2006).   

The final step of splicing involves the removal of the remaining U2/U5/U6 snRNPs and 

associated factors from the intron lariat to which they remain bound following the second 

transesterification reaction. The removal of these snRNPs is accomplished through the binding of 

Ntr1, Ntr2, and Prp43, after which the helicase activity of Prp43 removes the remaining snRNPs 

to be recycled for another splicing cycle (Fig. 1.1) (Arenas and Abelson, 1997; Fourmann et al., 

2017; Martin et al., 2002; Tsai et al., 2005). Interestingly, Prp43 has also been shown to 

cooperatively proofread 5’-splice site cleavage by disposing of suboptimal pre-mRNA substrates 

that are rejected by Prp16 (Koodathingal et al., 2010). The newly spliced messenger 

ribonucleoprotein (mRNP) is prepared for export to the cytosol through to the combined efforts of 

multiple mRNA export factors, including the essential proteins Mex67 and Mtr2 (Stewart, 2010). 

Meanwhile, the phosphodiester bond within the intron lariat released from the spliceosome is 

cleaved by Dbr1 (Chapman and Boeke, 1991) and the linearized intron is degraded by nuclear 

exonucleases (Hesselberth, 2013; Moore, 2002).  

Regulation of Splicing in Saccharomyces cerevisiae 

 The budding yeast Saccharomyces cerevisiae has proven an invaluable organism for the 

study of RNA splicing, owing partly to the simplicity of its intronome. Of the ~6000 genes within 
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the S. cerevisiae genome, only about 3-4% contain introns and almost all of these have only a 

single intron (Ast, 2004; Lin et al., 2013). Furthermore, the majority of yeast introns can be 

removed from the genome with little impact on cell fitness under normal growth conditions 

(Parenteau et al., 2008), prompting speculation as to the necessity of introns in this organism. 

However, in spite of their relative scarcity, intron-containing genes in S. cerevisiae supply roughly 

27% of all mRNAs synthesized in the cell, suggesting that introns nevertheless play a critical role 

in the expression of yeast genes and consequently in overall cellular functionality (Ares et al., 

1999). The relative dearth of introns in the S. cerevisiae genome has traditionally led to the 

generalization that the regulation of splicing is primarily achieved through the regulation of intron 

retention. However, the simplicity of the yeast intronome and the highly conserved nature of the 

core spliceosome components throughout Eukaryota (Jurica and Moore, 2003) provides a useful 

backdrop to study the intricacies of splicing and the surprising multitude of players that determine 

its efficiency and progression, including variability in substrate recognition, the propensity to form 

pre-mRNA secondary structures that can sequester or expose splicing signals, and the 

involvement of chromatin structure in the regulation of splicing, to name a few (reviewed in 

Johnson and Vilardell, 2012). As will be explored in detail in subsequent chapters of this 

dissertation, the regulation of both canonical and alternative splicing constitute major avenues for 

gene expression control in yeast. The remainder of this introduction will elaborate upon two of 

these regulatory schemes that have been explored in S. cerevisiae: autoregulation of the splicing 

of certain pre-mRNAs and functional and non-productive alternative splicing. Subsequent 

chapters will highlight specific studies addressing key questions involving these two classes of 

regulation. 

Intron-mediated Autoregulation of Gene Expression in S. cerevisiae 

 Studies in pre-mRNA splicing across multiple eukaryotes have revealed numerous 

examples of splicing-mediated autoregulation, in which the protein product of a gene influences 
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the splicing of its own pre-mRNA transcript in trans. In S. cerevisiae, nearly 50% of intron-

containing genes encode ribosomal proteins (RPs) and ribosomal protein gene (RPG) transcripts 

constitute the largest proportion of cellular mRNAs (Ares et al., 1999). It is therefore not surprising 

that several cases of autoregulation involve genes coding for ribosomal proteins, exemplifying 

extra-ribosomal functionality beyond the translational roles of the ribosome (Lu et al., 2015; 

Warner and McIntosh, 2009). Arguably the earliest example of splicing-mediated autoregulation 

in yeast was identified for the protein Rpl30, whose pre-mRNA transcript folds into a secondary 

structure that base pairs nucleotides from exon 1 with those of the 5’-splice site (Eng and Warner, 

1991). This arrangement is further stabilized by the binding of the Rpl30 protein to the secondary 

structure (Fig. 1.2A). Although the Rpl30-mediated sequestration of the 5’-splice site was 

originally hypothesized to prevent the U1 snRNP from accessing this critical site of splicing 

chemistry, further analysis of the Rpl30-mRNA complex revealed that the U1 snRNP is able to 

assemble normally and that the Rpl30 protein instead prevents the U2 snRNP from assembling 

onto the nascent spliceosome (Fig. 1.2A) (Chao and Williamson, 2004; Vilardell and Warner, 

1994).  

 The aforementioned case of Rpl30 involves the regulation of a single-locus RPG by its 

protein product. However, in S. cerevisiae, 59 ribosomal protein genes have paralogs that arose 

from a whole genome duplication event (Steffen et al., 2012). Although several of these paralogs 

encode identical or very similar proteins, the expression and regulation of paralogous RPGs have 

nevertheless been shown to be asymmetrical (Parenteau et al., 2015), giving rise to the 

designations of major and minor paralogs. Indeed, autoregulatory mechanisms for duplicated 

intron-containing RPGs have been found to differentially affect paralogous transcripts. In a recent 

study, the pre-mRNAs for RPS9A and RPS9B, both of which code for the ribosomal protein Rps9, 

were shown to possess dissimilar intron structures and 3’UTR lengths that impact their splicing 

efficiencies (Petibon et al., 2016). Specifically, the minor paralog RPS9A contains an intronic 
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helical structure that suppresses its splicing via recognition by the Rps9 protein, where the degree 

of splicing inhibition is exacerbated with increasing concentrations of the Rps9 protein. Although 

the pre-mRNA of the major paralog RPS9B also contains an intron, its affinity for Rps9 is 

substantially lower, resulting in a lack of splicing inhibition. Thus, the Rpl9 protein preferentially 

affects the processing of one of its paralogous transcripts over the other.  Similarly, a study of the 

yeast RPG RPL22 revealed that the pre-mRNA of the minor paralog RPL22B contains an intronic 

stem loop structure that is recognized and bound by the Rpl22 protein (Gabunilas and Chanfreau, 

2016), see Chapter 3). The binding of Rpl22 to the regulatory element significantly inhibits the 

splicing of the RPL22B pre-mRNA (Fig. 1.2B). It was further shown that this autoregulatory 

mechanism is important for downregulating the levels of mature RPL22B transcripts in DNA 

damage stress (Gabunilas and Chanfreau, 2016) perhaps to allow the limited supply of 

spliceosomal components to access other transcripts under these conditions (Munding et al., 

2013).  

Interestingly, autoregulatory circuits for Rps9 and Rpl22 were found to be conserved in 

higher eukaryotes. Overexpression of the RpS9 protein in Drosophila melanogaster was shown 

to drive the production of alternatively spliced mRNA isoforms of chromosomally-encoded RPS9 

that are subsequently degraded by the nonsense-mediated mRNA decay (NMD) pathway, a 

conserved cytoplasmic translation-dependent RNA degradation pathway that identifies transcripts 

containing premature termination codons (Kervestin and Jacobson, 2012; Lykke-Andersen and 

Jensen, 2015). Thus, RpS9 autoregulation serves as a means to fine tune overall RPS9 transcript 

levels (Plocik and Guthrie, 2012). Likewise, autoregulatory pathways for the expression of 

orthologous Rpl22 proteins in zebrafish and mice similarly depend on the recognition of RNA 

transcript secondary structures in the paralogous transcript that are specifically recognized by 

Rpl22 (O’Leary et al., 2013). While it is unclear whether the metazoan Rpl22 regulatory 

mechanisms are dependent upon the suppression of pre-mRNA splicing as in yeast, the 
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preservation of autoregulatory pathways for this protein in multiple eukaryotes may nevertheless 

indicate either a preserved functional relevance that has persisted throughout evolution or, 

alternatively, an emergent function resulting from convergent evolution.  

Finally, large-scale deletion analyses of RPG introns in S. cerevisiae have revealed their 

central role in regulating the expression of their respective genes and their paralogs (Parenteau 

et al., 2011). As discussed above, this intron-dependent regulation oftentimes differentially 

impacts paralogous RPGs. Further studies will be needed to uncover the molecular mechanisms 

underlying these intra- and inter-paralog regulatory effects for each unique set of genes, to 

understand why paralogous RPGs have been maintained throughout evolution, and more 

generally to elucidate the need for enriching one of the two duplicated RPG paralogs. To the latter 

point, one potential reason for maintaining slightly different copies of the same gene might be to 

modulate ribosome function according to cellular stresses, for instance to selectively translate 

certain transcripts. A unique case of this type of ribosome reprogramming in yeast is exemplified 

by the enrichment of Rpl22A over the paralog Rpl22B in functional ribosomes in response to 

oxidative stress (Chan et al., 2012).  This reprogramming was predicted to promote the selective 

translation of certain mRNAs by the ribosome, although the full impact of the changes in ribosome 

composition on the cellular protein repertoire remains to be determined. 

 Intron-mediated autoregulatory feedback mechanisms for intron-containing genes have 

also been elucidated for non-RPG transcripts. A remarkable example in S. cerevisiae was 

demonstrated for the DEAD-box RNA helicase Dbp2, which has an usually long 3’-proximal intron 

(Barta and Iggo, 1995). In their study, Barta and Iggo found that the deletion of the DBP2 intron 

dramatically increased the levels of the Dbp2 protein and that the overexpression of exogenous 

Dbp2 protein suppresses the levels of Dbp2 protein expressed from the endogenous 

chromosomal allele. They further showed that large fragments of the DBP2 intron that were 

transposed into foreign genes were able to confer the suppressive effect by the Dbp2 protein onto 
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the chimeric transcripts, indicating a negative feedback loop for Dbp2 that relies upon intron 

recognition (Barta and Iggo, 1995).  Subsequent studies revealed that Dbp2 interacts with the 

RNA binding protein Yra1 during nuclear messenger ribonucleoprotein (mRNP) assembly and 

that this interaction inhibits the helicase activity of Dbp2 (Ma et al., 2013). Strikingly, a splicing-

mediated autoregulatory mechanism has also been identified for YRA1 that relies on two distinct 

regulatory elements located within exon 1 and the intron of the YRA1 pre-mRNA (Dong et al., 

2007). Specifically, the exon 1 element is recognized by the Yra1 protein which inhibits splicing 

of the pre-mRNA while the intronic regulatory element is necessary for the cytoplasmic 

degradation of the pre-mRNA, the latter of which requires the mRNA export factor Mex67 and the 

decapping protein Edc3 (Dong et al., 2007). While it is possible that the RNA-based 

autoregulatory mechanisms for the interacting factors DBP2 and YRA1 evolved independently of 

one-another, it is tempting to speculate that they may serve a collaborative functional purpose in 

regulating the assembly of mRNPs or modulating the nuclear export of pre-mRNAs, perhaps 

under conditions in which rebalancing between pre-mRNA splicing and mRNA export must be 

achieved (Johnson and Vilardell, 2012).  

Recent studies utilizing RNA structure prediction tools have also uncovered novel non-

coding RNA (ncRNA) structures contained within the introns of several transcripts in S. cerevisiae 

that were shown to modulate the expression of their host genes, in some cases in a stress-

dependent manner (Hooks et al., 2016). Notably, ncRNA structures were shown to promote intron 

retention in the RPG-coding pre-mRNA transcripts that contain them, relative to intron-containing 

RPGs with no predicted ncRNAs, reminiscent of the intron structure-dependent regulation of 

splicing for RPL30 and RPL22B (Fig. 1.2) (Eng and Warner, 1991; Gabunilas and Chanfreau, 

2016; Hooks et al., 2016). Future investigations are likely to elucidate the molecular mechanisms 

governing these and other regulations for intron-containing genes in yeast.    

Alternative Splicing in Saccharomyces cerevisiae 
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 Owing to the general scarcity of introns within the S. cerevisiae genome, the traditional 

viewpoint has held that alternative splicing does not occur in budding yeast for the classical 

purpose of increasing the diversity of the proteome.  While it has been known for some time that 

changes in cellular environment or the introduction of cellular stresses can trigger substantial 

changes in intron retention (Bergkessel et al., 2011; Pleiss et al., 2007), the scope of alternative 

splicing with regards to the ability to generate multiple spliced forms of a transcript have until 

recently gone underappreciated. Indeed, studies have shown that RNA splicing in yeast 

encompasses numerous cases of functional alternative splicing, exon skipping, and non-

productive alternative splicing for the regulation of gene expression, suggesting that the impact 

of splicing extends beyond the creation of translation-competent transcripts. The following 

sections will describe some of these cases in greater detail.  

Functional Alternative Splicing 

 In higher eukaryotes, protein diversity can be achieved through the selective inclusion or 

exclusion of certain exons to generate multiple transcript and protein isoforms from a single 

genetic locus (Black, 2003; Kornblihtt et al., 2013). By contrast, intron-containing genes in S. 

cerevisiae have only one or (rarely) two annotated introns, leading to the general conclusion that 

the yeast proteome does not experience diversification in this manner. Nevertheless, there exist 

documented examples of alternative splicing in budding yeast that give rise to functional proteins.  

One such example involves the Hsp70 nucleotide exchange factor (NEF) Fes1, a key 

component in protein quality control that promotes the degradation of misfolded proteins by the 

proteasome (Gowda et al., 2013). The FES1 gene contains a cryptic intron beginning at the 3’ 

end of the coding sequence that bridges exon 1 with downstream nucleotides that constitute a 

second exon (Gowda et al., 2016). When left unspliced, the FES1 transcript is polyadenylated 

just downstream of exon 1, and the resulting mRNA is translated as a short protein isoform Fes1S 

(Fig 1.3). However, the removal of the intron excises the regular polyadenylation site, extends the 
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coding sequence by several nucleotides and shifts polyadenylation to a distal site downstream of 

exon 2. The translation of this alternatively spliced FES1 transcript results in a long protein isoform 

Fes1L (Fig. 1.3) (Gowda et al., 2016). Thus, the alternative splice isoforms of FES1 are the result 

of competition between the proximal polyadenylation and splicing of the intron. While both 

isoforms possess NEF activity, Fes1S production is enhanced in heat shock conditions as a result 

of heat shock-regulated alternative splicing. Fes1S is cytosolically localized, is necessary for the 

degradation of misfolded proteins via downstream ubiquitin ligases, and tempers the heat shock 

response in unstressed conditions. Conversely, Fes1L is expressed at comparatively lower levels 

than Fes1S both in stressed and unstressed conditions and is targeted to the nucleus via a 

nuclear localization signal (NLS) (Fig. 1.3). Surprisingly, Fes1L is not necessary for the 

degradation of misfolded proteins in the nucleus and can compensate for the absence of Fes1S 

when overexpressed (Gowda et al., 2016). The persistence of the Fes1L isoform suggests a 

physiological function, but the biochemical role of this protein has yet to be conclusively identified. 

