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CHAPTER I 

Introduction 

 A simplistic view of the central dogma of biology states that DNA is transcribed 

into RNA, which is then translated into protein (Fig. 1-1A). Some RNA molecules called 

precursor messenger RNAs (pre-mRNAs) need to be processed to a mature messenger 

RNA (mRNA) in order to be translated into protein. Pre-mRNAs are composed of both 

exons and introns. Exons are nucleotide sequences in a gene that remain after a pre-

mRNA has been processed to mRNA. Introns are nucleotide sequences in a gene that are 

removed through a process called RNA splicing. Pre-mRNA processing via the splicing 

reaction is essential in eukaryotic organisms and although it has been extensively studied, 

there are still many unanswered questions regarding the molecular mechanisms of pre-

mRNA splicing.  

Pre-mRNA Biology 

Pre-mRNA transcripts are produced from a DNA template using an RNA 

polymerase and are modified before being translated into a protein. In order for pre-

mRNAs to be processed they contain specific RNA sequences defining both the exons 

and introns within an RNA transcript (Fig. 1-1B). Generally speaking, the 5′ exon is 

defined by specific nucleotide(s) at the 5′ splice site (SS) while another set of 

nucleotide(s) defines the 3′ end of the intron at the 3′SS. Some types of pre-mRNAs also 

have an adenosine located in the intron known as the branchpoint (BP). Pre-mRNA 

molecules in eukaryotic organisms are not only spliced but are also modified co- 
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Figure 1-1.  Central Dogma and pre-mRNA Biology  (A) Simiplified view of the 
central dogma of biology.  The yellow circle highlights the RNA step where pre-mRNA 
to mRNA processing (RNA splicing) occurs. The red arrow highlights the RNA splicing 
step.  (B) General features of pre-mRNAs involed in RNA splicing. In the pre-mRNA the 
5’ and 3’ exons (shown in boxes) are separated by an intron (solid line).  The general 
location of the 5’ and 3’SS (splice site) as well as the BP (branchpoint) are marked. After 
RNA processing a mRNA is produced consisting of exons. 
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transcriptionally at their 5′ and 3′ ends (Bentley 2002). The 5′ end of the pre-mRNA is 

capped with a 7-methylguanosine (m7G) nucleotide, protecting the RNA from 

degradation and initiating translation by the ribosome (Shatkin 1976). The 3′ end of a 

pre-mRNA is polyadenylated which stabilizes the transcript, and is important for pre-

mRNA export and translation (Sarkar 1997). 

 In humans, pre-mRNA processing plays an essential role in cell biology. Humans 

have ~20,000 protein coding genes in their DNA which can to be transcribed to over 

90,000 different proteins (Lander, Linton et al. 2001, Venter, Adams et al. 2001, 

Consortium 2004, Valdivia 2007). Higher eukaryotes utilize a form of splicing called 

alternative splicing which allows for a pre-mRNA to be processed differently in various 

cell types or under diverse cellular conditions (Roy, Haupt et al. 2013). Alternative 

splicing allows for one pre-mRNA transcript to generate a variety of protein molecules 

which can have distinct functions within an organism (Roy, Haupt et al. 2013). Mutations 

in pre-mRNAs can change SS selection resulting in proteins that have altered function, 

potentially giving rise to diseases such as inherited disorders and several types of cancers 

(Faustino and Cooper 2003, Ward and Cooper 2009, Bonomi, Gallo et al. 2013, Jhanwar 

2014). Understanding how pre-mRNAs are processed is essential to understanding 

human health and disease. 

Pre-mRNA processing can be catalyzed by large RNA ribozymes (such as Group 

I and Group II introns) or large dynamic protein-RNA complexes called spliceosomes. 

Although diverse in composition, these pre-mRNA splicing machines carry out similar 
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splicing chemistry. The goal of this work is to provide insight into the mechanism of pre-

mRNA splicing catalyzed by the spliceosome. 

Self-Splicing RNAs  

Group I and Group II introns are ribozymes which catalyze the processing of pre-

mRNA (Saldanha, Mohr et al. 1993, Lambowitz and Zimmerly 2011, Brown, Colas des 

Francs-Small et al. 2014, Hausner, Hafez et al. 2014). Group I and Group II introns are 

mobile genetic elements which insert themselves into genomic DNA and process pre-

mRNA (Lambowitz and Zimmerly 2011). In vitro Group I and Group II introns are 

capable of self-splicing pre-mRNA by catalyzing self-removal from an RNA molecule in 

the absence of protein. The resulting RNA molecule can then be translated into protein. 

Self-splicing introns are found in prokaryotes and in fungal and plant organelles (Kück, 

Godehardt et al. 1990, Saldanha, Mohr et al. 1993, Brown, Colas des Francs-Small et al. 

2014) and are thought to be a remnant from an RNA world, where biology was governed 

by RNA or a chemically similar molecule rather than DNA (Higgs and Lehman 2015). 

Group I and Group II introns share many similarities as both types of introns are large 

RNA molecules which process RNA using two transesterification reactions and they are 

composed of multiple structurally conserved domains with little to no sequence similarity 

(Harris-Kerr, Zhang et al. 1993, Hausner, Hafez et al. 2014) (Fig. 1-2). These introns are 

often found in genes that encode for transposase-like proteins which can copy the intron 

and insert it back into the genome (Braun, Mehlig et al. 2000).  

There are clear differences between the mechanisms used by Group I and Group 

II introns to process pre-mRNA. Group I introns self-splice in vitro by a divalent cation-
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required folding event (Emerick and Woodson 1994, Zhang and Leibowitz 2001) to form 

the active site (Fig. 1-2A). Each Group I intron has a canonical recognition sequence 

including a 3′ uracil on the 5′ exon marking the 5′SS and a 3′ guanosine at the end of the 

intron indicating the 3′SS (Fig. 1-2C). Group I introns perform a 2-step transesterification 

reaction in which the 3′-OH of an exogenous GTP attacks the 5′-3′ phosphodiester bond 

at the 5′SS (Hausner, Hafez et al. 2014). This reaction is followed by an RNA structural 

rearrangement which allows for 3′SS cleavage at the 3′exon and the ligation of the 5′ and 

3′ exons. The self-splicing reaction requires no external source of energy to complete 

splicing and only relies on the presence of Mg2+ and GTP in the active site. The Group I 

self-splicing reaction results in exon ligation and a linear intron, which may undergo a 

third transesterification reaction to form a circular intron (Saldanha, Mohr et al. 1993, 

Zaug, McEvoy et al. 1993, Golden, Gooding et al. 1998).  

Similar to Group I introns, Group II introns do not share sequence homology. 

However, Group II introns do have a conserved core structure composed of six domains 

(I-VI) (Saldanha, Mohr et al. 1993) (Fig. 1-2B). Group II introns have conserved 

recognition sequences similar to what is seen in pre-mRNAs spliced by the spliceosome 

in eukaryotes (Fig. 1-2D). The recognition sequences are found at the 5′ end of the intron 

(GUGYG, Y is any pyrimidine) and at the branchpoint (AY) (Saldanha, Mohr et al. 