 A well-known example of functional alternative splicing in S. cerevisiae has been 

described for the transcript encoding the protein phosphatase Ptc7, a mitochondrial protein 

responsible for activating the biosynthesis of coenzyme Q6 via the SWI/SNF complex in response 

to metabolic shifts (Awad et al., 2017; Jiang et al., 2002; Martín-Montalvo et al., 2013). The PTC7 

transcript contains a 5’-proximal intron that, when left unspliced, does not disrupt the reading 

frame and contains no in-frame stop codons (Nash et al., 2007). Consequently, both the spliced 

and unspliced forms of the transcript encode fully functional proteins with apparently distinct 

physiological roles (Juneau et al., 2009). The spliced form of the transcript gives rise to the Ptc7s 

protein, which localizes to the mitochondria where it fulfills the documented function in coenzyme 

6 biosynthesis. By contrast, the unspliced PTC7 transcript includes coding sequences for a 

putative transmembrane domain, and the resulting protein Ptc7u localizes to the nuclear envelope. 

In accordance with its role in cellular respiration, the levels of Ptc7s protein were notably enhanced 
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in cells that were grown on non-fermentable carbon sources, although this increase was not due 

to changes in PTC7 pre-mRNA splicing (Juneau et al., 2009). Ptc7u appears to fulfill an entirely 

different function – its expression was shown to mitigate the deleterious effects of treating cells 

with Latrunculin A, a chemical disruptor of actin filament formation. Therefore, it may potentially 

play a role in the formation or stability of the cytoskeleton. Remarkably, comparative sequence 

analysis between the orthologous PTC7 genes of over a dozen yeast species not only revealed 

a high level of conservation of intronic splicing signals, but also the presence of putative 

transmembrane domains and mitochondrial targeting signals for long and short orthologous Ptc7 

protein isoforms (Juneau et al., 2009). This finding indicates that, at least among yeast, the ability 

to generate distinct protein isoforms from the PTC7 locus serves an important functional purpose.   

 The aforementioned examples of FES1 and PTC7 represent two of the very few known 

examples of functional alternative splicing in budding yeast. However, it is possible that at one 

point over the course of evolution the production of multiple distinct proteins from a single genetic 

locus through alternative splicing was a more common phenomenon in yeast. For instance, in 

many fungal species the distinct proteins Ski7 and Hbs1 are encoded by a single alternatively 

spliced gene (Marshall et al., 2013). In S. cerevisiae, however, the SKI7 and HBS1 genes that 

resulted from whole genome duplication have since become subfunctionalized – their transcripts 

are no longer spliced and their protein products have distinct roles in RNA metabolism. 

Specifically, Ski7 links the Ski complex with the cytoplasmic exosome to mediate the 3’-to-5’ 

exonucleolytic degradation of RNA (Houseley and Tollervey, 2009), while Hbs1 works with its 

binding partner Dom34 to dissociate stalled ribosomes from mRNAs as part of the no-go decay 

mRNA degradation pathway (Chen et al., 2010; Tsuboi et al., 2012). The evolutionary rationale 

for the subfunctionalization of distinct genes versus protein diversification by alternative splicing 

remains a topic of great interest. 

Regulation of Two-Intron Genes  
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 A very small minority of yeast genes contain two annotated introns whose presence 

expands the avenues for gene expression control. For two-intron genes, much of this control is 

exercised by way of RNA turnover. An analysis of the splicing and degradation patterns for several 

two-intron transcripts revealed an important role in the regulation of these transcripts by nuclear 

RNA surveillance and turnover pathways (Egecioglu et al., 2012). The transcriptional regulator 

MATa1, a homeobox-domain protein that regulates the expression of haploid-specific genes 

(Mathias et al., 2004), showed a substantial accumulation of splicing intermediates in yeast strains 

mutated for the nuclear endonuclease Rnt1, the 5’-to-3’ exonuclease Rat1, or the 3’-to-5’ nuclear 

exosome component Rrp6. Specifically, the unspliced and partially spliced (retaining intron 2) 

MATa1 transcripts are able to form a stem-loop secondary structure that is recognized and 

cleaved by Rnt1, with the cleavage products being subsequently degraded by nuclear 

exonucleases (Fig. 1.4). In the absence of Rnt1 cleavage, the unspliced and partially spliced 

transcripts can either be correctly spliced, exported and expressed as the ‘a1’ protein, or 

alternatively spliced to form an exon2-skipped isoform in which exon 1 is directly ligated to exon 

3 (Egecioglu et al., 2012). The exon2-skipped transcript is then degraded by Rat1. The interplay 

between productive and non-productive splicing of MATa1 by the spliceosome, cleavage by Rnt1, 

and degradation by the nuclear RNA turnover machinery allows for intricate control of MATa1 

expression and prevents the translation of aberrant transcripts into truncated proteins (Fig. 1.4). 

Quality control of exon skipping events was also demonstrated for the two-intron transcripts 

SUS1, DYN2, and YOS1, in which exon2-skipped isoforms for all three transcripts accumulated 

in mutants for Rat1 and Rrp6 (Egecioglu et al., 2012). These results highlight the role of nuclear 

RNA surveillance pathways in suppressing expression of incompletely spliced and exon-skipped 

species.   

 Independent investigations of DYN2 and SUS1 have revealed additional insights into the 

regulation of multi-intron genes. DYN2 was utilized as a case study to evaluate the impact of cis 
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and trans-acting determinants on the inclusion of the internal exon (Howe et al., 2003). Cis 

mutations of the branchpoint sequence of intron 1 and a mutation in the U2 snRNA in trans were 

shown to promote skipping of the internal exon, demonstrating that the efficient recognition of the 

branchpoint sequence by the spliceosome is critical for the inclusion of that exon. Exon inclusion 

was also shown to be heavily dependent upon the rate of transcription elongation – mutants of 

the RNA polymerase II (Pol II) subunit RBP2 that exhibit slowed elongation rates shifted DYN2 

splicing toward greater exon 2 inclusion (Howe et al., 2003). Similarly, the treatment of yeast cells 

with drugs that inhibit nucleotide biosynthesis and therefore enhance the frequency of Pol II 

pausing in conditions of reduced nucleotide availability was also shown to suppress exon skipping 

(Howe et al., 2003). These observations provided additional support for the first come, first served 

model, in which the splicing signals that are recognized earlier or more efficiently are the ones 

that are most readily utilized by the spliceosome. In the case of DYN2, suboptimal recognition of 

the intron 1 branchpoint sequence allows Pol II to transcribe the downstream intron 2 before the 

splicing of intron 1 is initiated. The branchpoint sequence of intron 2 may then be paired with the 

5’-SS of intron 1 for the first transesterification reaction, resulting in exon 2 being included in the 

intron lariat. Slow Pol II mutants allow more time for intron 1 to be spliced correctly without 

competition from splicing signals in the second intron, thereby suppressing exon skipping (Howe 

et al., 2003). This study showcases the impact of the co-transcriptional nature of splicing on 

determining how the nascent transcript is ultimately processed. 

 The mRNA export factor Sus1 plays an important role in histone H2B deubiquitination and 

is encoded by a two-intron gene whose splicing was shown to be influenced by the mRNA cap 

binding complex (Hossain et al., 2009; Köhler et al., 2006). The first intron of the SUS1 pre-mRNA 

contains non-consensus, sub-optimal 5’-SS and branchpoint sequences, whereas the 

branchpoint and 5’SS sequences of the second intron are consensus. The non-consensus nature 

of the intron 1 splicing signals contributes towards its partial retention during splicing that is 
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exacerbated in conditions of environmental stress (Hossain et al., 2011). The inclusion of intron 

1 introduces a premature termination codon (PTC) into the reading frame of SUS1, and 

consequently the intron 1-retained transcript is a substrate for NMD, a property shared by many 

intron-retained transcripts (Sayani et al., 2008). Interestingly, deletion of the first intron from the 

SUS1 gene led to a slight increase in the retention of the other intron, suggesting that the 

assembly of the splicing machinery on intron 1 influences the processing of the second intron 

(Hossain et al., 2011). Surprisingly, genetic complementation of a temperature-sensitive, H2B 

deubiquitination-deficient sus1Δ null mutant strain with the intron-containing wild-type SUS1 

gene, but not with intronless SUS1 cDNA, was able to suppress the physiological defects of that 

strain. Thus, the ability to generate partially- or alternatively-spliced SUS1 mRNA isoforms that 

presumably encode distinct protein products is important for cellular functionality (Hossain et al., 

2011). Alternatively, the incomplete splicing of SUS1 could serve as a means to regulate the 

levels of the SUS1 mRNA and consequently of the Sus1 protein depending on the environmental 

conditions. Altogether, the regulation of SUS1 splicing not only illustrates the intragenic effects of 

introns in the processing of the pre-mRNA, but also demonstrates the importance of introns in 

maximizing cellular fitness.    

Non-productive Alternative Splicing 

 Splicing has a direct impact on the translatability of intron-containing protein-coding genes. 

With few exceptions (e.g. PTC7, see above), retained introns have a high probability of 

introducing PTCs into the reading frame, resulting in nonsense transcripts that could potentially 

encode nonfunctional or malfunctioning proteins with deleterious biological effects. Although 

intron retention is widespread throughout the yeast transcriptome, these events frequently go 

unobserved due to the degradation of these transcripts by NMD (Sayani et al., 2008). Additionally, 

several pre-mRNA transcripts harboring retained introns are subject to degradation by both the 

nuclear exosome and NMD and are only stabilized when both of these pathways are disabled, 
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indicating that the nuclear exosome and by NMD are sequential pathways that serve to limit the 

accumulation of unspliced RNA (Sayani and Chanfreau, 2012). Therefore, intron retention directly 

affects the pool of translation-competent transcripts.   

 In addition to retained introns, PTCs may also be introduced into protein-coding transcripts 

via splicing events at cryptic 5’- and 3’-SS that shift the translational reading frame (Fig. 1.5). In 

contrast to the cases of functional alternative splicing described above, non-productive alternative 

splicing yields products that are targeted by cellular RNA degradation mechanisms, most notably 

NMD (Fig. 1.5). As such, many cryptic splicing events are undetectable in the presence of the 

functional NMD pathway. Indeed, a study of a wide panel of yeast splicing factor mutants showed 

that several of these mutations promote cryptic splicing or the accumulation of unspliced 

transcripts, but that these events are masked by NMD (Kawashima et al., 2009). This finding 

suggested that the inactivation of NMD is necessary in order to fully understand the roles of 

individual splicing factors in maintaining splicing efficiency and fidelity (see Chapter 4). A follow-

up investigation analyzing the transcriptome of NMD-compromised yeast by next-generation 

RNA-seq found that the use of cryptic, non-productive alternative splice sites is widespread in S. 

cerevisiae and that PTC-containing transcripts resulting from alternative splicing are efficiently 

degraded by NMD ((Kawashima et al., 2014), see Chapter 2). This implies that cryptic alternative 

splicing coupled to NMD (AS-NMD) serves to regulate transcript levels in yeast, as opposed to 

alternative splicing that promotes the diversification of the proteome. In one specific case, 

alternative splicing of the RPL22B transcript was also shown to be promoter-dependent and 

responsive to particular stress conditions, demonstrating the cell’s utilization of alternative splicing 

to regulate transcript levels in response to environmental changes (Kawashima et al., 2014).  

Similar RNA-seq analyses have identified additional novel cryptic splicing events and 

instances of intron retention in yeast transcripts (Schreiber et al., 2015), highlighting the utility of 

RNA-seq in the detection of low-abundance splicing events and transcript variants. Interestingly, 
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AS-NMD has also been observed in plants and across metazoans as a means to regulate the 

expression of specific protein isoforms (de Lima Morais and Harrison, 2010; Smith and Baker, 

2015). In fact, several SR and hnRNP genes that encode splicing factors in humans and mice are 

targets of AS-NMD, suggesting that the splicing mechanism itself may be subject to negative 

feedback suppression (McGlincy and Smith, 2008). Finally, multiple human cancers and 

neurological disorders have been associated with the loss of regulation of human oncogenes, 

tumor suppressor genes, and neuronal transcripts through AS-NMD (da Costa et al., 2017). Thus, 

it is possible that AS-NMD originally evolved as a simple mechanism for the disposal of non-

productive RNAs and was subsequently retained in higher eukaryotes where it may directly affect 

protein diversity, impact entire biochemical pathways, and influence systemic physiology. 

Spliceosome-mediated Decay 

 Although non-productive with respect to protein biogenesis, some alternative splicing 

events are nevertheless functionally important from a physiological standpoint. Certain 

“intronless” yeast genes have been shown to harbor unannotated introns that, when retained, 

contribute toward the normal coding sequence. However, the removal of these unannotated 

introns by the spliceosome renders the transcript non-productive and subject to degradation. This 

process, termed spliceosome-mediated decay (SMD) (Fig. 1.6), was initially demonstrated in S. 

cerevisiae for the transcription initiation and chromatin remodeling factor BDF2, whose RNA 

transcript contains an unannotated intron with consensus splicing signals (Volanakis et al., 2013). 

Progression of splicing through the first catalytic step utilizing a 5’-SS proximal branchpoint 

sequence results in a cleavage of the BDF2 mRNA at the 5’-SS, where the subsequent cleavage 

products are subject to degradation by the nuclear exosome. Alternatively, a two-step splicing 

pathway utilizing a downstream branchpoint sequence produces a fully spliced, truncated BDF2 

transcript that is likewise degraded by the nuclear exosome (Volanakis et al., 2013). Mutations of 

the BDF2 intronic splicing signals or of particular splicing factors resulted in an increase in cellular 
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BDF2 mRNA levels, indicating that splicing directly impacts BDF2 transcript abundance. 

Strikingly, the elevated levels of BDF2 resulting from mutation of the 5’SS partially rescued the 

temperature sensitivity of mutant strains lacking the paralogous gene BDF1, hinting at the 

physiological importance of regulating Bdf2 protein levels (Volanakis et al., 2013). This work was 

expanded upon in a later study that revealed a stress-dependent dichotomy for the regulation of 

BDF2 transcripts in the nucleus, wherein the degradation of BDF2 by SMD is specifically 

inactivated in salt stress but is hyperactive during DNA damage stress (Roy and Chanfreau, 

2014). Conversely, BDF2 is predominantly cleaved by the Rnt1 endonuclease in salt stress, 

triggering the degradation of BDF2 transcripts in a pathway termed Rnt1-mediated decay (RMD). 

In agreement with the earlier findings, disabling either SMD or RMD in bdf1Δ yeast cells subjected 

to stress conditions that hyperactivate those modes of BDF2 transcript degradation rendered the 

bdf1Δ cells less sensitive to those respective stresses (Roy and Chanfreau, 2014). Taken 

together, these studies not only highlight the role of the spliceosome in the degradation of an RNA 

transcript through splicing of an unannotated intron (Fig 1.6), but also demonstrate that this 

degradation mechanism has a physiological impact on cellular fitness in specific stress conditions. 

SMD has been implicated in the degradation of other intronless transcripts as well (Volanakis et 

al., 2013), and it is possible that the regulation of these genes by SMD may also prove to be 

biologically important in a certain conditions of cellular stress.   

Further Investigations into Splicing-associated Gene Regulation in Yeast 

As illustrated by the multiple cases outlined the previous sections, the regulation of splicing in S. 

cerevisiae and its implications in gene expression extend far beyond the simple retention of 

introns. First, multiple yeast proteins are intricately involved in the processing of their own 

transcripts, including during pre-mRNA splicing, allowing for feedback-mediated regulation of 

gene expression. Furthermore, spliceosomes in budding yeast can utilize non-consensus 

alternative splicing signals, even in transcripts lacking annotated introns, to yield non-productive 
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transcripts that are targeted for degradation by RNA quality control pathways. Alternative splicing 

coupled to RNA decay can thereby limit the accumulation and ultimately the expression of the 

impacted transcripts. Additionally, because many alternative splicing and intron retention events 

are masked by the NMD pathway, analysis of RNA splicing patterns in NMD-compromised cells 

may unveil the roles of splicing factors in preserving the fidelity or promoting the efficiency of 

splicing.  The following chapters will explore each of these points in greater depth by highlighting 

specific cases that have been investigated by our research group. 
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Figure 1.1. Simplified RNA-centric overview of the catalytic steps of splicing. A. The 

catalytic steps of pre-mRNA splicing involve two transesterification reactions. In the first reaction 

consists of a nucleophilic attack by the 2’-OH of the branch point adenosine on the 5’-phosphate 

of the 5’-SS guanosine. The second step involves another nucleophilic attack by the 3’-OH of 

Exon 1 on the phosphate group linking the 3’-SS to Exon 2. B. Upper series: Simplified overview 

of the incorporation of splicing factors into the spliceosome before, during, and after the catalytic 

stages. Lower series: Approximate stages of formation for the spliceosomal complexes (see text) 



23 
 

A. 

 
B. 

 
 

Figure 1.2. Intron-mediated autoregulation of Rpl30 and Rpl22. A. The RPL30 pre-mRNA 

forms a secondary structure that sequesters the 5’-SS. This structure is stabilized by the binding 

of Rpl30 to the mRNP, which in turn prevents the association of the U2 snRNP, thereby inhibiting 

splicing. B. The pre-mRNA for RPL22B harbors an intronic stem loop regulatory element that is 

recognized and bound by the Rpl22 protein. The binding of the protein to the RPL22B pre-mRNA 

inhibits splicing of the transcript, which is then degraded by nuclear or cytoplasmic RNA 

degradation pathways. 

 



24 
 

 

 
 
 

Figure 1.3. Splicing-dependent differential maturation of the FES1 transcript. The FES1 

RNA transcript contains a cryptic intron that begins within the reading from of Exon 1. When left 

unspliced, FES1 is polyadenylated at the upstream poly(A) site to give rise to the Fes1S isoform. 

If the intron is spliced out, the upstream poly(A) site is removed, the coding region is extended to 

include Exon 2, and the transcript is poly-adenylated at a downstream poly(A) site, producing the 

Fes1L isoform. Adapted from (Gowda et al., 2016). 
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Figure 1.4. The two-intron transcript MATa1 is regulated by multiple factors. The maturation 

or degradation of the MATa1 transcript is dependent upon RNA splicing, the endonuclease Rnt1, 

and the nuclear exosome. The removal of both introns by the spliceosome yields a mature, 

translation-competent transcript. Unspliced or partially spliced species are subject to cleavage by 

Rnt1 and degradation by the nuclear exosome. The exon 2 skipped species is also a substrate 

for degradation by the nuclear exosome. Adapted from (Egecioglu et al., 2012). 
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Figure 1.5. Alternative splicing may generate non-productive transcripts. A. Splicing at the 

annotated 5’- and 3’-SS generates a properly spliced mature transcript. B. Splicing at an 

alternative 3’-SS (3’-AS) downstream of the annotated 3’-SS may result in a translational frame 

shift that introduces a premature termination codon. C. Splicing at an alternative 5’-SS (5’AS) 

downstream of the annotated 5’-SS may lead to the inclusion of an intronic in-frame stop codon 

within the spliced transcript. Nonsense transcripts would then be subject to degradation by NMD. 

 

 

 

 

 

 

 

 

 



27 
 

A. 

 

B. 

 

Figure 1.6. Spliceosome-mediated decay degrades partially spliced or cryptically spliced 

transcripts. A. The first catalytic step of splicing cleaves Exon 1 from the intron. If exon ligation 

is inefficient, the cleaved fragments are degraded by exonucleases. B. Certain RNA transcripts 

contain cryptic unannotated introns. The splicing of such an intron will produce a truncated 

transcript that may also be degraded by RNA surveillance pathways. If splicing yields a nonsense 

transcript then it may also be exported to cytoplasm, where it is subject to degradation by NMD.  
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Supporting Information 

S1 Text 

Binary search approach 

We began the search for the RPL22B intronic regulatory element by making systematic 

bifurcating deletion of the GFP reporter transcript as outlined in Fig 3A. Our initial experimental system 

utilized the rpl22aΔ strain as a control for uninhibited splicing based on the presumption that the removal 

of the regulatory element from the intron would phenocopy the loss of splicing inhibition for RPL22B that 

is observed in the absence of RPL22A (Fig 1C). Indeed, the splicing of the reporter transcript containing 

the full intron was greatly enhanced in the rpl22aΔ strain compared to wildtype (S2A Fig, lanes 1 and 2). 

The first set of deletions removed either intronic nucleotides 7 through 152 (Δ7-152) or nucleotides 153 

through 297 (Δ153-297) from the reporter (Fig 3A). The former deletion had no impact on reporter 

splicing efficiency in the presence of RPL22A, indicating that this region did not harbor the regulatory 

sequence (S2A Fig, lanes 3 and 4). Surprisingly, the Δ153-297 deletion also did not enhance the splicing 

of the reporter (S2A Fig, lane 5). Furthermore, splicing efficiency was not enhanced in the rpl22aΔ strain 

for the Δ153-297 construct (S2A Fig, lane 6), suggesting that the assay was not functioning as expected in 

this particular deletion construct. However, an additional splice product running slightly higher than the 

normal spliced product was also detected in this deletion. We therefore re-analyzed the splicing patterns 

by RT-PCR and we found that the deletion of nucleotides 153 through 297 promoted the use of the 

alternative 5’ splice site (AS 5’) previously described for RPL22B (S2B Fig), which in turn interfered 

with the assay. A band representing the alternatively spliced species was clearly visible in the Δ153-297 

strains in addition to the unspliced and normal splice products (S2B Fig). The reason for this change in 

preferred splice site selection in this deletion construct is not clear, but is possibly related to the impact of 

physical spacing between the splice sites and the branch point [1-3]. 

 Because the presence of the AS 5’ within the RPL22B intron obstructed our ability to analyze 

sequences required for RPL22B splicing regulation, we removed the AS 5’ through site-directed 

mutagenesis for the remainder of our search for the regulatory element. The deletion of the AS 5’ restored 

the functionality of the assay, revealing a substantial increase in splicing efficiency in the Δ153-297 

construct when compared to the full-length construct even in the presence of RPL22A (S2C Fig, lanes 3 

and 7). Thus, the regulatory element resides within the region spanning nucleotides 153 through 297 of 

the RPL22B intron. Interestingly, deletion of the AS 5’ also appeared to reduce overall splicing efficiency 

at the annotated 5’ splice site in the full-length transcript (S2C Fig, lanes 2 and 4), hinting that the 

presence of dual 5’ splice sites may increase spliceosome assembly efficiency in vivo for RPL22B. 

 The second set of intronic truncations consisted of deletions of nucleotides 153 through 225 and 

226 through 297. The Δ153-225 deletion eliminated the inhibition of splicing while the Δ226-297 

deletion maintained it (Fig 3A, top right panel), thus narrowing the regulatory element to the span of 

nucleotides 153 through 225. Finally, the third series of truncations deleted nucleotides 153 through 188 

and 189 through 225. Splicing inhibition was eliminated in both cases (Fig 3A, bottom right panel), 

suggesting that the regulatory element consists of nucleotides from both of these regions. We were 

therefore unable to further pinpoint the regulatory element using the binary search approach and were 

required to conduct more specific targeted mutations of this region. 

 

The intronic segment containing the regulatory element is predicted to form a structured stem loop 

 Upon identifying the general location of the regulatory element as within the region bordered by 

intronic nucleotides 153 through 225, we examined the predicted structure of the RPL22B intron as 

determined by the Mfold web server. We found that this span of intronic nucleotides has the potential to 

fold into a stem loop that includes nucleotides 153 through 246 and that might constitute an RNA 

secondary structure required for splicing inhibition (S3A Fig). Intriguingly, the nucleotides constituting 

approximately the lower half of this stem loop are highly conserved amongst related yeast species (S3A 

Fig and S3B Fig). This contrasts with the general lack of conservation the intronic sequence, suggesting 
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that these sequences may be functionally relevant and perhaps serve a role in the inhibition of splicing. 

However, our deletion construct Δ226-297 maintained inhibition of splicing, even though it is predicted 

to remove most of the lower conserved regions from the secondary structure and leave only the upper 

portions structurally intact (Fig 3A and S3C Fig). This suggests that the majority of conserved nucleotides 

are not necessary for splicing inhibition, although we cannot rule out the possibility that they may 

indirectly contribute to the overall structure by enhancing the exposure of the remainder of the stem loop 

or contribute to the folding of the tertiary structure.  

 

Secondary structure, not sequence specificity, of the lower distal stem is required for inhibition of 

splicing 

 Our previous experiments demonstrated the necessity of the approximate upper (distal) half of the 

stem loop of this secondary structure for the bestowal of splicing inhibition. This region consists of a 

lower stem, an intervening internal loop, and an upper stem that is capped by an AAUGC hairpin 

pentaloop (S4A Fig). All of these features are potential candidates for RNA-protein interactions [4, 5]. To 

further dissect these components, we disrupted this region by creating three additional independent 

deletion constructs. The first, Δ181-191, removes the 5’ nucleotides from the lower stem and was 

predicted by Mfold to dramatically reshape the intron such that the putative regulatory element no longer 

forms. The second construct, Δ192-211, removes the upper stem loop and intervening internal loop while 

maintaining the lower stem, closing it with a UUACU pentaloop and also preserving the overall 

secondary structure of the entire intron. The third construct, Δ212-223, removes the 3’ nucleotides from 

the lower stem and is likewise expected to completely alter the intronic secondary structure. Not 

surprisingly, constructs Δ181-191 and Δ212-223 did not exhibit splicing regulation by Rpl22p (S4B Fig). 

However, splicing regulation by Rpl22p was maintained in construct Δ192-211, suggesting that the upper 

stem and hairpin loop are not required for recognition by Rpl22p and subsequent inhibitory effects, while 

the lower stem is essential (S4B Fig).  

 We next were interested in determining what facets of the lower stem region contribute to 

splicing regulation. First, we truncated the full structure by removing the upper stem and its hairpin loop 

(both of which were demonstrated as nonessential in the previous experiment) and closing the lower stem 

with a UUCG tetraloop, creating the construct Δ191-211 UUCG (S4C Fig). This hairpin sequence is a 

member of the UNCG family of thermodynamically stable loop sequences [6], enabling further 

manipulations of the remaining stem nucleotides with minimal risk of dramatically altering the structure. 

Consistent with our previous experiments, the replacement of the upper distal stem loop with the UUCG 

tetraloop sequence retained splicing regulation (S4D Fig). To unambiguously determine whether 

sequence identity of the lower stem is required to maintain the regulatory mechanism, we generated two 

additional constructs in which the identities of the stem nucleotides were altered but secondary structure 

was maintained. In the first construct (“Flip”), we reversed the positions of the upstream 5’ and 

downstream 3’ stem sequences (S4E Fig, left). In the second construct (“Scramble”), we shifted the 

positions of the stem base pairs while maintaining the identities of the pairs themselves – that is, we 

maintained the two G-C pairs and five A-U pairs (S4E Fig, right). Neither mutation enhanced the splicing 

of the reporter (S4G Fig), supporting the argument that the structure and not the sequence identity of this 

region is necessary for the inhibition of splicing. However, although our previous constructs that 

disrupted this stem (Δ181-191 and Δ212-223) demonstrated a loss of regulation by Rpl22p, we could not 

rule out that this was a result of the dramatic restructuring of the intron that may also have affected other 

critical areas of the regulatory element. To account for this possibility, we deleted this lower stem from 

the full wild-type structure, leaving the remainder of the regulatory element and the rest of the intron 

intact (S5A Fig, Δlower distal stem structure). This mutation resulted in a loss of splicing regulation (S5B 

Fig, lane 5), confirming our hypothesis that the lower distal stem structure is necessary for this 

mechanism to function, though it is flexible in its sequence identity.  
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The downstream nucleotides of the putative RNA internal loop are likely paired with upstream 

nucleotides 

Truncations of RPL22B intron reporter revealed that the upper distal stem loop (nucleotides 191 

through 211), the intervening RNA internal loop, and the nucleotides downstream of position 225 are 

unnecessary for splicing inhibition (Fig 3A). Furthermore, the deletion of nucleotides 226 through 297 

eliminated the participation of nucleotides 153 through 172 in the stem (S3C Fig). The resulting 

preservation of splicing regulation implies that the intronic nucleotides upstream of G153 are not required 

for the inhibitory mechanism (Fig 3A). Thirdly, our previous experiments showed that the lower distal 

stem is required for the inhibition of splicing (S4 Fig and S5 Fig). Therefore, the final remaining 

component in this region that could additionally contribute to the regulatory element was the putative 

“RNA internal loop” immediately below the lower distal stem formed by upstream nucleotides 178 

through 181 and downstream nucleotides 221 through 224 (S5A Fig, see “Full” structure). We deleted 

these nucleotides from the simplified UUCG tetraloop reporter (S5A Fig, Δ191-211 UUCG Δinternal 

loop) which resulted in a notable increase in splicing, albeit not to the extent seen when the entire 

regulatory element is disrupted (S5B Fig, lanes 2 and 4). This suggests that the putative internal loop is 

partially involved in the inhibition of splicing. In agreement with this notion, the Δlower distal stem 

construct retains the RNA internal loop nucleotides and yet loses the ability to inhibit splicing (S5A Fig 

and S5B Fig), suggesting that this loop or its constituent nucleotides contribute to the regulatory 

mechanism but alone are insufficient to confer it. 