1993). Splicing is carried out in a two-step transesterification reaction wherein the first 

step the 2′-OH of an intronic adenosine cleaves at the 5′SS of the intron forming a lariat 

RNA with the 3′ exon. After a structural rearrangement removes the lariat intron from the 

active site, the 3′ exon is brought into position for the final transesterification reaction 
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(Harris-Kerr, Zhang et al. 1993). In the second step of splicing, the 3′-OH of the 5′ exon 

attacks the 3′ exon yielding a mRNA and a free lariat intron. The first transesterification 

reaction in Group II introns can also proceed through an efficient hydrolysis pathway in 

vitro (Podar, Chu et al. 1998). Both Group I and Group II self-splicing introns 

demonstrate protein-free pre-mRNA splicing. The chemistry of splicing found in Group I 

and Group II self-splicing introns, is conserved in eukaryotic organisms, wherein the 

spliceosome proteins have taken over some of the roles of the structural RNAs found in 

the self-splicing introns (Abelson 2008, Galej, Nguyen et al. 2014). 

Splicing by the Spliceosome 

The spliceosome is a dynamic macromolecular machine responsible for 

processing pre-mRNA to mRNA in eukaryotes. The spliceosome processes pre-mRNA 

using two transesterification reactions similar to Group II introns (Fig. 1-3A). In contrast 

to the self-splicing introns, the spliceosome is composed of several protein factors that 

facilitate pre-mRNA splicing. The spliceosome consists of both protein-RNA and 

protein-only subcomplexes. Five small nuclear RNAs (snRNAs; U1, U2, U4, U5, and 

U6) organize into snRNA-protein complexes called snRNPs (small nuclear 

ribonucleoproteins), where each snRNA interacts with a specific subset of proteins. The 

U4, U5, and U6 snRNPs can interact forming the tri-snRNP (Häcker, Sander et al. 2008). 

In addition to the snRNPs, the spliceosome contains a protein-only complex called the 

NineTeen Complex (NTC). The NTC is composed of a set of core components and a 

more loosely associated set of proteins called NTC-related components (Fig. 5). There 
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are also a myriad of additional pre-mRNA splicing factors that associate with the 

spliceosome, although the functions of most of these proteins are not characterized.  

The current in vitro model for pre-mRNA splicing in eukaryotes states that 

snRNPs interact with a pre-mRNA in a step-wise and dynamic manner that requires 

numerous protein and RNA conformational changes (Wahl, Will et al. 2009, Will and 

Luhrmann 2011, Hoskins and Moore 2012, Chen and Moore 2014) (Fig. 1-3B). In this 

model of spliceosome assembly, the 5′ and 3′ SSs are recognized by the U1 snRNP and 

Prp2, a protein component of the U2 snRNP, while other U2 snRNP components 

recognize the BP sequence to form the A complex. The arrival of the U4/U6.U5 tri-

snRNP forms the B complex triggering the unwinding of the U4/U6 snRNA duplex and 

the disruption of the U1 snRNA base pairing at the 5′SS. The release of the U1 and U4 

snRNPs and arrival of the NTC marks the formation of the Bact complex. The Bact 

complex transitions into the B* complex with the formation of catalytic structures 

between the pre-mRNA, U2 and U6 snRNAs, as well as the destabilization of several 

proteins from the U2 snRNP. The C complex forms after the first transesterification 

reaction resulting in 5′SS cleavage. The completion of the second transesterification 

reaction forms the mRNA and the P-complex (post-catalytic complex) which then 

becomes the ILS complex (intron lariat spliceosome) upon release of the mRNA. 

The spliceosome is conserved from yeast to humans and has been primarily 

studied using S. cerevisiae (Sc), S. pombe (Sp), and H. sapiens (Hs) model systems. 

Although the ultimate goal of pre-mRNA splicing research is to understand how splicing 

functions in humans, the human model system is plagued with difficulties. With a 
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challenging diploid genome, this model system is expensive to manipulate and the 

spliceosome is far more complex than in yeast. The complexity of the human 

spliceosome is partially due to the reliance on alternative splicing which has allowed for 

the co-evolution of serine rich (SR) and heterogeneous nuclear ribonucleoproteins 

(hnRNPs) that facilitate SS selection (Busch and Hertel 2012). Both S. cerevisiae and S. 

pombe offer distinct experimental advantages for the study of pre-mRNA splicing. Yeast 

are relatively inexpensive, genetically tractable organisms which have both haploid and 

diploid states as well as simplified splicing machinery (Käufer and Potashkin 2000). 

Yeast model systems also have the advantage of a library of splicing mutants such as 

those isolated in “precursor RNA processing” (PRP) and “cell division cycle” (CDC) 

screens (Hartwell 1967, Nurse 1975, Nurse, Thuriaux et al. 1976, Hartwell 1978, 

Lundgren, Allan et al. 1996, Urushiyama, Tani et al. 1996, Gómez, Angeles et al. 2005). 

In yeast, early splicing work was primarily done in S. cerevisiae due to the availability of 

the in vitro splicing assay and the lack of defined molecular biology methods for S. 

pombe. Although S. pombe methods have been developed (Russell and Nurse 1986, 

Sabatinos and Forsburg 2010, Chen, Shulha et al. 2014), there is still no efficient in vitro 

splicing assay. S. pombe is more similar to humans than S. cerevisiae in that 43% of the 

S. pombe genome contains introns compared with S. cerevisiae at only 5% (Spingola, 

Grate et al. 1999, Wood, Gwilliam et al. 2002, Webb, Romfo et al. 2005). The 

spliceosome in S. pombe more closely resembles the protein components of the human 

spliceosome. Supporting this idea, there are several splicing components found in S. 

pombe which have either been lost or are highly divergent in S. cerevisiae. For example, 



11	  

the is no homolog of the Sp Prp4 kinase in S. cerevisiae and a number of NTC 

components are either absent or are not essential in S. cerevisiae (Aravind, Watanabe et 

al. 2000, Kuhn and Käufer 2003) (Fig. 1-5A). For the reasons mentioned above, S. pombe 

has been used in this body of work as a model system to investigate the structure and 

function of the spliceosome.  For clarity S. pombe nomenclature will be used throughout 

this work unless otherwise noted. 

For over 15 years the spliceosome has been hypothesized to be a ribozyme 

(Collins and Guthrie 2000, Butcher 2009). This hypothesis is based on mechanistic as 

well as sequence and structural similarities between the RNA core of the spliceosome and 

Group II introns (Fig. 1-4A and C). For example, mechanistically, both splicing reactions 

result in the formation of a lariat intron and the ligation of two exons. There are also 

several key elements that are conserved between Group II introns and the spliceosome. 

The first conserved element is Mg2+, which is required for the first and second catalytic 

steps of both splicing reactions (Gordon, Sontheimer et al. 2000, Fica, Tuttle et al. 2013, 

Fica, Mefford et al. 2014). The RNA structures of the Group II intron domain V and the 

U6 snRNA internal stem loop (ISL) of the spliceosome are similar (Huppler, Nikstad et 

al. 2002, Burke, Sashital et al. 2012, Russell, Jarmoskaite et al. 2013), with both stem 

loops coordinating a Mg2+ ion required for catalysis (Yean, Wuenschell et al. 2000) (Fig. 

1-4B and D). There are RNA sequence similarities between the two types of splicing 

including the AGC catalytic triad as well as the ACAGAGA sequence found in the U6 

snRNA, which corresponds to the J2/J3 region of Group II introns (Toor, Keating et al. 

2008) (Fig. 1-4A). In addition, a core splicing factor Sp Spp42 (Sc Prp8/Hs PRPF8) is 
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Figure 1-4.  Active site RNA Comparison between Group II Introns and the Spliceo-
some  (A) Model of the U2/U6 snRNA in the active site of the spliceosome (Burke et al.  
2012; PDB 2LKR).  Red highlights the U6-ISL helix, green is the ACAGAGA sequence 
and cyan is the U2 regions which interacts with the pre-mRNA. (B) Close up of the 
U6-ISL (panel A, red) with the Mg2+ binding site marked in the helix. (C) Crystal struc-
ture of a Group II intron in grey where the red region corresponds to the to Domain V 
(Robart et al. 2014; PDB 4R0D).  (D) Close up of Domain V (panel C, red) showing the 
Mg2+ binding site.
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hypothesized to be a remnant of Group II intron maturases, which have been 

evolutionally adapted as an RNA stabilization protein in the core of the spliceosome, 

replacing RNA domains found in Group II introns (Galej, Oubridge et al. 2013, Galej, 

Nguyen et al. 2014). Further supporting the “spliceosome as a ribozyme” hypothesis is 

evidence that a protein-free U2/U6 snRNA complex has residual catalytic activity in vitro 

(Valadkhan and Manley 2001, Valadkhan and Manley 2003, Valadkhan, Mohammadi et 

al. 2009). In the protein-free system the first cleavage step proceeds through hydrolysis, 

which has also been observed in Group II introns as well as in the spliceosome (Chu, Liu 

et al. 1998, Podar, Chu et al. 1998, Tseng and Cheng 2008). The ability of the U2/U6 

snRNA to catalyze a splicing event in the absence of protein and the similarities between 

the RNA and protein within the active site of the spliceosome with Group II introns 

supports the hypothesis that the spliceosome is a ribozyme.  

The spliceosome is a dynamic machine which is required for processing pre-

mRNA into mRNA. Although the RNA found within the spliceosome may function as a 

ribozyme in vitro, this RNA-only reaction is inefficient and a number of protein 

components are necessary for proper and efficient splicing. The NTC and RNA helicases 

are two examples. The NTC complex is required for stabilizing RNA-RNA and protein-

RNA interactions at the catalytic core of the spliceosome to promote proper pre-mRNA 

splicing (Tarn, Lee et al. 1993, Chan and Cheng 2005, Fabrizio, Dannenberg et al. 2009). 

RNA helicases are required to drive the splicing reaction and some ensure the fidelity of 

splicing (Cordin and Beggs 2013, Koodathingal and Staley 2013).  

The NineTeen Complex (NTC) 
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The transition from an inactive to active spliceosome directly correlates with the 

stable binding of the NTC (Tarn, Lee et al. 1993, Chan and Cheng 2005, Fabrizio, 

Dannenberg et al. 2009). The NTC is conserved from yeast to humans and is a protein-

only subcomplex of the spliceosome named after its founding member Sc Prp19 (Tarn, 

Hsu et al. 1994). The NTC becomes stably associated with the spliceosome prior to 5′SS 

cleavage before or during U4/U6 snRNA unwinding and remains associated with the 

spliceosome throughout the splicing cycle (Fig. 1-3B) (Fabrizio, Dannenberg et al. 2009). 

The NTC is required for the stable association of both the U5 and U6 snRNAs as well as 

the release of the like-Sm (LSm) ring from the U6 snRNA . The NTC also activates the 

spliceosome through promoting the stable interaction of the U5 and U6 snRNAs with the 

5′SS (Chan and Cheng 2005). The NTC is also required for promoting the fidelity and 

efficiency of splicing (Villa and Guthrie 2005, Pleiss, Whitworth et al. 2007). Although 

the NTC is required for spliceosome stabilization, activation and efficiency, the exact 

mechanism for how the NTC accomplishes its function(s) has yet to be determined. 

The NTC is composed of a number of different proteins which can be divided into 

NTC-core or NTC-associated proteins (Fig. 1-5A) (Hogg, McGrail et al. 2010). The NTC 

has been isolated from human, Trypanosoma brucei and S. cerevisiae (Tarn, Hsu et al. 

1994, Ajuh, Kuster et al. 2000, Grote, Wolf et al. 2010, Ambrósio, Badjatia et al. 2015). 

In humans, the NTC is called the hPrp19/CDC5L complex and is composed of a similar, 

but not identical, set of proteins (Ajuh, Kuster et al. 2000, Grote, Wolf et al. 2010). The 

Trypanosoma brucei PRP19 complex was recently identified and is similar to the human 

hPrp19/CDC5L complex (Ambrósio, Badjatia et al. 2015). In S. cerevisiae a group of at 
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least ten proteins, of which nine are conserved in S. pombe, are often referred to as the 

NTC (Tarn, Hsu et al. 1994, Ohi and Gould 2002, Ren, McLean et al. 2011). The criteria 

for deciding which proteins are considered NTC-core versus NTC-associated are still 

debated; however, it is clear that these proteins play an important role in spliceosome 

activation (Chan and Cheng 2005), and to ensure both the fidelity and efficiency of the 

splicing reaction (Villa and Guthrie 2005, Pleiss, Whitworth et al. 2007).  

Within the core of the NTC there are several protein-protein and protein-RNA interacting 

domains. Several of these domains have been characterized and have provided insight 

into how the NTC functions within the spliceosome (Fig. 1-5). For example, Prp19 is a 

core component of the NTC and acts as a scaffold for other core NTC components (Tarn, 

Hsu et al. 1994, Ohi and Gould 2002, Grote, Wolf et al. 2010, Ren, McLean et al. 2011) 

(Fig. 1-5B). Prp19 is composed of three domains, an N-terminal U-box, a central coiled-

coil domain, and a C-terminal WD40 repeat. The N-terminal U-box domain is an E3 

ubiquitin ligase domain (Ohi, Vander Kooi et al. 2003, Lu and Legerski 2007, Song, 

Werner et al. 2010) and forms a dimer similar to other U-box domains (Vander Kooi, Ohi 

et al. 2006). The coiled-coil region of Prp19 forms a tetramer using both in vivo and in 

vitro studies in human, S. cerevisiae, and S. pombe systems (Ohi, Vander Kooi et al. 

2005, Grote, Wolf et al. 2010, Schmidt, Lenz et al. 2010, Chen, Shulha et al. 2014). The 

coiled-coil region also provides a scaffold for other NTC components in vivo (Ohi and 

Gould 2002, Grote, Wolf et al. 2010). The WD40 repeat is another protein-protein 

interaction domain, which has been shown to interact with splicing components such as 

Sc Cwc2, Sc Prp17 and Sc Urn1 (Sp Cwf2, Sp Prp17, and Dre4) (Ohi and Gould 2002, 
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Ren, McLean et al. 2011). Although Prp19 has not been shown to bind RNA directly, 

several components that directly interact with Prp19 have potential RNA binding 

domains, such as Sp Cwf2 and Sp Cdc5, which are capable of promoting the RNA-RNA 

and protein-RNA stabilization attributed to the NTC. 

Sp Cwf2, another NTC component, interacts with the WD40 repeats of Prp19 

(Fig. 1-5B). In humans and S. cerevisiae, homologs of Sp Cwf2 have been show to 

directly crosslink to RNA within the active site of the spliceosome. Cwf2 family 

members contain an N-terminal Zn-finger, an RNA recognition motif (RRM) domain 

(Lu, Lu et al. 2011, Schmitzová, Rasche et al. 2012) and a C-terminal domain which 

binds to the WD40 repeats of Prp19 (Vander Kooi, Ren et al. 2010). Sc Cwc2 (homolog 

of Sp Cwf2) interacts with both snRNA and pre-mRNA in vitro, and the RRM can bind 

RNA independent of the Zn-finger but to a reduced level (McGrail, Krause et al. 2009). 