We also investigated whether the sequence identity of this potential internal loop region is crucial 

for its role as part of the regulatory element. For this experiment we worked from the full intron construct 

(S5A Fig) and created two new reporters. In the first, the four upstream internal loop nucleotides were 

mutated from CCCU to AAAC (S5A Fig, “US Internal Loop AAAC”). In the second, the four 

downstream internal loop nucleotides were mutated from UGAA to CAUU (S5A Fig, “DS Internal Loop 

CAUU”). In both cases the mutations were predicted to maintain the overall structure of the entire stem 

loop. Surprisingly, the mutation of the downstream internal loop nucleotides appeared to at least partially 

mitigate splicing inhibition while mutation of the upstream internal loop had no effect (S5B Fig, lanes 6-

7). This result is seemingly contradictory to the behavior of the Δ226-297 construct, which eliminated the 

downstream internal loop and yet did not disrupt the inhibition of splicing (Fig 3A and S3C Fig). 

Importantly, the downstream internal loop nucleotides UGAA were retained in that construct but were no 

longer predicted to constitute a single-stranded internal loop. Instead, they were paired with upstream 

nucleotides 173 through 176 (UUCA), forming a perfect complement (S3C Fig). Based on this evidence, 

we hypothesized that the inhibition of splicing depends on the nucleotide identity of the downstream 

UGAA sequence and that it may actually be a paired structure in its most stable form instead of a single-

stranded loop region as predicted by Mfold. To test this idea, we manipulated the full intron reporter 

construct by mutating the upstream internal loop nucleotides to UUCA, thus establishing a perfect 

complementarity with the downstream nucleotides in the presumed internal loop. The predicted Mfold 

structure shows that this mutation closes the internal loop completely by pairing each constituent 

nucleotide (S5A Fig, “US Internal Loop UUCA”). Closing of the internal loop in this manner did not 

increase splicing efficiency (S5C Fig), suggesting that the downstream RNA internal loop is actually a 

paired sequence. Based on our experimental evidence, we speculate that in its most stable configuration 

nucleotides U221 through A224 of the putative RNA internal loop form base pairs with upstream 

nucleotides U173 through A176. Indeed, constraining this pairing using Mfold results in only one stable 

predicted structure that very closely resembles the Δ226-297 construct (compare Fig 3B and S3C Fig). 

Importantly, this experimentally-deduced structure retains the essential lower distal stem.  

 

The deduced regulatory element is necessary but not sufficient for regulatory activity in vivo 

 The experiments thus far have indicated that the RPL22B regulatory element consisting of 

intronic nucleotides 153 through 239 is necessary for the inhibition of splicing (Fig 3C). To test whether 

this region is also sufficient for achieve autoregulation, we transposed this span of nucleotides into the 
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intron of RPS21A, another RPG whose intron is of similar overall length to that of RPL22B and whose 

branch point is located in a similar relative position relative to the 5’-splice site (S6 Fig). To achieve 

transposition without impacting overall intron size, we first removed 87 nucleotides from the RPS21A 

intron that occupied the same region of that intron as the regulatory element in the RPL22B intron. We 

then inserted the 87 nucleotides of the RPL22B regulatory element into this region using the delitto 

perfetto technique. The RPL22A overexpression plasmid was then introduced into this strain and 

examined the RPS21A transcript in wild-type and NMD mutant background strains to test whether the 

chimeric intron would experience inhibition of splicing. Although both the deletion of the 87 nucleotides 

from the RPS21A intron as well as the transposition of the RPL22B intronic nucleotides impacted the 

susceptibility of the RPS21A pre-mRNA to NMD, it did not render the pre-mRNA sensitive to splicing 

inhibition by Rpl22p (S6 Fig, compare lanes 1-4 to lanes 5-8). Thus, this span of 87 nucleotides is 

insufficient to confer inhibition of splicing in vivo. 

 

Supporting References  

1. Cellini A, Felder E, Rossi JJ. Yeast pre-messenger RNA splicing efficiency depends on critical 

spacing requirements between the branch point and 3' splice site. EMBO J. 1986 May;5(5):1023-

30. 

2. Crawford DJ, Hoskins AA, Friedman LJ, Gelles J, Moore MJ. Single-molecule colocalization 

FRET evidence that spliceosome activation precedes stable approach of 5' splice site and branch 

site. Proc Natl Acad Sci U S A. 2013 Apr 23;110(17):6783-8. 

3. Thompson-Jager S, Domdey H. Yeast pre-mRNA splicing requires a minimum distance between 

the 5' splice site and the internal branch acceptor site. Mol Cell Biol. 1987 Nov;7(11):4010-6. 

4. Jones S, Daley DT, Luscombe NM, Berman HM, Thornton JM. Protein-RNA interactions: a 

structural analysis. Nucleic Acids Res. 2001 Feb 15;29(4):943-54. 

5. Nagai K. RNA-protein interactions. Current Opinion in Structural Biology. 1992;2(1):131-7. 

6. Molinaro M, Tinoco I. Use of ultra stable UNCG tetraloop hairpins to fold RNA structures: 

thermodynamic and spectroscopic applications. Nucleic Acids Res. 1995;23(15):3056-63. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



104 
 

S1 Fig 

 

 

 

 



105 
 

S2 Fig

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



106 
 

S3 Fig 

 

 



107 
 

S4 Fig 

 

 



108 
 

S5 Fig 

 

 

 

 

 



109 
 

S6 Fig 

 

 



110 
 

S7 Fig 

 

 

 

 



111 
 

S8 Fig 

 



112 
 

S9 Fig 

 



113 
 

S10 Fig 

 

 

 

 

 

 

 



114 
 

S11 Fig 

 

 

 

 

 

 

 



115 
 

S12 Fig 

 

 

 

 

 

 



116 
 

S13 Fig 

 



117 
 

S14 Fig 

 



118 
 

Chapter 4 

 

 

 

 

 

 

 

Global Suppression of Non-Canonical Alternative 3´-Splice Sites by Prp18p 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



119 
 

Global Suppression of Non-Canonical Alternative 3´-Splice Sites by Prp18p 

 

Jason Gabunilas, Kevin Roy, Guochang Lyu, Joyce Samson, Jonelle White, Samantha 

Edwards, and Guillaume Chanfreau 

 

Abstract 

The fidelity of splice site selection is essential to properly express genetic information. The Prp18p 

splicing factor is recruited to the spliceosome during the second step of pre-mRNA splicing and 

facilitates the second transesterification reaction. Although Prp18p is not essential for splicing 

under normal conditions, its function in 3´-splice site positioning suggests that it may impact the 

fidelity of 3´-splice site selection. Using RNA sequencing of Prp18 knockout strains we show that 

the absence of PRP18 triggers splicing at branchpoint-proximal alternative 3´-splice sites in over 

30% of all intron-containing genes. These upstream alternative 3´-splice sites exhibit a diverse 

array of non-consensus nucleotide sequences. A mutation in Slu7 which decreases its affinity for 

Prp18 and mutations at the Prp8•Prp18 interface result in the activation of the same non-

consensus splice sites, emphasizing the importance of Prp18 recruitment for proper 3´-splice site 

selection. These results combined with recent structures of the spliceosome suggest that in the 

absence of Prp18, alternative, upstream 3´-splice site-like sequence can prematurely enter the 

spliceosome active site and compete for exon ligation before the proper 3´-splice site can be 

used. Taken together, these results demonstrate the importance of Prp18p in ensuring the fidelity 

of 3´-splice site selection and the accuracy of pre-mRNA splicing. 

 

Introduction 

 The second catalytic step of pre-mRNA splicing relies on the concerted action of 

spliceosomal snRNPs and associated splicing factors to efficiently recognize the appropriate 3´-
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splice site (3´-SS) and ligate the two exons. Following the ATP-dependent rearrangement of the 

spliceosome and the ejection of Yju2p and Cwc25p from the spliceosome by Prp16p after the first 

catalytic step (Schwer and Guthrie, 1992), a trio of second step splicing factors consisting of 

Slu7p, Prp18p, and Prp22p sequentially joins the spliceosome to facilitate the second catalytic 

step (James et al., 2002). Prp18p and Slu7p are necessary for the efficient docking of the 3´-SS 

into the spliceosomal active site (Ohrt et al., 2013), while Prp22p proofreads the ligated exons in 

an ATP-dependent manner following the second transesterification reaction (Mayas et al., 2006).  

 During the second step of splicing, the U5 snRNP aligns the two exons for ligation within 

the spliceosome by pairing the invariant nucleotides in loop 1 of the U5 snRNA with the intron-

proximal exonic nucleotides (O’Keefe and Newman, 1998). Prp18p is necessary for efficient 

second step catalysis as pre-mRNA splicing is inhibited in vivo in yeast strains harboring a 

disrupted PRP18 allele and in yeast splicing extracts devoid of Prp18p in vitro (Horowitz and 

Abelson, 1993). Reflecting this defect in splicing, yeast strains lacking Prp18p also display a 

severe growth defect in a range of different temperatures (Bacíková and Horowitz, 2002, 2005). 

Studies utilizing reporter constructs have shown that Prp18p plays a crucial role in stabilizing the 

interactions between the exonic nucleotides of mRNA splicing intermediates and the loop 1 

nucleotides of the U5 snRNA (Crotti et al., 2007). In a yeast a mutant prp18 allele in which the 

most highly conserved portion of the protein was removed (prp18ΔCR), the identities of these 

exonic nucleotides largely determine the efficiency of the second step of splicing based on how 

strongly they interact with the U5 loop 1 nucleotides. Specifically, sequences rich in adenosines 

accelerate the second step (Crotti et al., 2007). While exonic nucleotide sequences were initially 

only believed to impact splicing in prp18 mutant backgrounds, further work from the Horowitz 

laboratory has demonstrated that they can also dictate 3´-SS selection in reporter transcripts 

harboring multiple competing 3´-SS in both prp18ΔCR mutants and in wild-type yeast (Crotti and 

Horowitz, 2009).  
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 The role of Prp18p in stabilizing the mRNA intermediates for the second step of splicing 

suggests that it may also contribute to the fidelity of this step and ensure proper 3´-SS selection. 

We previously detected the presence of a non-canonical AUG alternative 3´-SS in the transcript 

GCR1 in yeast strains deficient in Prp18p, and that this alternative splicing event generates a 

nonsense transcript that is subject to degradation by the nonsense mediated mRNA decay (NMD) 

pathway (Kawashima et al., 2014). In this study, we performed RNA-seq analysis of prp18 null 

mutants and found that non-canonical alternative 3´-splice sites are utilized in a large number of 

intron-containing genes in the absence of Prp18p. Interestingly, we find that the activated 

alternative 3´-SS are more proximal to the predicted branchpoints than the annotated sites. 

Utilizing the endogenous NYV1 and RAD14 transcripts to detect the activation of non-canonical 

alternative 3´-SS, we show that most second step splicing factors do not appear to impact 3´-SS 

selection in the same manner as Prp18p. However, one specific mutant allele of PRP22 also fails 

to suppress non-canonical 3´-SS, suggesting that splicing fidelity is a product of both accurate 

splice site selection and proofreading of ligated exons. Additionally, we demonstrate that the 

ability of Prp18p to suppress alternative 3´-splice site selection may depend in part on its 

interaction with Prp8p and on its recruitment to the spliceosome by Slu7. These results highlight 

the importance of Prp18p in preserving the fidelity of pre-mRNA splicing.   

 

Results 

High-throughput RNA-sequencing reveals activation of splicing at non-canonical 

alternative 3´-SS in yeast lacking Prp18p 

 Our previous splicing analyses in the prp18 null mutant strain targeted a selected array 

of pre-mRNA transcripts, revealing the activation of a non-canonical alternative 3´-SS in GCR1 in 

the absence of Prp18p that became more apparent when NMD was disabled via the genetic 

inactivation of the key NMD factor Upf1p (Kawashima et al., 2014). We hypothesized that the 
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suppression of these non-canonical sites might also occur with other pre-mRNAs at a global 

scale. We therefore performed a whole-transcriptome RNA-seq analysis of the wild-type, upf1, 

prp18, and prp18upf1 yeast strains to identify splice junctions that are activated in these 

mutants. We obtained over 40 million uniquely mapped reads for each strain, with 3-5% of these 

reads mapping to splice junctions (Fig. 4.1A) Satisfyingly, we found that the number of reads 

mapping to unannotated alternative 3´-SS increased substantially in the PRP18 and NMD 

mutants, with the prp18upf1 double mutant showing the highest number of reads allocated to 

those sites (Fig. 4.1B). The double mutant also presented the greatest number of reads 

corresponding to non-canonical non-AG alternative 3´-SS (Fig. 4.1B). Analysis of these junctions 

by sequence identity showed that the absence of Prp18p activates a diverse array of non-

canonical 3´-SS (Fig 4.1C). Importantly, many of these events are detected with the greatest 

frequency when both NMD and PRP18 are inactivated, suggesting that a substantial number of 

these PRP18 mutant-dependent alternative splicing events give rise to nonsense transcripts.  

Unsurprisingly, when we considered all alternative 3´-SS activated in the prp18upf1 

mutant, we found that A and G are the most common nucleotides in the penultimate and 3´-most 

positions of these splice sites, reflecting the consensus sequence for annotated 3´-SS (Fig. 4.1D). 