In vivo both Hs RBM22 and Sc Cwc2 (Sp Cwf2 homologs) can be crosslinked to the U6-

ISL and to regions of the U6 snRNA and the pre-mRNA close to the 5′SS (Rasche, 

Dybkov et al. 2012). Genetic interactions in S. cerevisiae suggest Sc Cwc2 (Sp Cwf2) 

also stabilizes the U2/U6 snRNA helix I prior to the second step of splicing where this 

interaction is disrupted by Sc Prp16 (Hogg, de Almeida et al. 2014). Cwf2 interacts with 

distinct regions of RNA in the spliceosome active site and is proposed to anchor the NTC 

to the active site of the spliceosome.  

Within the NTC there are a number of proteins with distinct domains whose 

specific function within splicing are not well-characterized (Fig. 1-5A). For example, Sp 

Prp5 is an essential gene with a C-terminal WD40 repeat that has no known interacting 
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Figure 1-5.  NineTeen Complex (NTC)  (A) Components of the NTC from H. sapiens, 
S. pombe, and S. cerevisiae.  Genes which are conserved in S. pombe are denoted with an 
“Sp” and genes which are conserved in S. cerevisiae are denoted with an “Sc”.  Domains 
for each protein are listed. Gene names and domains were acquired from 
www.pombase.org except for the human names of the hPRP19/CDC5L (NTC) (Grote et 
al.  2010). (B) A cartoon representation of a subset of NTC components.  Each protein is 
represented by a different color. The tetramer, Prp19, as the core scaffold, is shown in 
more detail highlighting the N-terminal U-box domain, the central coil-coiled region, and 
the C-terminal WD40 repeat. S. pombe nomenclature is used in this cartoon.
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partner(s), although the N-terminal region of the S. cerevisiae homolog of Sp Prp5 (Sc 

Prp46) interacts with NTC components (Ohi and Gould 2002, Albers, Diment et al. 

2003). Additionally there are two components of the NTC, Sp Cwf3 and Sp Cwf4, with 

HAT (half-a-TPR) repeats that are thought to bind protein and/or RNA (Preker and 

Keller 1998, Liu, Rauhut et al. 2006, Hammani, Cook et al. 2012), but these HAT repeats 

have yet to be characterized. The NTC also has uncharacterized Myb repeats found in Sp 

Cdc5. Myb repeats are typically found in transcription factors where they interact with a 

specific sequence of DNA (Tanikawa, Yasukawa et al. 1993, Tahirov, Sato et al. 2002), 

but Myb repeats have also been shown to be inhibited by RNA polymers suggesting they 

bind RNA (Nordgård, Andersen et al. 2004). Understanding how these different domains 

function within the NTC will provide mechanistic insight into how the NTC functions to 

stabilize RNA-RNA and protein-RNA interactions and how the core of the spliceosome 

is organized.  

The NTC may also function outside of the spliceosome where it is referred to as 

the PSO4 complex. The PSO4 complex is implicated in the DNA damage response 

(DDR), ataxia telangiectasia-mutated and Rad3-related (ATR) protein activation and in 

mitosis (de Andrade, Marques et al. 1989, Henriques, Vicente et al. 1989, Hofmann, 

Husedzinovic et al. 2010, Hofmann, Tegha-Dunghu et al. 2013, Wan and Huang 2014). 

While a role for PSO4 complex outside of the spliceosome has been suggested, recent 

work shows that mutations in the spliceosome can have specific functional defects, 

especially mitotic progression (Oka, Varmark et al. 2014, Sundaramoorthy, Vázquez-

Novelle et al. 2014, van der Lelij, Stocsits et al. 2014, Watrin, Demidova et al. 2014).  
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These recent reports indicate that the roles for the PS04/NTC complex outside of the 

spliceosome are a result of a secondary splicing specific defect.  

Splicing RNA Helicases 

Pre-mRNA splicing by the spliceosome requires energy to drive the many RNA-

RNA and protein-RNA rearrangements that occur throughout the splicing cycle (Staley 

and Guthrie 1998, Will and Lührmann 2001, van der Feltz, Anthony et al. 2012, Livesay, 

Collier et al. 2013). Each nucleotide triphosphate (NTP)-dependent step of splicing is 

accompanied by one or more of the eight conserved RNA helicases (Sp Uap56, Sp Prp11, 

Sp Prp28, Sp Brr2, Sp Cdc28, Sp Prp16, Sp Prp22 and Sp Prp43) (Fig. 6A) and one 

GTPase (Sp Cwf10). The RNA helicases are members of the superfamily2 (SF2) group of 

RNA helicases, which are typically monomers having two RecA-like domains flanked by 

variable N- and C-terminal extensions (Cordin and Beggs 2013) (Fig. 1-6B). Three 

splicing helicases belong to the DEAD-box family of RNA helicases (Sp Uap56, Sp 

Prp11 and Sp Prp28) and contain a Q-motif consisting of a nine amino acid sequence 

with an invariant glutamine denoting the helicase as an ATPase (Tanner, Cordin et al. 

2003). Four splicing helicases are DEAH-box helicases (Sp Cdc28, Sp Prp16, Sp Prp22 

and Sp Prp43), which share a winged helix, a ratchet domain and an OB-fold. Conversely 

the DEAH-box helicases do not have the Q-motif and can hydrolyze any NTP in vitro. A 

unique splicing helicase, Sp Brr2, of the Ski2-like family shares similarities with both 

DEAD and DEAH-box helicases containing a Q-motif found in DEAD-box helicases and 

the ratchet domain of the DEAH-box helicases. Brr2 is also unique in that it contains two 

helicase core domains. The Brr2 N-terminal helicase core is the functional helicase 
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Figure 1-6.  Splicing RNA Helicases  (A) Table of splicing RNA helicases from H. 

sapiens, S. pombe, and S. cerevisiae and their corresponding class of RNA helicase.  (B) 
Domain architecture of the DEAD-box, DEAH-box, and Ski2-like family of RNA 
helicases.  Each RNA helicase has a helicase core composed of two RecA-like domains 
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distinguished by the presence of a Q-motif (shown in red) in the first RecA-like domain.  
DEAH-box helicases have three C-terminal domains; a WH (winged-helix; purple), 
Rachet (pink) and a OB fold (brown). The Ski2-like RNA helicase has a Q-motif similar 
to DEAD-box helicases and a Rachet (pink) domain similar to the DEAH-box helicases.  
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domain (Santos, Jovin et al. 2012) while the C-terminal helicase core is a protein-protein 

interaction domain (Cordin, Hahn et al. 2014). Sp Cwf10 is the only essential splicing 

GTPase and it shares sequence homology with ribosomal elongation factor 2 (EF2). Sp 

Cwf10 contains a conserved N-terminal extension not found in EF2 (Fabrizio, 

Laggerbauer et al. 1997, Brenner and Guthrie 2005, Livesay, Collier et al. 2013). The 

functions of the splicing helicases and GTPase are essential for pre-mRNA processing. 

The splicing ATPases and GTPase are required to perform their function at 

distinct steps in pre-mRNA processing to drive the progression of the splicing reaction 

and to act with precise timing to ensure the fidelity of splicing (Cordin and Beggs 2013, 

Koodathingal and Staley 2013). Helicases are involved in every spliceosome transition 

from the A complex to the post-splicing complex (Fig. 1-3B). For example, early in RNA 

processing both Sp Uap56 and Sp Prp11 promote the formation of the A complex. In S. 

cerevisiae the Sp Uap56 homolog, Sc Sub2, acts on the pre-mRNA to remove Sc Msl5 

(Sp Bpb1), a BP binding protein, which allows the BP RNA to be weakly bound by the 

U2 snRNP (Fleckner, Zhang et al. 1997, Kistler and Guthrie 2001, Zhang and Green 

2001, Huang, Vilardell et al. 2002). In humans, Hs DDX39B (Sp Uap56) uses its helicase 

activity to remove Hs U2AF65 (Sp Prp2), allowing for the U2 snRNP to bind tightly 

resulting in the formation of the A complex (Fleckner, Zhang et al. 1997). Finally, Hs 

DDX39B and Hs U2AF65 (Sp Uap56 and Sp Prp2) stimulates the unwinding of the 

U4/U6 snRNA promoting the formation of the B complex (Shen, Zheng et al. 2008). In 

coordination with Sp Uap56, Sp Prp11 works directly on the U2 snRNP to promote the 

formation of the A complex (Xu, Newnham et al. 2004). The Sp Prp11 homolog, Sc Prp5, 
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binds to the U2 snRNP to activate the snRNP by stabilizing the U2 snRNA stem IIa 

conformation (Perriman, Barta et al. 2003, Perriman and Ares 2007, Perriman and Ares 

2010). Sc Prp5 also proofreads the interaction of the U2 snRNP with the BP sequence 

selecting against suboptimal substrate sequences (Perriman and Ares 2007, Xu and Query 

2007, Semlow and Staley 2012). Both Uap56 and Prp11 act to promote the stable 

association of the U2 snRNP with the pre-mRNA resulting in the A complex. 

Catalytic activation of the spliceosome involves five ATPases and one GTPase 

(Fig. 1-3B). After the formation of the B complex, the S. cerevisiae homolog of Sp Prp28 

(Sc Prp28) is required for displacing the U1 snRNP from the 5′SS and Sc Prp28 positions 

the 5′SS for pairing with the U6 snRNA (Staley and Guthrie 1999, Chen, Stands et al. 

2001, Hage, Tung et al. 2009). Simultaneously, the human and S. cerevisiae homologs of 

Sp Brr2 (Sc Brr2 and Hs SNRNP200) works to unwind the U4/U6 snRNA to allow for 

U6 snRNA base pairing at the 5′SS (Laggerbauer, Achsel et al. 1998, Raghunathan and 

Guthrie 1998, Kim and Rossi 1999). The Sc Brr2 (Sp Brr2) is a component of the U5 

snRNP where it associates with and is regulated by both Sc Prp8 and Sc Snu114 (Sp 

Spp42 and Sp Cwf10) (Häcker, Sander et al. 2008). Disruption of these interactions in S. 

cerevisiae results in a reduction of U4/U6 unwinding (Bartels, Klatt et al. 2002, Brenner 

and Guthrie 2006, Maeder, Kutach et al. 2009), which is required for Bact complex 

formation. Mutants in the human homologs of Sp Brr2 and Sp Spp42 (Hs SNRNP200 and 

Hs PRPF8) may result in a degenerative eye disease called retinitis pigmentosa (Boon, 

Grainger et al. 2007, Zhao, Bellur et al. 2009). Although Sc Brr2 (Sp Brr2) can bind to 

the U4/U6 snRNA in vivo and unwind stem I (Maeder, Kutach et al. 2009, Hahn, Kudla 
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et al. 2012, Mozaffari-Jovin, Santos et al. 2012), Sp Brr2 or its homologs have not been 

shown to bind the U4/U6 snRNA stem II in vivo suggesting another helicase such as Sp 

Uap56 works in coordination with Sp Brr2 to fully unwind the U4/U6 snRNA in vivo 

(Shen, Zheng et al. 2008, Nielsen and Staley 2012). In other organisms, homologs of Sp 

Brr2 are present throughout the splicing cycle where they interact with other helicases 

modulating their activity (Silverman, Edwalds-Gilbert et al. 2003, Liu and Cheng 2012, 

Cordin, Hahn et al. 2014) and may act as a receptor for theses helicases at the core of the 

spliceosome (van Nues and Beggs 2001). Unlike in other organisms Sp Brr2 is not tightly 

associated with late splicing complexes (Chen, Shulha et al. 2014). Upon the concerted 

effort of Sp Prp28, Sp Brr2 and potentially Sp Uap56 the Bact complex is formed where 

U1 and U4 snRNAs are removed from the spliceosome and the 5′SS and BP are primed 

to complete the first step of splicing. 

Activation of the spliceosome begins with the recruitment of Sp Cdc28 to the Bact 

complex (Fig. 1-3B). The Sp Cdc28 homolog (Sc Prp2), with the assistance of other 

protein factors, binds to nucleotides downstream of the BP and is believed to move 3′ to 

5′ toward the BP where it displaces both SF3A and SF3B complexes (Kim and Lin 1993, 

Teigelkamp, McGarvey et al. 1994, Kim and Lin 1996, Warkocki, Odenwalder et al. 

2009, Lardelli, Thompson et al. 2010, Liu and Cheng 2012). In S. cerevisiae the activity 

of Sc Prp2 (Sp Cdc28) has been proposed to expose the branched adenosine and binding 

sites for the stable association of Sc Yju2 and Sc Cwc25 (Sp Cwf16 and Sp Cwf25) 

(Warkocki, Odenwalder et al. 2009). After Sp Cdc28 activity the B* complex is formed 

and the spliceosome completes the first splicing reaction. 
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Upon completion of the first transesterification reaction with an optimal substrate, 

Sp Prp16 becomes tightly associated with the spliceosome, terminating the first step of 

splicing and activating the second step of splicing. Sc Prp16 (Sp Prp16) activity results in 

the release of protein factors (Sc Yju2/Sp Cwf16 and Sc Cwc25/Sp Cwf25) and RNA 

protection at the 3′SS, indicating that the 3′SS is bound within the active site of the 

spliceosome (Schwer and Guthrie 1991, Schwer and Guthrie 1992, Tseng, Liu et al. 

2011). Although Sp Prp16 homologs do not normally act prior to the first step of splicing, 

Sc Prp16 was shown to have a kinetic proofreading ability with suboptimal substrates 

containing a 5′SS or BP mutation (Burgess, Couto et al. 1990, Burgess and Guthrie 1993, 

Koodathingal, Novak et al. 2010). The rate of splicing is slowed in the presence of 

suboptimal substrates which allows for Sc Prp16 to act before the first splicing reaction 

resulting in the rejection of suboptimal substrates. Sp Prp16 activity ensures the fidelity 

of the splicing reaction and with an optimal substrate promotes the formation of the C 

complex. 

Once pre-mRNA splicing is complete the mRNA needs to be released and the 

spliceosome needs to be recycled for subsequent rounds of splicing. Sp Prp22 is the first 

helicase involved in spliceosome disassembly. In S. cerevisiae Sc Prp22 (Sp Prp22) binds 

to the 3′exon in a Sc Prp16 (Sp Prp16)-dependant manner and triggers the release of the 

mRNA and the U5 snRNP as it tracks along the RNA toward the 5′ exon (Company, 

Arenas et al. 1991, James, Turner et al. 2002, Schneider, Campodonico et al. 2004, 

Aronova, Bacíková et al. 2007, Schwer 2008). Sc Prp22, like Sc Prp16, plays a 

proofreading role. When an aberrant 3′SS competent for splicing is present Sc Prp22 
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hydrolyzes ATP and rejects the spliceosome (Mayas, Maita et al. 2006). These aberrant 

spliceosomes can either be degraded or a re-sampling can occur to correct misaligned 

transcripts. Once the mRNA is released Sc Prp43 (Sp Prp43) in complex with Sc Ntr1 (Sp 

SPAC1486.03c) and Sc Ntr2 (Sp Ntr2) hydrolyzes ATP and releases snRNAs (U2, U5, 

and U6), the NTC and the intron lariat (Tsai, Fu et al. 2005, Boon, Auchynnikava et al. 