However, we observed very poor conservation of the preceding pyrimidine for the alternative 

sites, consistent with our previous findings in NMD mutants (Kawashima et al., 2014). 

Interestingly, an aggregate analysis of the non-AG alternative 3´-SS revealed that the most 

common nucleotides at the final positions are A and C (Fig. 4.1D), signifying a potential preference 

of the Prp18p-devoid spliceosome for particular non-consensus sequences. However most of the 

non-YAG sites activated in the absence of Prp18 still maintain at least one of the two conserved 

residues (either the penultimate A, or the last intronic G, or both) in their sequence, showing that 

some of elements of the normal sequence must still be maintained. The preference for guanosine 

at the last position in particular may involve non-Watson-Crick interactions that this nucleotide 
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forms with the G1 guanosine of the 5´-SS in order to position the 3´-SS for exon ligation (Parker 

and Siliciano, 1993).  

We further investigated the characteristics of these non-AG alternative 3´-SS sequences, 

as they represent signals that differ substantially from the YAG consensus sequence (Kupfer et 

al., 2004; Sapra et al., 2004). We first considered the linear positioning of these alternative sites 

relative to the annotated 3´-SS. When weighted by normalized read counts, the annotated 3´-SS 

in the upf1 and prp18upf1 mutants are positioned a median distance of 39 nt downstream of 

the predicted branchpoint sequences (Fig. 4.2A). However, analysis of the non-AG alternative 3´-

SS in the upf1Δ mutant revealed that these sites are located 10 nt closer to the branchpoint than 

the annotated sites. Strikingly, the median distance from non-AG alternative 3´-SS to the 

branchpoint is further reduced by an additional 8 nt when Prp18p and Upf1p are both absent (Fig. 

4.2A). Taken together, these findings suggest that Prp18p normally suppresses the use of 

branchpoint proximal non-canonical alternative 3´-SS that in many cases give rise to nonsense 

transcripts.   

 We sought to address the possibility that splicing at alternative 3´-SS in prp18 mutants 

may simply result from an increased rate of indiscriminate spliceosomal errors. Indeed, both in 

vivo and in vitro studies have shown that splicing of reporter transcripts is severely hindered in 

the absence of Prp18p (Crotti et al., 2007; Zhang and Schwer, 1997). The reduced splicing 

kinetics may allow more opportunities for the spliceosome to utilize incorrect splice sites. If 

alternative 3´-SS selection were the result of random spliceosome errors, then one might predict 

alternative splicing events to occur at a relatively consistent frequency among all intron-containing 

genes (ICGs). Indeed, an analysis of putative non-AG alternative 3´-splicing events detected by 

our bioinformatics analysis indicated that 58.9% of these alternative sites are found within 

ribosomal protein gene (RPG) transcripts, reflecting the fact that RPGs comprise 41.5% of ICGs 

(Fig. 4.2B) (Ares et al., 1999). However, when we considered only genes in which non-AG 
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alternative 3´-SS are utilized in at least 1% of all splicing events for their respective introns, we 

found that only 32.1% of non-AG alternative sites are found within RPGs (Fig. 4.2B). Importantly, 

intron-containing RPGs contribute 90% of the transcripts produced from ICGs (Ares et al., 1999). 

Therefore, non-RPG transcripts that are generally expressed at lower levels tend utilize non-AG 

alternative 3´-SS more frequently than more abundant transcripts, in agreement with our previous 

observations in yeast NMD mutants (Kawashima et al., 2014). In light of these findings, we 

propose that alternative splicing in prp18Δ strains is not the result of random spliceosome errors, 

but instead may be governed by other properties of the spliceosome or of the pre-mRNA transcript 

(see Discussion)  

 

The absence of Prp18p results in the activation of upstream non-YAG 3´-splice sites in the 

NYV1, RAD14, PHO85, MAF1 and BET4 genes  

Guided by the results of our high-throughput sequencing experiments, we validated 

several instances of non-canonical alternative 3´-SS activation in the prp18 mutant. The pre-

mRNA transcripts for NYV1 and RAD14 are spliced at non-canonical 3´-SS following the 

inactivation of Prp18p (Fig 4.3A-B). As shown in Fig. 4.3B, the abundance of these alternatively 

spliced transcripts increases when NMD is disabled, in agreement with the prediction that they 

would trigger premature translation termination. NYV1 displayed a particularly strong prp18-

dependent alternative splicing phenotype utilizing a highly unusual CAU alternative 3´-SS (Fig. 

4.3A-B). We also validated the activation of upstream alternative 3´-SS in the transcripts for 

PHO85, MAF1 and BET4 as predicted by our informatics analysis (Fig. 4.4). However, while these 

alternative splicing events all utilized non-canonical 3´-SS sequences, the NYV1 alternative 3´-

SS was the only confirmed case that did not end in a guanosine nucleotide, illustrating a drastic 

departure from consensus. By contrast, all annotated 3´-SS in S. cerevisiae end in a guanosine 

(Ma and Xia, 2011). Due to the very unusual nature of its alternative 3´-SS sequence and 



125 
 

remarkably strong activation in the absence of Prp18p (Fig. 4.3B), we utilized NYV1 as an 

endogenous model transcript to further dissect the molecular mechanisms governing non-

canonical splicing in PRP18 mutants. 

 

Helix 5 of Prp18 but not Helix 2 or the Conserved Region is critical to suppress the use of 

non-canonical splice sites. 

The yeast Prp18 protein consists of five alpha helices interspersed with short loop regions, 

including a loop connecting helices 4 and 5 that contains a highly conserved stretch of 25 amino 

acids (Bacíková and Horowitz, 2005; Jiang et al., 2000). Extensive mutational analysis of PRP18 

in various regions of the protein suggested two distinct roles for Prp18p – stabilizing Slu7p within 

the spliceosome and promoting the second step of splicing independently from its interactions 

with Slu7p (Bacíková and Horowitz, 2002). Several of these mutations result in growth defects 

(many of them temperature-sensitive) or disrupt the interaction between Prp18p and Slu7p.  

We wondered whether one or more of these mutations would also impact splicing fidelity 

and give rise to the alternative 3´-SS events observed in the prp18Δ null mutant, as this would 

reveal which regions of the protein are necessary to ensure splicing fidelity of 3´-SS selection. To 

address this, we explored a panel of mutants that were similar or identical to those examined by 

Bacikova and Horowitz: 1) a double point mutation in helix 2 (prp18-h2, R151E R152E) that 

renders Prp18p unable to bind Slu7p, 2) a quadruple point mutation of four conserved residues 

in helix 5 that severely impacts growth at 30°C but retains Slu7p interaction (prp18-h5, D223K 

E224A K234A R235E), and 3) a modified deletion of the conserved loop that disrupts growth at 

temperatures above 34°C but binds Slu7p efficiently (prp18-ΔCRt, Δ(S187-I211)) (Bacíková and 

Horowitz, 2002). These mutations were introduced into a plasmid-borne copy of PRP18 and 

expressed in the prp18Δupf1Δ null mutant. 
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Consistent with previous observations, the prp18-h5 mutant displayed a severe growth 

defect at 30°C while the growth of the other two mutants was unaffected at this temperature (Fig. 

4.5A). We next analyzed the splicing patterns for NYV1 at 30°C among these mutant strains, 

finding that the prp18-h5 mutant produces the alternative 3´-SS product that is seen in the prp18Δ 

strain (Fig. 4.5B), signifying that these specific residues of helix 5 are essential to achieve full 

functionality of Prp18p at 30°C, including the suppression of alternative splicing. On the other 

hand, the alternative splice product did not appear in the prp18-h2 mutant (Fig. 4.5B). Finally, the 

prp18-ΔCRt mutant also showed no signs of non-canonical alternative splicing for NYV1, 

suggesting that the conserved loop is not necessary to suppress the alternative 3´-SS. Overall, 

these results suggest that individual segments of Prp18p differ in their propensity to influence 3´-

SS selection, with the mutation of helix 5 having the greatest impact on the growth and splicing 

phenotypes.  

 

Non canonical 3´-SS usage is highly specific to Prp18 mutants 

We next explored whether the non-canonical 3´-SS activated in prp18 mutants can also 

be detected in other second step splicing factor mutants. The latter case would suggest a more 

general cooperative mechanism for maintaining splicing fidelity during the second step. We 

selected a panel of factors based on their roles in the second step of splicing. Prp17 stabilizes 

the C* complex following remodeling by Prp16 but preceding exon ligation (Fica et al., 2017).  

Prp22p, a DEAH-box RNA helicase which is tasked with the ejection of Slu7p and Prp18p and 

mRNA release following the second transesterification, also has a demonstrated role in 

proofreading exon ligation (Mayas et al., 2006). Cwc21p was also shown to influence 3´-SS 

selection under certain conditions (Gautam et al., 2015). Finally, we also analyzed mutants of the 

DEAH-box RNA helicase Prp43p, which operates late in the splicing process to facilitate the 
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disassembly of the U2, U5, and U6 snRNPs from the excised intron lariat (Fourmann et al., 2017; 

Tsai et al., 2005). 

 RT-PCR analysis of NYV1 and RAD14 splicing in null mutant strains for PRP17 and 

CWC21 revealed no evidence of the non-canonical alternative splicing events attributed to the 

absence of Prp18p for either transcript (Fig. 4.3B). Similarly, when we shifted a heat-sensitive 

prp22 mutant to the non-permissive temperature, we observed a slight accumulation of the NYV1 

pre-mRNA when NMD was inactivated, similar to the prp18Δ null mutants, but the alternative 

splice product was not detected under these conditions (Fig. 4.6A).  

 To evaluate the temporal nature of the alternative 3´-SS selection relative to spliceosome 

disassembly, we analyzed mutants of the spliceosome dissociation factor Prp43p containing two 

different mutations at glutamine 423 within motif VI. The mutants prp43-Q423N and prp43-Q423E 

both demonstrate cold sensitivity in vivo and the prp43-Q423E mutant was shown to enhance 

splicing at non-canonical and cryptic 3´-splice sites in reporter transcripts (Mayas et al., 2010), 

suggesting a role for Prp43p in promoting the accuracy of exon ligation. Surprisingly, however, 

we found no evidence of splicing at the NYV1 alternative 3´-SS in either of these mutants in the 

upf1Δ background at either the permissive or non-permissive temperatures (Fig. 4.6B). This result 

indicates that, at least for the NYV1 transcript, the selection of the non-canonical 3´-SS likely 

occurs prior to the initiation of Prp43p-induced discard of the spliceosome (J. Staley, personal 

communication, 2017).  

 

3´-splice site fidelity mutants in PRP22 but not PRP8 can activate PRP18-dependent non-

canonical 3´-splice sites 

 Prp8p, a central component of the U5 snRNP and U5-U4/U6 tri-snRNP, is the largest 

spliceosomal protein, demonstrates a high degree of sequence conservation across eukaryotes, 

and is involved in both the first and second catalytic steps of splicing (Grainger, 2005; Horowitz, 
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2012). PRP8 mutations have been described that impact the fidelity of 3´-SS selection to varying 

degrees (Umen and Guthrie, 1996). We selected two of these mutant alleles, prp8-121 and prp8-

123, that were shown to confer increased splicing for point mutations within the YAG motif of the 

3´-SS of a reporter transcript. To test whether these prp8 alleles might activate non-canonical 

alternative 3´-SS for endogenous transcripts, we introduced these same mutations into the 

chromosomal PRP8 gene using the CRISPR-Cas system (Dicarlo et al., 2013). Neither of these 

mutations triggered alternative splicing at the non-canonical NYV1 3´-SS as observed in the 

prp18Δ mutant (Fig. 4.7A). It is possible that these prp8 mutations may affect other transcripts 

but they do not seem to impact 3’-SS selection for NYV1. 

In addition to Prp8, Prp22p was shown to proofread exon ligation (Mayas et al., 2006), as 

evidenced by an increase use of RAG 3´-SS in in two cold-sensitive prp22 mutants harboring 

mutations within the conserved motif VI, prp22-R805A and prp22-G810A (Schwer and Meszaros, 

2000). We thus analyzed NYV1 splicing in these two mutants in the upf1Δ NMD mutant 

background. Interestingly, the prp22-G810A mutant activated the NYV1 alternative 3´-SS at the 

permissive temperature of 30°C, albeit to a lesser extent than the prp18Δ strain (Fig. 4.7B, left 

panel, lanes 2 and 5). When we analyzed the splicing of RAD14 in these same strains, we likewise 

found that prp22-G810A displays a similar but milder phenotype to that seen in the absence of 

Prp18p (Fig. 4.7B, right panel, lanes 2 and 5).  

To determine whether this might be exacerbated at reduced temperatures, perhaps in a 

manner reflective of the growth phenotypes for the PRP22 mutants at those temperatures 

(Schwer and Meszaros, 2000), we also analyzed the NYV1 splicing patterns for these mutant 

strains following a shift to 25 or 16°C. While the growth of the prp22-R805A mutant is clearly 

inhibited at 25°C (Fig. 4.8A), this did not appear to impact the fidelity of splicing for the NYV1 

transcript (Fig. 4.8B). Furthermore, the shift to 16°C did not activate the alternative splice site in 

the cold-sensitive mutants but instead resulted in a general inhibition of splicing as evidenced by 
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the reduction of all spliced species (Fig. 4.8B). This finding suggests that the growth defect 

exhibited by these mutants at reduced temperatures is likely rooted in the inability to efficiently 

splice pre-mRNAs in general rather than an issue with splicing fidelity. Nevertheless, the finding 

that similar non-canonical splicing events can be detected in both Prp18 and Prp22 fidelity 

mutants suggest that the two proteins cooperate in ensuring the fidelity of 3´-SS selection.  

 

Mutations at the Prp8p•Prp18p interface disable Prp18p function in preventing the use of 

non-canonical 3´-splice sites 

Prp8p exhibits genetic interactions with most other second-step splicing factors including 

Prp18p (Horowitz, 2012). Furthermore, certain mutants of PRP18 have been shown to suppress 

mutations in PRP8 that confer temperature sensitivity (Aronova et al., 2007). In light of this 

information, wondered whether the function of Prp18p to suppress non-canonical splice sites 

depends on a physical interaction with Prp8p. Recent structural studies of the yeast catalytically 

active spliceosome have shown that Prp18p and Prp8p interact through the latter’s RNase H-like 

domain during the second step of splicing (Fig. 4.9A) (Yan et al., 2016). We first introduced two 

mutations into the endogenous PRP8 gene at P1984 and L1988 that were shown to contact 

residues N190 and Q181 of Prp18p, respectively (Fig. 4.9A) (Yan et al., 2016). This prp8-P1984A-

L1988A mutant showed a very mild accumulation of unspliced NYV1 transcript as well as a minor 

activation of the alt. 3´-SS that was observable even with functional NMD (Fig. 4.9B, lanes 5 and 

6).  