2006). Sc Prp43 not only plays a role in the disassembly of optimal substrates but it is 

also implicated in the dissociation of Sc Prp16 and Sc Prp22 rejected spliceosomes 

(Koodathingal, Novak et al. 2010). 

 The RNA helicases involved in pre-mRNA processing by the spliceosome are 

positioned at different stages to drive the progression of the splicing cycle. This makes 

RNA helicases a target for “trapping” and isolating splicing complexes (Lardelli, 

Thompson et al. 2010). Isolating these complexes allows for the interactions within each 

complex to be characterized and then compared to other complexes in the splicing cycle 

to observe on a molecular level how interactions between splicing components change. 

One way to characterize large splicing complexes is to use electron microscopy (EM). 

Using EM, several 2D projections and 3D structures of single snRNPs and large splicing 

complexes have been determined. To date several 2D projections of large spliceosome 

complexes from S. cerevisiae (B, Bact, B* and C) (Fabrizio, Dannenberg et al. 2009, 

Warkocki, Odenwalder et al. 2009, Wolf, Kastner et al. 2009), S. pombe (ILS or 

U5.U2/U6) (Ohi, Ren et al. 2007), D. melanogaster (B and C) (Herold, Will et al. 2009) 

and human (B and Bact) (Deckert, Hartmuth et al. 2006, Bessonov, Anokhina et al. 2010) 

have been obtained. Although only 2D projections, these complexes show the general 
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shape and size of the spliceosome and potentially how domains move relative to each 

other throughout the splicing cycle. However, without 3D structures these domain 

dynamics are just hypotheses. To obtain more information on spliceosome function a few 

3D EM structures have been determined for a subset of purified complexes (A complex 

(Behzadnia, Golas et al. 2007), tri-snRNP complex (Sander, Golas et al. 2006), B∆1 

complex (Boehringer, Makarov et al. 2004), C complex (Jurica, Sousa et al. 2004, Golas, 

Sander et al. 2010), ILS (Ohi, Ren et al. 2007), 35S U5 snRNP (Golas, Sander et al. 

2010), and the native spliceosome (Azubel, Wolf et al. 2004)) ( Fig.1-7A-G). Using 

helicase mutants, large splicing complexes can be isolated for characterization by EM. 

For example, in S. cerevisiae a mutant in the helicase Sc Prp2 (Sp Cdc28) was used to 

characterize the spliceosome by EM trapped both before and after catalytic activation 

(Warkocki, Odenwalder et al. 2009).  

 S. pombe is a great model organism to study the different stages of splicing using 

mutants of RNA helicases. There are S. pombe helicase mutants which have been 

characterized using biochemistry and genetics but have not been studied structurally. For 

example, the Sp Brr2 temperature sensitive mutant, spp41-1, was shown to be synthetic 

lethal with a mutant of Sp Prp1 (Sp prp1-4), a component of the tri-snRNP (Bottner, 

Schmidt et al. 2005). There are also Sp Prp11 (Sp prp11-1), Sp Cdc28 (Sp cdc28-p8 and 

Sp prp8-1), and Sp Prp16 (Sp prp14-1/Sp prp16-1) mutants, which were identified in PRP 

and CDC screens and have been characterized as having a general splicing defect 

(Lundgren, Allan et al. 1996, Urushiyama, Tani et al. 1996). Sp Prp16 is particularly 

interesting because its homologs have been shown to act between the B* and C complex. 
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Figure 1-7.  Spliceosome Structures Determined by EM  Each EM structure A-F is 
listed with its corresponding name, pre-mRNA and snRNP composition.  Each image is 
to scale and was generated using Chimera v1.6 (A) Human A complex (cyan; EMD 1325) 
(B) Human tri-snRNP complex (peach; EMD 1257) (C) Human BΔ1 complex (green; 
EMD 1066) (D) Human C complex (gray; EMD 1846; determined in the Luhrmann Lab) 
(E) Human C complex (purple; EMD 1062; determined in the Griegeroff lab) (F) S. 
pombe intron lariat spliceosome (ILS, also called the U5.U2/U6 complex)(light green; 
Ohi et al. PNAS 2007) (G) Human 35S U5 snRNP (pink;EMD 1847). 
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The Sp Prp16 mutant could potentially be used to isolate a complex which has completed 

the first step of splicing and is waiting for Prp16 activity to rearrange the spliceosome in 

order to complete the second step of splicing.  

Questions That Remain 

The goal of this work was to examine the fundamental protein-RNA interaction 

within the active site of the spliceosome using S. pombe as a model organism. The NTC 

contains several proteins whose domains have no known function in splicing. It is well-

characterized that the NTC can interact with the active site of the spliceosome, with the 

homologs of the NTC component Sp Cwf2 binding the U6 snRNA directly (McGrail, 

Krause et al. 2009, Rasche, Dybkov et al. 2012). Here, I investigated the role of the N-

terminus of Sp Cdc5 in binding RNA within the active site of the spliceosome in vitro. 

This study provides insight into how another component of the NTC can potentially bind 

RNA within the active site of the spliceosome, potentially directly promoting the RNA-

RNA and protein-RNA stabilization needed for spliceosome activation.  

In this work we also characterize a mutant of the Sp Prp16 helicase. The goal of 

this project is to isolate a large splicing complex other than the previously characterized 

S. pombe ILS. Using EM to determine a structure of this complex to ~12Å resolution will 

provide details of RNA within the spliceosome that are unavailable from any current 3D 

structure of the spliceosome. The characterization of the Sp Prp16 mutant is a first step 

toward understanding how the active site of the spliceosome is organized in a large 

splicing complex. 
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CHAPTER II 
 

Structural and Functional Insights into the N-terminus of  

Schizosaccharomyces pombe Cdc5 

Introduction 

The NTC (NineTeen Complex), named after its founding member Saccharomyces 

cerevisiae (Sc) Prp19, is a conserved protein-only spliceosome subcomplex that has been 

isolated in both human and S. cerevisiae splicing extract systems (Tarn, Hsu et al. 1994, 

Ajuh, Kuster et al. 2000, Grote, Wolf et al. 2010). Stable binding of the NTC is required 

for the formation of a catalytically active spliceosome that is competent to precisely 

remove introns from precursor messenger RNA (pre-mRNA) to form mature message 

(mRNA). Although the exact NTC composition varies among eukaryotes, at least nine 

proteins are conserved in yeast and are often referred to as the core NTC complex. For 

both S. cerevisiae and Schizosaccharomyces pombe (Sp), these include the proteins: 

Prp19/Prp19 (Sc/Sp), Cef1/Cdc5, Prp46/Prp5, Clf1/Cwf4, Syf2/Cwf3, Cwc15/Cwf15, 

Isy1/Cwf12, Snt309/Cwf7, Cwc2/Cwf2 and Sc Ntc20 (Tarn, Hsu et al. 1994, Chen, Jan et 

al. 1998, Tsai, Chow et al. 1999, Ben-Yehuda, Dix et al. 2000, Chen, Tsai et al. 2001, 

Chen, Yu et al. 2002, Ohi and Gould 2002). In mammalian cells the NTC is called the 

hPrp19/CDC5L complex and is composed of a similar, but not identical, set of proteins.  