To further test for a role of Prp8 in recruiting Prp18 to ensure proper use of canonical 

splice sites, we mutated a plasmid-borne PRP18 allele at Q181 and N190 and analyzed the effect 

of this mutation on the growth of Prp18p-deficient yeast as well as the splicing pattern of NYV1. 

As shown in Fig. 4.9C, the prp18-Q181A-N190A allele fully rescued the severe growth defect that 

is normally associated with the prp18Δupf1Δ double mutant, suggesting that this allele largely 
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restores spliceosome functionality. Surprisingly, however, this allele failed to suppress splicing at 

the Prp18p-specific non-canonical alternative splice site for NYV1 (Fig. 4.9D). These results 

indicate that spliceosome functionality sufficient for normal cell growth is attainable even when 

Prp18p is unable to suppress non-canonical alternative splicing for all transcripts, thus 

distinguishing the alternative splicing and growth phenotypes of PRP18 mutants. Importantly, this 

result demonstrates that mutating the Prp18•Prp8 interface can trigger the activation of non-

canonical 3´-SS, emphasizing the importance of the recruitment of Prp18 by Prp8 to ensure its 

function.  

The relatively minor alternative splicing phenotype observed with the PRP8 mutations 

compared to the reciprocal mutations in PRP18 is potentially due to the nature of the hydrogen 

bonds between the pertinent residues – this interaction involves the amino acid side chains of 

Prp18p Q181 and N190 and the main chain backbone atoms of Prp8p P1984 and L1988. 

Therefore, the mutation of the involved Prp8p residues to alanine would be expected to have a 

lesser effect on the interaction, as the side chains of P1984 and L1988 are not involved (Fig. 

4.9A).    

   

SLU7 overexpression rescues prp18Δ growth defects, but does not suppress non-

canonical alternative splicing 

 In addition to Prp8, Slu7 is also involved in the recruitment of Prp18p to the spliceosome 

during the second step of splicing: Slu7p interacts physically and genetically with Prp18p and was 

shown to mediate 3´-SS choice (Frank and Guthrie, 1992). Due to their cooperative involvement 

with facilitating the second catalytic step of splicing, we questioned whether an overabundance 

of Slu7p could rescue the defects in growth and 3’-SS selection that are characteristic of the 

prp18Δ mutant. To test this, we introduced either the PRP18 or SLU7 genes into the multicopy 

YEp24 vector and transformed these constructs into the null prp18Δupf1Δ mutant. The 
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overexpression of Prp18p and Slu7p conferred complete and partial rescue, respectively, of the 

characteristic growth defect observed in the prp18Δupf1Δ strain (Fig. 4.10A). The partial growth 

rescue observed with Slu7p overexpression in these conditions is consistent with previous 

observations (Bacíková and Horowitz, 2002) and could potentially be attributed to a partial 

restoration of global splicing efficiency. Indeed, previous studies have shown that while Prp18p-

depleted yeast splicing extracts are normally severely defective for splicing in vitro, the addition 

of excess Slu7p is able to restore splicing activity (Zhang and Schwer, 1997). Surprisingly, the 

overexpression of Slu7p in the prp18Δupf1Δ had no observable effect on either the utilization of 

the alternative 3´-SS or on overall splicing efficiency for NYV1 in vivo (Fig. 4.10B). This result 

suggests that the absence or presence of wild-type Slu7p neither activates nor suppresses, 

respectively, alternative 3´-SS in the same manner as Prp18p, at least for NYV1.  

We also analyzed the splicing of other substrates in these conditions, including the 

ribosomal protein gene RPL22B and the small non-coding intron-containing RNA snR17, the latter 

of which is not subject to translation and would therefore be insensitive to NMD (Maquat, 2004). 

The splicing patterns for these transcripts were similarly unaffected by the overexpression of 

Slu7p (Fig. 4.11). We note that although Slu7p overexpression did not appear to impact the 

splicing of the few transcripts analyzed here, it remains possible that the partial rescue of the 

prp18Δ-mediated growth defect is dependent upon the improved splicing for a subset of pre-

mRNAs that are limiting for growth.  

 

A SLU7 mutant partially phenocopies alternative splicing observed in prp18Δ 

We next asked whether Prp18p requires Slu7p in order to suppress the activation of 

alternative 3’-SS. We first implemented the anchor away technique to deplete either Prp18p or 

Slu7p from the nucleus - this approach removes the target protein from the nucleus by physically 

coupling it to the nuclear export of the highly abundant ribosomal protein Rpl13Ap upon the 
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addition of rapamycin (Haruki et al., 2008). As expected, the nuclear depletion of either Prp18p 

or Slu7p resulted in a clear splicing defect as evidenced by the accumulation of the pre-mRNA 

(Fig. 4.12A). Additionally, the alternative 3´-SS band for NYV1 was barely detectable following 

two hours of depleting Prp18p from the nucleus and was undetectable in the Slu7p anchor away 

within the context of active NMD (Fig 4.12A). However, in the absence of functional NMD, the 

NYV1 alternatively spliced band intensified within 60 minutes of rapamycin addition in the Prp18p 

anchor away strain (Fig. 4.12B, lanes 9 and 10), indicating higher utilization of the alternative 

splice site upon depletion of Prp18p from the nucleus. By contrast, anchor away of Slu7p did not 

activate the alternative 3´-SS for NYV1 within the same time frame (Fig. 4.12B, lanes 11 and 12). 

 In performing the aforementioned nuclear depletion experiments, we recognized the 

possibility that the anchor away targeting Slu7p might also titrate other splicing factors out of the 

nucleus, which might in turn strongly inhibit the overall splicing mechanism. In light of this, we 

analyzed the splicing phenotypes for NYV1 in a panel of temperature-sensitive SLU7 mutant 

strains consisting of slu7-11 (H75R, R243G, D267G), slu7-14 (R173G, W210R, L297Q), and slu7-

EIE (E215A-I216A-E217A), in which cell growth is completely inhibited at the non-permissive 

temperature (Fig. 4.13A) (Aronova et al., 2007). Interestingly, the slu7-EIE allele was the only 

slu7 mutant which exhibited usage of the non-canonical alternative splicing product, which 

appeared to be stronger at 30°C than at the non-permissive temperature of 37°C (Fig. 4.13B, 

lanes 4 and 9). This result is consistent with previous experiments showing that the slu7-EIE 

mutation abolishes the interaction of Slu7p with Prp18p (James et al., 2002). Therefore, it is 

possible that the protein product of slu7-EIE is unable to effectively recruit of Prp18p to the 

spliceosome, and thus partly phenocopies the absence of Prp18p. However, this was also 

surprising given that the prp18-h2 mutation (see above), which likewise disrupts the Prp18p-Slu7p 

interaction, showed an activation of the alternative 3´-SS (Fig. 4.5B). This may suggest that the 

disruptive mutations on Slu7p and Prp18p affect the physical interactions between these two 
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proteins to different extents. We conclude that the recruitment of Prp18p by Slu7 and Prp8 is 

critical to maintaining the fidelity of 3´-SS selection.  

 

Discussion 

In this work, we have analyzed the transcriptome of NMD-compromised yeast strains lacking the 

second step splicing factor Prp18p and found that the absence of this protein results in the 

activation of a highly diverse array of alternative 3´-splice sites, many of them deviating 

significantly from the consensus sequence (Fig. 4.1C). In analyzing various PRP18 mutants and 

rescue strains, we found that alternative 3´-SS selection can be genetically separated from the 

growth defect exhibited by strains lacking Prp18p. Notably, while certain second step splicing 

factor mutants analyzed in this study did not reflect the splicing fidelity defect displayed by prp18Δ, 

we identified specific mutations in Slu7p and Prp22p that activate non-canonical splicing in the 

endogenous NYV1 reporter transcript, albeit to a lesser extent than the prp18Δ null mutant.  

In the case of Slu7p, we tentatively attribute the activation of the alternative 3´-SS for 

NYV1 in the slu7-EIE mutant (Fig. 4.13B) to the inability of this mutant to recruit Prp18p to the 

spliceosome, consistent with the observed order of assembly of Prp18p and Slu7p onto the 

spliceosome (James et al., 2002). However, the prp18-h2 mutant, which is unable to bind Slu7p 

and therefore presumably also cannot be recruited to the spliceosome, does not show the same 

3´-SS phenotype (Fig. 4.5B). It is possible that the prp18-h2 mutant protein can still bind the 

spliceosome independently of Slu7p, perhaps with reduced affinity. Moreover, we have shown 

that although the overexpression of Slu7p partially rescues to the growth defect of the prp18Δ 

mutant, it fails to suppress non-canonical alternative splicing in that mutant, at least for the NYV1 

transcript (Fig. 4.10). This indicates that in addition to a general cooperative role in facilitating the 

second step of splicing, Prp18p and Slu7p may also exhibit unique functions in promoting splicing 

fidelity for different sets of RNA transcripts, some of which may be limiting for growth.  
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A role for Prp22p in proofreading exon ligation was previously reported (Mayas et al., 

2006). Interestingly, a recent study implementing reporter splicing substrates harboring 

competing 3´-SS demonstrated that wild-type Prp22p enables the spliceosome to select an 

upstream alternative 3´-SS for exon ligation and that the ATPase activity of Prp22p is required to 

enable the spliceosome to recognize the downstream 3´-SS (Semlow et al., 2016). Our results 

further show that that upstream alternative 3´-SS of endogenous transcripts can be utilized in 

strains that express the cold-sensitive prp22-G810A mutant, even at permissive temperatures 

and in the presence of wild-type Prp18p (Fig. 4.7 and 4.8). Collectively, these findings support 

the viewpoint that, at least for a subset of transcripts, alternative splicing occurs constitutively at 

a basal level and that the suppression of alternative splicing or of alternatively spliced transcripts 

is the joint responsibility of multiple factors, including Prp18p and Prp22p.     

 Our transcriptome-wide analysis of alternative splicing events in PRP18 mutant yeast 

revealed two intriguing properties that appear to apply to the vast majority of the activated 

alternative 3´-SS. First, these alternative sites are located proximal to their respective predicted 

branchpoint sequences relative to the annotated 3´-SS (Fig. 4.2A). While the molecular basis for 

this has yet to be determined, our findings are consistent with previous in vitro experiments 

showing that splicing extracts depleted of Prp18p are defective at splicing transcripts whose 3´-

SS are positioned >12 nt downstream of the branchpoint, and that splicing efficiency can be 

restored by shortening the branchpoint-3´-SS interval to 7 nt (Zhang and Schwer, 1997). Notably, 

similar observations have also been recorded for mutants in the step 2 splicing factors SLU7 and 

PRP22, both of are dispensable for splicing when the 3´-SS is sufficiently close to the branchpoint 

(Frank and Guthrie, 1992; Schwer and Gross, 1998). Thus, in addition to facilitating the docking 

of the 3´-splice site into the spliceosomal active site (Ohrt et al., 2013), it is possible that Prp18p 

also modulates the flexibility of the spliceosome with respect to splice site choice, perhaps by 
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guiding the spliceosome to the correct site, or alternatively by passively preventing the utilization 

of incorrect sites. 

A second notable observation from our analysis is that alternative splice sites do not 

appear equally across all ICGs. Illustrating this point, RPGs are over-represented among all ICGs, 

but are under-represented among ICGs that experience the highest frequencies of alternative 

splicing (Fig. 4.2B). This suggests that alternative splicing in the prp18Δ mutants is likely not the 

result of aberrant spliceosome errors, but rather is governed by specific characteristics inherent 

to either the mutant spliceosome or the RNA transcripts themselves. Because splicing signals 

presumably evolved within the context of fully functional spliceosomes, it is unlikely that the 

alternative splice sites identified in this study serve any regulatory purpose, as they are only 

appreciably activated in the absence of Prp18p. One possibility is that the pseudo-exonic 

nucleotide sequences immediately adjacent to the activated alternative 3´-SS may contribute 

toward determining the utilization of their respective sites, as this has been demonstrated in 

reporter transcripts even for wild-type spliceosomes (Crotti and Horowitz, 2009). Surprisingly, our 

global analysis of 3´-SS-proximal exonic sequences did not reveal any obvious trends in this 

regard (Fig. 4.1D), although there does appear to be a minor enrichment for adenine nucleotides 

at the +1 and +2 positions. Additionally, it is possible that the impact of these exonic nucleotides 

on potential alternative 3´-SS selection may vary with distance from the branchpoint. Additional 

analyses in which the 3´-SS sequences are binned by branchpoint distance may reveal how the 

interplay of these two properties influences splice site selection.  

Validation of the AC alternative 3´-SS detected by our informatics analysis will be a 

significant objective, especially because this sequence typically manifests in AT-AC introns in 

higher eukaryotes that possess the minor spliceosome machinery necessary to process them 

(Wu and Krainer, 1999). Notably, one case of an endogenous AT-AC intron embedded within the 

annotated intron of RPL30 was recently reported in yeast (Gould et al., 2016). However, our 
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analysis suggests that in contrast to these AT-AC introns, the introns harboring AC alternative 3´-

SS that are activated in the absence of Prp18p utilize the annotated 5’-splice sites. Further studies 

will be required to ascertain the accuracy of this prediction.   

 Finally, it is important to recognize that our study was restricted to the analysis of splicing 

of annotated introns. A substantial number of novel introns been recently identified (Schreiber et 

al., 2015; Volanakis et al., 2013), and it is likely that annotated yeast intronome will continue to 

expand as additional introns are discovered. We realize the possibility that Prp18p may also play 

a role in governing the splicing of these newly discovered introns as well, either in the general 

sense by promoting the second step of splicing, or more specifically by suppressing alternative 

splicing. Continuing studies should provide additional clues as to the extent to which Prp18p and 

other splicing factors influence the processing of these unannotated introns.    

 

Materials and Methods 

Yeast strain construction, Northern blot analysis, RT-PCR analysis, molecular cloning, restriction 

enzyme-based plasmid construction and site-directed mutagenesis, and spot dilution assays 

were performed as previously described (Gabunilas and Chanfreau, 2016; Roy and Chanfreau, 

2014; Roy et al., 2016). Construction of the PRP18/pUG35 and PRP18/Ep24 base plasmids was 

accomplished using Gibson assembly (Gibson et al., 2009) (New England Biolabs #E2611). 

Unless otherwise indicated in the figure legends, all strains were derived from the BY4741 

background. The PRP8 genomic mutations were introduced using the CRISPR-Cas system as 

previously described (Gillespie et al., 2017). The SLU7 and PRP22 mutant strains and plasmids 

were generously provided by Beate Schwer (Cornell U.) and Jonathan Staley (U. Chicago), 

respectively.  

 

Yeast Cell Culturing 
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Yeast strains without plasmids were grown in either YPD (1% w/v yeast extract, 2% w/v peptone, 

and 2% w/v dextrose) or synthetic complete media (SDC: 0.67% w/v yeast nitrogen base, 2% w/v 

dextrose, and 0.2% w/v powdered amino acid mixture) to exponential phase growth as previously 

described (Gabunilas and Chanfreau, 2016). For strains transformed with pUG35, YEp24 or their 

derivatives, -URA synthetic dropout media was used. For strains transformed with pRS315 or its 

derivatives, -LEU synthetic dropout media was used. All other growth conditions are as indicated 

in the figure captions. For steady-state analysis experiments, cell cultures were grown to 

exponential phase until an OD600 of ~0.4 – 0.6 was attained and then harvested and flash-frozen 

in liquid nitrogen as previously described (Gabunilas and Chanfreau, 2016; Roy and Chanfreau, 

2014). For heat-sensitive mutant strains, cell cultures were first grown to exponential phase at 

25°C, a portion harvested, and the remaining culture shifted to 37° and incubated at that 

temperature for 1 hour. For cold-sensitive mutant strains, cell cultures were first grown to 

exponential phase at 30°C, a portion harvested, and the remaining culture split and shifted to 

16°C or 25°C and incubated at those temperatures for 2 hours. Anchor away experiments were 

performed as previously described (Roy et al., 2016).  

 

Read mapping and splice junction identification 

Samples from wild-type cells, and cells lacking either UPF1, PRP18, or both were 

purified by standard phenol-chloroform extraction.  Fragmented libraries were prepared by the 

Illumina TruSeq stranded mRNA library prep kit.  Sample quantification, sequencing and 

demultiplexing were performed by Macrogen/Axeq (South Korea).  Reads were trimmed at the 

3´ends for low quality base calls and TruSeq adapters using bbduk (Bushnell, 2014) (with 

settings ktrim=r k=23 mink=11 hdist=1 tpe tbo), and mapped to the R64-2-1 version of the S. 

cerevisiae genome (downloaded from the Saccharomyces Genome Database (SGD)) using 

STAR(Dobin et al., 2013) (with splice junction settings --outSJfilterDistToOtherSJmin 0 0 0 0 --
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outSJfilterOverhangMin 6 6 6 6 --outSJfilterCountUniqueMin 1 1 1 1  --outSJfilterCountTotalMin 

1 1 1 1 --chimSegmentMin 20).  The outSJfilterOverhangMin flag requires that splice junctions 

be supported with at least 6 base pairs for each split portion of the read. The splice junction 

annotations from SGD were converted from the GFF to GTF format, and STAR was run in the 

2-pass mode, where in the first pass reads were aligned using the annotated splice junctions.  

All of the junctions obtained from each sample were combined and then STAR was run again 

using these junctions as the “annotated” junctions.  

 

Alternative splice site analysis and branchpoint identification 

The splice junctions reported by STAR were first divided into 4 categories: junctions 

identical to the annotated junctions from SGD, unannotated junctions not overlapping known 

introns, junctions in genes with known introns and utilizing an alternative 5´ splice site (5´SS), 

and junctions in genes with known introns and utilizing an alternative 3´ splice site (3´SS).  To 

avoid inclusion of low confidence junctions, a minimum intron size of 15 bp and a maximum 

intron size of 2000 bp were used. Each junction was first analyzed for the sequence 

immediately downstream of the 5´ and 3´ splice sites, as well as immediately upstream.  If the 

sequence was identical, the junction was assigned as ambiguous, and the adjusted junction 

with the 5´SS signal most closely matching the consensus GTATGT was used. Mismatches in 

the TATGT were penalized with a score of 1 each and a mismatch in the conserved G was 

penalized with a score of 2.  The 3 nucleotides immediately upstream of the adjusted 3´ splice 

site were taken as the 3´SS signal, and categorized as NAG, non-NAG, or non-NNG. 

For each 3´splice site, the intronic sequence was computationally searched for the 

sequence most closely matching the branchpoint consensus TACTAAC, with each mismatch 

penalized by a score of 1, and an additional score of 2 given if the conserved TAAC was not 

present.  The sequence with the lowest mismatch score was assigned as the most likely 
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branchpoint, and ties were broken by taking the branchpoint with the shortest distance to the 

3´SS.  The distribution of distances between the 3´SS and the branchpoint for each category 

NAG, non-NAG, or non-NNG was plotted using Python 2.7 and the pyplot module from 

matplotlib.  All bioinformatics figures were prepared using Adobe Illustrator CS5.  Sequence 

logos were generated using WebLogo 3.5.0 (Crooks et al., 2004). 

 

Figure Legends 

Figure 4.1. RNA-seq reveals the activation of alternative 3´-splice sites in the absence of 

Prp18p. A. Table of read properties from RNA-seq run. B. Histogram displaying the number of 

reads mapping to splice junctions that utilize any alternative 3´-splice sites (upper panel) and non-

AG alternative 3´-splice sites (lower panel). Splice junction reads were normalized to the total 

number of reads within each strain and to total reads in WT. C. Stacked bar graph showing the 

frequency of non-AG 3´-splice site junctions by individual sequence. D. Sequence logo analyses 

of all alternative 3´-SS and non-AG alternative 3´-SS detected by RNA-seq as well as the adjacent 

nucleotide sequences, weighted by the number of junctions reads.  

 

Figure 4.2. Alternative 3´-SS activated in PRP18 mutants are branch point proximal and are 

activated independently of transcript expression levels. A. Histogram displaying the 

probability density for splicing at non-AG splice sites as a function of the distance from the branch 

point in the upf1Δ and upf1Δprp18Δ strains. The superimposed dashed lines indicate the median 

distances of annotated and non-AG 3´-splice sites from the branchpoint, weighted by the 

normalized read counts. B. Comparison of the non-AG alternative 3´-splicing events identified 

within intron-containing RPGs and non-RPGs.  
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Figure 4.3. Validation of non-canonical, branch point proximal alternative 3´-splice sites 

for intron-containing transcripts in strains lacking Prp18p. A.  Schematic diagrams of the 

NYV1 and RAD14 transcripts illustrating the splicing events that occur for each transcript. Both 

transcripts are spliced at the annotated (S) and alternative (*AS 3´) 3´-splice sites. RAD14 is also 

spliced at two additional alternative 3´-splice sites, labeled as x and y. The *AS-3´ product for 

NYV1 was confirmed by RT-PCR, cloning, and sequencing. Alternative splicing products for 

RAD14 could not be sequenced due to the close spacing of the bands (see B below), but were 

deduced by electrophoresis gel migration pattern and locations of the –AG dinucleotides 

presumed to be used as splicing sequences. Numeric values indicate the number of nucleotides 

in the coding sequences of the exons and do not include untranslated regions. Diagrams are not 

to scale. B. RT-PCR analysis of NYV1 and RAD14 splicing in wild-type and spliceosome mutant 

strains. Band labels indicate unspliced (US) and spliced products as depicted in the diagrams in 

A. The asterisk in the NYV1 panel denotes an unidentified NMD-sensitive splice product.    

 

Figure 4.4. Suppression of non-canonical alternative 3´-splice sites in PHO85, MAF1, and 

BET4 by Prp18p. A. Schematic diagrams of the PHO85, MAF1, and BET4 transcripts illustrating 

the annotated (S) and alternative (*3´-AS) splicing events that occur for each transcript. The 

alternative 3´-splicing events were unambiguously confirmed by RT-PCR, cloning, and 

sequencing. Numeric values indicate the number of nucleotides in the coding sequences of the 

exons and do not include untranslated regions. Diagrams are not to scale. B. RT-PCR analysis 

of PHO85 splicing in wild-type, NMD, and prp18 mutant strains. Band labels indicate the unspliced 

(US) and spliced products as depicted in the diagrams in A. C. RT-PCR analysis of MAF1 (upper 

panel) and BET4 (lower panel) splicing in wild-type, NMD, and prp18 mutant strains. Band labels 

are similar to panel B. The asterisk in the BET4 panel denotes an unidentified splice product. 
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Figure 4.5. Mutations within various regions of Prp18p differentially impact alternative 

splicing. A. Growth of wild-type and prp18Δupf1Δ strains complemented with various PRP18 

plasmids: empty pUG35 (vector) or plasmids expressing wild-type PRP18, a helix 2 mutant 

(prp18-h2), a helix 5 mutant (prp18-h5), or a mutant in which the conserved loop is completely 

deleted (prp18-ΔCRt). Strains were grown to exponential phase in –URA media, serially diluted 

in 3-fold spot dilutions onto –URA plates, and incubated at 30°C for the indicated lengths of time. 

B. RT-PCR analysis of NYV1 splicing in the strains indicated in panel A. Band labels indicate 

unspliced (US), alternatively-spliced (*AS 3´), and spliced (S) transcripts. The asterisk denotes 

an unidentified NMD-sensitive splice product. 

 

Figure 4.6. Heat-sensitive prp22 and cold-sensitive prp43 mutants do not activate 

alternative 3’-SS. A. RT-PCR analysis of NYV1 splicing in wild-type, prp18Δ, or heat-sensitive 

prp22 mutant strains in NMD-positive or mutant backgrounds. All strains were grown to 

exponential phase in SDC media at 25°C and then shifted to 37°C for 1 hour. Band labels for 

NYV1 indicate unspliced (US), alternative-spliced (*AS 3´), and spliced (S) transcripts. The 

asterisk denotes an unidentified NMD-sensitive splice product. B. RT-PCR analysis of NYV1 

splicing in upf1Δ NMD-deficient strains. Shown are wild-type, prp18Δ, prp43 null mutant strains 

carrying pRS315 plasmids expressing wild-type PRP43, prp43-Q423E, or prp22-Q423N alleles. 

The wild-type and prp18Δ strains (lanes 1-2 and 6-7) were grown to exponential phase in SDC 

media while the strains carrying pRS315 plasmids (lanes 3-5 and 8-10) were grown in -LEU 

media. Bands are labeled similarly to panel A. 

 

Figure 4.7. Alternative splicing in 3′-SS fidelity mutants of PRP8 and PRP22. A. Analysis of 

NYV1 splicing in WT, prp18Δ, or PRP8 point mutant strains in either NMD-positive or mutant 

backgrounds. Band labels for NYV1 indicate unspliced (US), alternative-spliced (*AS 3´), and 
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spliced (S) transcripts. The asterisk denotes an unidentified NMD-sensitive splice product. B. RT-

PCR analysis of NYV1 (left panel) and RAD14 (right panel) splicing in upf1Δ NMD-deficient 

strains. Shown are wild-type, prp18Δ, prp22 null mutant strains carrying pRS315 plasmids 

expressing wild-type PRP22, prp22-R805A, or prp22-G810A alleles. The wild-type and prp18Δ 

strains (lanes 1-2) were grown to exponential phase in SDC media while the strains carrying 

pRS315 plasmids (lanes 3-5) were grown in -LEU media. Bands are labeled similarly to panel A 

above. Band labels for RAD14 indicate unspliced (US), alternative-spliced (*AS 3´), and spliced 

(S) transcripts as well as two additional alternative 3´-spliced products labeled as x and y. 

 

Figure 4.8. A shift to cold temperatures does not trigger non-canonical alternative splicing 

in cold-sensitive PRP22 mutants. A. Spot dilution growth assay showing prp22Δ null mutant 

yeast in either a wild-type or upf1Δ NMD mutant background carrying pRS315 plasmids 

expressing either wild-type PRP22, prp22-R805A, or prp22-G810A alleles. Strains were grown to 

exponential phase in –LEU media then serially diluted in 3-fold spot dilutions onto –LEU plates 

and incubated at the indicated temperatures for 3 days. B. RT-PCR analysis of NYV1 splicing in 

upf1Δ NMD-deficient strains. Shown are wild-type, prp18Δ, prp22 null mutant strains carrying 

pRS315 plasmids expressing wild-type PRP22, prp22-R805A, or prp22-G810A alleles. The wild-

type and prp18Δ strains (lanes 1-2, 6-7, 11-12) were grown to exponential phase in SDC media 

while the strains carrying pRS315 plasmids (lanes 3-5, 8-10, 13-15) were grown in -LEU media 

at 30°C and then shifted to either 25°C or 16°C for 2 hours. Band labels for NYV1 indicate 

unspliced (US), alternative-spliced (*AS 3´), and spliced (S) transcripts. The asterisk denotes an 

unidentified NMD-sensitive splice product.  

 

Figure 4.9. Mutating the interface between Prp18p and Prp8p activates alternative 3′-SS 

selection. A. Pymol view of the yeast catalytically active spliceosome showing interactions 
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between residues P-1984 and L-1988 of Prp8p and residues Q-181 and N-190 of Prp18p. 

Structure image adapted from (Yan et al., 2016). B. RT-PCR analysis of NYV1 splicing in wild-

type, prp18Δ, or PRP8 point mutant strains in NMD-positive or deficient backgrounds. Band labels 

for NYV1 indicate unspliced (US), alternative-spliced (*AS 3´), and spliced (S) transcripts. The 

asterisk denotes an unidentified NMD-sensitive splice product. C. Spot dilution growth assay 

showing the wild-type strain with an empty pUG35 vector or prp18Δupf1Δ strains complemented 

with empty pUG35 or pUG35 vectors expressing wild-type or mutant PRP18 alleles. Strains were 

grown to exponential phase in –URA media, serially diluted in 3-fold spot dilutions onto –URA 

plates and incubated at 30°C for 4 days. D.  RT-PCR analysis of NYV1 splicing in the strains 

shown in panel C. Bands are labeled similarly to panel B. 