“Reproduced with permission from Collier, S. E., Voehler, M., Peng, D., Ohi, R., Gould, 

K. L., Reiter, N. J., and Ohi, M. D. (2014) Structural and functional insights into the N-

terminus of Schizosaccharomyces pombe Cdc5, Biochemistry 53, 6439-6451. Copyright 

2014 American Chemical Society." 
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These include: hPrp19 (Prp19/Prp19 (Sc/Sp)), CDC5L (Cef1/Cdc5), PRL1 (Prp46/Prp5), 

AD002 (Cwc15/Cwf15), SPF27 (Snt309/Cwf7), HSP73 (Ssa4/Sks2), and CTNNBL1 (Sp 

SPAC1952.06c) (Ajuh, Kuster et al. 2000, Grote, Wolf et al. 2010).   

Although it is clear that the NTC is essential for the spliceosome to transition 

from an inactive to active complex (Chan and Cheng 2005), as well as ensuring both the 

fidelity and efficiency of the splicing reaction (Villa and Guthrie 2005, Pleiss, Whitworth 

et al. 2007); the molecular mechanism(s) of NTC function is not known. One model is 

that the NTC acts as a molecular scaffold supporting and/or facilitating essential RNA-

RNA, RNA-protein, and protein-protein rearrangements that are required for the 

formation of a catalytically active spliceosome. In support of this model, a number of 

NTC components contain characteristic protein-protein interaction domains that include 

WD40 repeats, TPR (tetratricopeptide) repeats, and HAT (half-a-TPR) repeats. 

Additionally, two conserved components, Cef1/Cdc5 (Sc/Sp) and Cwc2/Cwf2 (Sc/Sp), 

contain Myb (myeloblastosis) repeats and a RRM (RNA recognition motif) respectively, 

serving as potential nucleic acid binding domains (Ohi, McCollum et al. 1994, McGrail, 

Krause et al. 2009). While the Zinc-finger (ZnF) and RRM in Sc Cwc2 and its 

mammalian homolog RBM22 cross-links directly to the U6 snRNA and pre-mRNA 

(McGrail, Krause et al. 2009, Rasche, Dybkov et al. 2012), the biochemical function of 

the Cef1/Cdc5 (Sc/Sp) Myb repeats has not been determined. 

S. pombe cdc5+ was first identified in a screen of fission yeast mutants defective 

for cell cycle progression (Nurse, Thuriaux et al. 1976) and subsequent studies have 

shown that S. pombe Cdc5 is an essential member of the spliceosome and functions in 
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pre-mRNA splicing (Burns, Ohi et al. 1999, McDonald, Ohi et al. 1999, Ohi, Link et al. 

2002), a role conserved in other organisms (Burns, Ohi et al. 1999, Tsai, Chow et al. 

1999, Ajuh, Kuster et al. 2000, Burns, Ohi et al. 2002, Zhou, Licklider et al. 2002, Liu, 

Gräub et al. 2003, Grote, Wolf et al. 2010). In addition to its essential function in pre-

mRNA splicing, CDC5 proteins in various organisms have also been implicated in 

transcription (Lin, Yin et al. 2007), DNA damage response (Zhang, Kaur et al. 2005, 

Zhang, Kaur et al. 2009, Maréchal, Li et al. 2014, Wan and Huang 2014), mitotic spindle 

assembly (Hofmann, Tegha-Dunghu et al. 2013) and microRNA (miRNA) biogenesis 

(Zhang, Xie et al. 2013), although whether these diverse cellular activities are splicing 

dependent or independent has not been fully determined. 

The N-terminus of Cdc5 family members contains two canonical Myb repeats (R1 

and R2) and a third conserved domain (D3) previously classified as a Myb-like repeat 

(Ohi, Feoktistova et al. 1998) (MLR, also referred to as Cdc5-MLR3 and -MYB3 (Ohi, 

Feoktistova et al. 1998, Query and Konarska 2012)). Myb repeats are classically 

considered DNA binding motifs and multiple copies of these domains are often found in 

transcription factors (reviewed in (Prouse and Campbell 2012)). Structurally, the Myb 

domain is composed of three well-defined helices with the second and third helices 

adopting a fold similar to the canonical helix-turn-helix motif (HTH) (Ogata, Hojo et al. 

1992). Despite its name, a Myb repeat is not an integrated tertiary motif in a larger 

domain, but rather an independently folded domain that is often found in multiple copies 

within proteins. Although the N-terminus of Cdc5 family members has been shown to 

interact with DNA in vitro (Ohi, McCollum et al. 1994, Hirayama and Shinozaki 1996, 
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Lei, Shen et al. 2000) and is required for cell viability (Ohi, McCollum et al. 1994, Tsai, 

Chow et al. 1999), the function of the Cdc5 N-terminus and its individual domains in pre-

mRNA processing has yet to be determined. Unlike the N-terminus, the sequence of the 

Cdc5 C-terminus is not conserved and has no recognizable protein motifs (Ohi, 

Feoktistova et al. 1998); however, it interacts directly with several NTC core components 

(Ohi and Gould 2002, Grote, Wolf et al. 2010). The presence of nucleic acid binding 

domains in Cdc5 and its direct interaction with other core NTC members has led us to 

hypothesize that Cdc5 may facilitate NTC-mediated RNA-RNA and/or RNA-protein 

transitions by acting as a scaffold linking NTC components and RNAs, similar to what 

was observed with RRM containing RBM22/Cwc2 family members in humans and S. 

cerevisiae (McGrail, Krause et al. 2009, Rasche, Dybkov et al. 2012, Hogg, de Almeida 

et al. 2014).  

To further characterize how the NTC stabilizes and activates the spliceosome, we 

investigated the role of the N-terminus of Cdc5 in cell function and its ability to bind 

RNA in vitro. Using a combination of yeast genetics and RNA binding assays we show 

that R1, R2 and D3 are all required for function and that the Cdc5 N-terminus binds RNA 

in vitro. Structural and biochemical analyses of Cdc5-D3 show that, unlike what has been 

predicted (Ohi, Feoktistova et al. 1998) this domain does not adopt a canonical Myb fold 

and that Cdc5-D3 preferentially binds double-stranded RNA in vitro. Our data 

demonstrate that the Cdc5 N-terminus (R1, R2, and D3) can function as an RNA binding 

platform and can directly interact with RNA structures found near the catalytic core of 

the spliceosome. Our results support a model where Cdc5, by interacting with both NTC 
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proteins and RNA, serves as an important scaffold that facilitates the conformational 

changes required for the formation of a catalytically active spliceosome. 

Materials and Methods 

Strains, yeast methods, and molecular biology. Strains and plasmids used in this study 

are listed in Tables 2-1 and 2-2. Yeast strains were grown in yeast extract (YE) media or 

Edinburgh minimal media (EMM) with appropriate supplements. A plasmid containing 

the LEU2 marker (pIRT2) and the ORF of cdc5+ and at least 500 base pairs (bp) of the 

5′and 3′ flanking sequence was used to generate cdc5∆R1, cdc5∆R2, cdc5∆D3, cdc5∆L, 

cdc5∆MID, and cdc5∆D3::Myb integration plasmids using QuickChange II (Agilent 

Technologies, Santa Clara, CA). All vector transformations were performed as previously 

described (Keeney and Boeke 1994). Both control and cdc5 deletion plasmids were 

transformed into a diploid strain of S. pombe, cdc5+/cdc5::ura4+. Transformations were 

grown on minimal medium lacking leucine, adenine, and uracil. Colonies were grown in 

EMM (-nitrogen) to induce sporulation, and haploid cells were grown on minimal media 

(+ adenine) to select for haploid cells that were cdc5::ura4+ and carried the pIRT2 

plasmid. Stable integrants were selected based on resistance to 5-fluoroorotic acid (5-