 

Figure 4.10. Overexpression of Slu7p partially rescues growth defect of prp18Δ but does 

not suppress non-canonical alternative splicing for NYV1. A. Spot dilution assay for WT strain 

with empty multicopy YEp24 plasmid and prp18Δupf1Δ strains carrying empty YEp24 or YEp24 

expressing the wild-type PRP18 or SLU7 alleles. Strains were grown to exponential phase in –

URA media, serially diluted in 3-fold spot dilutions onto –URA plates, and incubated at 30°C for 3 

days. B. RT-PCR analysis of NYV1 splicing in WT, upf1Δ, prp18Δ, or upf1Δprp18Δ strains 

carrying an empty multicopy YEp24 plasmid or YEp24 expressing wild-type SLU7. Band labels 

for NYV1 indicate unspliced (US), alternative-spliced (*AS 3´), and spliced (S) transcripts. The 

asterisk denotes an unidentified NMD-sensitive splice product.  

 

Figure 4.11. Splicing analysis for RPL22B and snR17 in strains overexpressing SLU7. A. 

RT-PCR analysis of RPL22B in WT, upf1Δ, prp18Δ, or upf1Δprp18Δ strains carrying an empty 

multicopy YEp24 plasmid or YEp24 expressing SLU7. Band labels for NYV1 indicate unspliced 

(US), alternative-spliced (*AS 3´), and spliced (S) transcripts. The asterisk denotes an unidentified 
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NMD-sensitive splice product. Band labels for RPL22B indicate unspliced (US), alternative 5’-

spliced (*AS 5’), and spliced (S) transcripts. B. RT-PCR analysis of snR17A and snR17B 

unspliced (US) and spliced (S) transcripts in wild-type and prp18Δ strains with empty YEp24 or 

YEp24 expressing SLU7. PRP5-FRB and PRP28-FRB samples in which Prp5p and Prp28p were 

depleted from the nucleus by the anchor away technique were used as splicing-deficient negative 

controls, with cDNA generated by either a gene-specific RT primer or a random hexamer.  

 

Figure 4.12. Nuclear depletion of Prp18p, but not Slu7p, activates the alternative 3-splice 

site in NYV1. A. RT-PCR analysis of NYV1 splicing in strains containing the FRB tag on Prp18p 

or Slu7p to enable nuclear depletion upon addition of rapamycin. Cells were grown in YPD media 

to exponential phase, after which rapamycin was added to a final concentration of 1 µg/ml and 

cells were grown for an additional 120 mins. Band labels indicate unspliced (US), alternatively-

spliced (*AS 3´), and spliced (S) transcripts. B. RT-PCR analysis of NYV1 in Prp18p and Slu7p 

anchor away strains as in panel A, but with the inclusion of upf1Δ NMD mutants a control strain 

lacking an FRB tag and a shift time of 60 minutes. Bands are labeled similarly to panel A. The 

asterisk denotes an unidentified NMD-sensitive splice product. 

 

Figure 4.13. A slu7 mutation that disrupts Prp18p-Slu7p interaction partially activates the 

NYV1 alternative 3´-splice site. A. Spot dilution assay for slu7Δ null mutant strains rescued with 

plasmids expressing wild-type and mutant SLU7 alleles. Strains were grown to exponential phase 

in –TRP media, serially diluted in 3-fold spot dilutions onto –TRP plates, and incubated at 30 and 

37°C for 2 days. B. RT-PCR analysis of NYV1 splicing in upf1Δ mutant strains carrying the 

plasmid-based SLU7 alleles described in panel A as well as the prp18Δ null mutant. Strains 

carrying the SLU7 alleles (lanes 1-4, 6-9) were grown in –TRP media to exponential phase at 

30°C and then shifted to 37°C for 1 hour. The prp18Δupf1Δ strain (lanes 5 and 10) was grown in 
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SDC media and treated similarly. Band labels indicate unspliced (US), alternatively-spliced (*AS 

3´), and spliced (S) transcripts. The asterisk denotes an unidentified NMD-sensitive splice 

product. 
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152 
 

Figure 4.7 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



153 
 

Figure 4.8 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



154 
 

Figure 4.9 
 
 

 



155 
 

Figure 4.10 
 
 

 
 
 



156 
 

Figure 4.11 
 
 

 



157 
 

Figure 4.12 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



158 
 

Figure 4.13 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



159 
 

References 
 

Ares, M., Grate, L., and Pauling, M.H. (1999). A handful of intron-containing genes produces the 
lion’s share of yeast mRNA. RNA 5, 1138–1139. 

Aronova, A., Dagmar, B., Crotti, L.B., Horowitz, D.S., and Schwer, B. (2007). Functional 
interactions between Prp8, Prp18, Slu7, and U5snRNA during the second step of pre-mRNA 
splicing. RNA 13, 1437–1444. 

Bacíková, D., and Horowitz, D.S. (2002). Mutational analysis identifies two separable roles of 
the Saccharomyces cerevisiae splicing factor Prp18. RNA 8, 1280–1293. 

Bacíková, D., and Horowitz, D.S. (2005). Genetic and Functional Interaction of Evolutionarily 
Conserved Regions of the Prp18 Protein and the U5 snRNA. Mol Cell Biol 25, 2107–2116. 

Bushnell, B. (2014). BBMap: A Fast, Accurate, Splice-Aware Aligner. 

Crooks, G.E., Hon, G., Chandonia, J.-M., and Brenner, S.E. (2004). WebLogo: A Sequence 
Logo Generator. Genome Res. 14, 1188–1190. 

Crotti, L.B., and Horowitz, D.S. (2009). Exon sequences at the splice junctions affect splicing 
fidelity and alternative splicing. PNAS 106, 18954–18959. 

Crotti, L.B., Bačíková, D., and Horowitz, D.S. (2007). The Prp18 protein stabilizes the interaction 
of both exons with the U5 snRNA during the second step of pre-mRNA splicing. Genes Dev. 21, 
1204–1216. 

Dicarlo, J.E., Norville, J.E., Mali, P., Rios, X., Aach, J., and Church, G.M. (2013). Genome 
engineering in Saccharomyces cerevisiae using CRISPR-Cas systems. Nucleic Acids Res. 41, 
4336–4343. 

Dobin, A., Davis, C.A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., Batut, P., Chaisson, 
M., and Gingeras, T.R. (2013). STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 
15–21. 

Fica, S.M., Oubridge, C., Galej, W.P., Wilkinson, M.E., Bai, X.-C., Newman, A.J., and Nagai, K. 
(2017). Structure of a spliceosome remodelled for exon ligation. Nature 542, 377–380. 

Fourmann, J.B., Tauchert, M.J., Ficner, R., Fabrizio, P., and Lührmann, R. (2017). Regulation of 
Prp43-mediated disassembly of spliceosomes by its cofactors Ntr1 and Ntr2. Nucleic Acids Res. 
45, 4068–4080. 

Frank, D., and Guthrie, C. (1992). An essential splicing factor, SLU7, mediates 3’ splice site 
choice in yeast. Genes Dev. 6, 2112–2124. 

Gabunilas, J., and Chanfreau, G. (2016). Splicing-Mediated Autoregulation Modulates Rpl22p 
Expression in Saccharomyces cerevisiae. PLoS Genet. 12. 

Gautam, A., Grainger, R.J., Vilardell, J., Barrass, J.D., and Beggs, J.D. (2015). Cwc21p 
promotes the second step conformation of the spliceosome and modulates 3′ splice site 
selection. Nucleic Acids Res. 43, 3309–3317. 

Gibson, D.G., Young, L., Chuang, R.-Y., Venter, J.C., Hutchison, C.A., and Smith, H.O. (2009). 
Enzymatic assembly of DNA molecules up to several hundred kilobases. Nat. Methods 6, 343–
345. 



160 
 

Gillespie, A., Gabunilas, J., Jen, J.C., and Chanfreau, G.F. (2017). Mutations of 
EXOSC3/Rrp40p associated with neurological diseases impact ribosomal RNA processing 
functions of the exosome in S. cerevisiae. RNA 23, 466–472. 

Gould, G.M., Paggi, J.M., Guo, Y., Phizicky, D. V., Zinshteyn, B., Wang, E.T., Gilbert, W. V., 
Gifford, D.K., and Burge, C.B. (2016). Identification of new branch points and unconventional 
introns in Saccharomyces cerevisiae. RNA 22, 1522–1534. 

Grainger, R.J. (2005). Prp8 protein: At the heart of the spliceosome. RNA 11, 533–557. 

Haruki, H., Nishikawa, J., and Laemmli, U.K. (2008). The Anchor-Away Technique: Rapid, 
Conditional Establishment of Yeast Mutant Phenotypes. Mol. Cell 31, 925–932. 

Horowitz, D.S. (2012). The mechanism of the second step of pre-mRNA splicing. Wiley 
Interdiscip. Rev. RNA 3, 331–350. 

Horowitz, D.S., and Abelson, J. (1993). A U5 Small Nuclear Ribonucleoprotein Particle Protein 
Involved Only in the 2nd Step of Pre-Messenger RNA Splicing in Saccharomyces-Cerevisiae. 
Mol Cell Biol 13, 2959–2970. 

James, S.A., Turner, W., and Schwer, B. (2002). How Slu7 and Prp18 cooperate in the second 
step of yeast pre-mRNA splicing. RNA 8, 1068–1077. 

Jiang, J., Horowitz, D.S., and Xu, R.M. (2000). Crystal structure of the functional domain of the 
splicing factor Prp18. PNAS 97, 3022–3027. 

Kawashima, T., Douglass, S., Gabunilas, J., Pellegrini, M., and Chanfreau, G.F. (2014). 
Widespread Use of Non-productive Alternative Splice Sites in Saccharomyces cerevisiae. PLoS 
Genet. 10. 

Kupfer, D.M., Drabenstot, S.D., Buchanan, K.L., Lai, H., Zhu, H., Dyer, D.W., Roe, B.A., and 
Murphy, J.W. (2004). Introns and splicing elements of five diverse fungi. Eukaryot. Cell 3, 1088–
1100. 

Ma, P., and Xia, X. (2011). Factors affecting splicing strength of yeast genes. Comp. Funct. 
Genomics 2011. 

Maquat, L.E. (2004). Nonsense-Mediated mRNA Decay: Splicing, Translation And mRNP 
Dynamics. Nat. Rev. Mol. Cell Biol. 5, 89–99. 

Mayas, R.M., Maita, H., and Staley, J.P. (2006). Exon ligation is proofread by the DExD/H-box 
ATPase Prp22p. Nat. Struct. Mol. Biol. 13, 482–490. 

Mayas, R.M., Maita, H., Semlow, D.R., and Staley, J.P. (2010). Spliceosome discards 
intermediates via the DEAH box ATPase Prp43p. PNAS 107, 10020–10025. 

O’Keefe, R.T., and Newman, A.J. (1998). Functional analysis of the U5 snRNA loop 1 in the 
second catalytic step of yeast pre-mRNA splicing. EMBO J. 17, 565–574. 

Ohrt, T., Odenwälder, P., Dannenberg, J., Prior, M., Warkocki, Z., Schmitzová, J., Karaduman, 
R., Gregor, I., Enderlein, J., Fabrizio, P., et al. (2013). Molecular dissection of step 2 catalysis of 
yeast pre-mRNA splicing investigated in a purified system. RNA 19, 902–915. 

Parker, R., and Siliciano, P.G. (1993). Evidence for an Essential Non-Watson-Crick Interaction 
Between the 1st and Last Nucleotides of a Nuclear Pre-Messenger RNA Intron. Nature 361, 
660–662. 



161 
 

Roy, K., and Chanfreau, G. (2014). Stress-Induced Nuclear RNA Degradation Pathways 
Regulate Yeast Bromodomain Factor 2 to Promote Cell Survival. PLoS Genet. 10. 

Roy, K., Gabunilas, J., Gillespie, A., Ngo, D., and Chanfreau, G.F. (2016). Common genomic 
elements promote transcriptional and DNA replication roadblocks. Genome Res. 26, 1363–
1375. 

Sapra, A.K., Arava, Y., Khandelia, P., and Vijayraghavan, U. (2004). Genome-wide analysis of 
Pre-mRNA splicing: Intron features govern the requirement for the second-step factor, Prp17 in 
Saccharomyces cerevisiae and Schizosaccharomyces pombe. J. Biol. Chem. 279, 52437–
52446. 

Schreiber, K., Csaba, G., Haslbeck, M., and Zimmer, R. (2015). Alternative Splicing in Next 
Generation Sequencing Data of Saccharomyces cerevisiae. PLoS One 10. 

Schwer, B., and Gross, C.H. (1998). Prp22, a DExH-box RNA helicase, plays two distinct roles 
in yeast pre-mRNA splicing. EMBO J. 17, 2086–2094. 

Schwer, B., and Guthrie, C. (1992). A conformational rearrangement in the spliceosome is 
dependent on PRP16 and ATP hydrolysis. EMBO J. 11, 5033–5039. 

Schwer, B., and Meszaros, T. (2000). RNA helicase dynamics in pre-mRNA splicing. EMBO J. 
19, 6582–6591. 

Semlow, D.R., Blanco, M.R., Walter, N.G., and Staley, J.P. (2016). Spliceosomal DEAH-Box 
ATPases Remodel Pre-mRNA to Activate Alternative Splice Sites. Cell 164, 985–998. 

Tsai, R.T., Fu, R.H., Yeh, F.L., Tseng, C.K., Lin, Y.C., Huang, Y.H., and Cheng, S.C. (2005). 
Spliceosome disassembly catalyzed by Prp43 and its associated components Ntr1 and Ntr2. 
Genes Dev. 19, 2991–3003. 

Umen, J.G., and Guthrie, C. (1996). Mutagenesis of the yeast gene PRP8 reveals domains 
governing the specificity and fidelity of 3??? splice site selection. Genetics 143, 723–739. 

Volanakis, A., Passoni, M., Hector, R.D., Shah, S., Kilchert, C., Granneman, S., and Vasiljeva, 
L. (2013). Spliceosome-mediated decay (SMD) regulates expression of nonintronic genes in 
budding yeast. Genes Dev. 27, 2025–2038. 

Wu, Q., and Krainer, A.R. (1999). AT-AC pre-mRNA splicing mechanisms and conservation of 
minor introns in voltage-gated ion channel genes. Mol Cell Biol 19, 3225–3236. 

Yan, C., Wan, R., Bai, R., Huang, G., and Shi, Y. (2016). Structure of a yeast step II catalytically 
activated spliceosome. Science (80-. ). 355, 149–155. 

Zhang, X., and Schwer, B. (1997). Functional and physical interaction between the yeast 
splicing factors Slu7 and Prp18. Nucleic Acids Res. 25, 2146–2152. 

 
 