FOA) (Livesay, Collier et al. 2013) and the acquisition of the LEU- phenotype. Mutants 

were validated by whole-cell PCR with primers 5′ and 3′ of the cdc5 gene. Deletions in 

pREP3X cdc5+ (cDNA) vectors were generated as above and transformed to a haploid 

strain of S. pombe, cdc5-TAP. Transformants were grown on Minimal media lacking 

leucine and containing thiamine (30uM) for pREP3X repression or no thiamine for 

pREP3x induction. OD30 Lysate Western blots with anti-pSTAIR and anti-Cdc5 were  
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Table 2-1. Schizosaccharomyces pombe strains used in Chapter II 

Strain # Genotype Figure Source 

OHI001 ade6-M210 leu1-32 ura4-D18 h- 2-1 K. Goulda 

OHI018 nda3-km311 leu1-32 h+ 2-1 Toda et al. 1983 

OHI130 cdc5-tap::Kanr ade6-m210 leu1-32 ura4-
D18 h+ 

2-2 Adapted from 
Ohi et al. 2002 

OHI237 prp3-1 2-1 Potashkin et al. 
1989 

OHI269 cdc5-120 leu1-32 his3-D1 h+ 2-1 Nurse et al. 1976 

OHI332 cdc5ΔMid ade6-M216 leu1-32 ura4-D18 h- 2-1 This work 

OHI334 cdc5ΔL ade6-M210 leu1-32 ura4-D18 h- 2-1 This work 

OHI379 cdc5+/cdc5::ura4+ ade6-M210/ade6-M216 
leu1-32/leu1-32 ura4-D18/ura4-D18 h-/h+ 

2-1 This work 

OHI535 cdc5-120 prp3-1 2-1 This Work 

aVanderbilt University School of Medicine, Nashville, TN. 
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Table 2-2. Plasmids used in Chapter II  

Plasmid # Plasmid Insert Figure Source 

OHI 698 pMAL-c2x MBP-MS2 Binding 
Protein 

2-8 Zhou et al. 
2002 
 

OHI 723 pIRT2 empty vector 2-1 Hindley et 
al. 1987 
 

OHI 843 pIRT2 S.p. cdc5+(ORF)* 2-1  Ohi et al. 
1994 
 

OHI 1135 pIRT2 S.p. cdc5ΔR1 (ORF)* 2-1 This work 

OHI 1136 pIRT2 S.p. cdc5ΔR2 (ORF)* 2-1 This work 

OHI 1137 pIRT2 S.p. cdc5ΔL (ORF)* 2-1 This work 

OHI 1148 pIRT2 S.p. cdc5ΔD3 (ORF)* 2-1 This work 

OHI 1138 pIRT2 S.p. cdc5ΔMid (ORF)* 2-1 This work 

OHI 1139 pIRT2 S.p. cdc5D3::Myb (ORF)* 2-1 This work 

OHI 730 pREP3X empty vector 2-2 Foresburg, 
S.L. (1993) 
 

OHI 1149 pREP3X S.p. cdc5+(cDNA)# 2-2 This work 

OHI 1150 pREP3X S.p. cdc5ΔR1 (cDNA)#  2-2 This work 

OHI 1151 pREP3X S.p. cdc5ΔR2 (cDNA)# 2-2 This work 

OHI 1152 pREP3X S.p. cdc5ΔD3 (cDNA)# 2-2 This work 

OHI 1153 pREP3X S.p. cdc5D3::Myb (cDNA)# 2-2 This work 

OHI 1140 pET15-b S.p. cdc5 (AA 155-214) 2-3, 2-4, 2-5, 2-
6,2-8, 2-9, 2-10, 
and 2-11 

This work 

OHI 1141 pET15-b S.p. cdc5 (AA 5-208Δ111-

146) 
2-8 & 2-9 This work 
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* ORF = Open Reading Frame 

# cDNA = complementary DNA 

OHI 1142 pET15-b S.p. cdc5 (AA 5-112) 2-8 This work 

OHI 1143 pET15-b S.p. cdc5 (AA 5-55) 2-8 This work 

OHI 1144 pET15-b S.p. cdc5 (AA 58-111) 2-8 This work 
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performed as previously described (Livesay, Collier et al. 2013). For spot assays, cells 

were grown to mid-log phase at 25°C and re-suspended in water to achieve an OD595 of 

0.3. 10-fold serial dilutions were made, and 2 µl of each dilution was plated on YE. Plates 

were incubated at the indicated temperatures for 3-5 days before imaging. Protparam 

(Wilkins, Gasteiger et al. 1999) was used to calculate pI’s of protein domains.  

Protein Expression and Purification Cdc5-R1-R2-D3ΔL (amino acids (aa) 5-208Δ111-

146), Cdc5-R1-R2 (aa 5-112), Cdc5-R1 (aa 5-55), Cdc5-R2 (aa 58-111), Cdc5-D3 (aa 

155-214) (S. pombe Cdc5, NP_593880) were cloned into pET-15b (NdeI/BamHI) (EMD 

Millipore, Darmstadt, Germany) and transformed into Escherichia coli Rosetta 2 (DE3) 

pLysS cells (EMD Millipore, Darmstadt, Germany). Cells were grown in Terrific broth 

(Invitrogen, Grand Island, NY) to an OD595 of ~0.9 and cold shocked for 20 minutes on 

ice. Upon addition of 1 mM IPTG, the plasmids were over-expressed for 20h at 15°C. 

Cells were lysed in 25 mM MES (pH 6.0), 300 mM NaCl, 2.5mM Imidazole, 5% 

glycerol, 0.1% Triton X-100 and one SIGMAFAST protease tablet (Sigma-Aldrich, St. 

Louis, MO). Cdc5 constructs were purified using two 5 ml Histrap HP columns (GE 

Healthcare, Waukesha, WI) in 50 mM MES (pH 6.0), 500 mM NaCl, 5% glycerol and a 

2.5-1,000 mM Imidazole linear gradient. After the Histrap column the protein fractions 

were concentrated and buffer exchanged into Heparin buffer A (10 mM Sodium 

Phosphate pH 7.0, 1 mM EDTA, and 5% glycerol) using a 3K Amicon Ultra-15 filter 

(Millipore, Billerica, MA). The pooled fractions were treated overnight at room 

temperature with RECOthrom (The Medicines Company, Parsippany, NJ) to cleave the 

His6 tag. Cdc5 constructs were further purified using a Heparin Column (GE Healthcare, 
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Waukesha, WI) in 10 mM Sodium Phosphate (pH 7.0), 1 mM EDTA, 5% glycerol and a 

0-1 M NaCl linear gradient. Gel filtration (Superdex 200, GE Healthcare, Waukesha, WI) 

in 25 mM MES (pH 6.0), 100 mM NaCl, and 1 mM EDTA was used for the final step of 

purification.  

For NMR experiments Sp Cdc5-D3 was purified as above except cells were 

grown and expressed in M9 media supplemented with the appropriate isotopic label 

(either 15N NH4Cl or 15N NH4Cl and 13C D-glucose) (Cambridge Isotopes, Andover, 

MA). 10% D2O was added to the final sample for all NMR experiments. For the 15N 

Cdc5-D3 used in RNA titration experiments, S200-RNA buffer (25 mM MES (pH 6.0), 

300 mM NaCl, 2 mM MgCl2 and 1 mM EDTA) was used for gel filtration. For 15N-

Leucine and 15N-Histidine (Cambridge Isotopes, Andover, MA) specific labeling, M9 

media was supplemented with the appropriate unlabeled amino acids as well as 15N L-

Leucine or 15N L-Histidine (Cheng, Westler et al. 1995).  

Maltose Binding Protein MS2 Binding Protein (MBP-MS2BP) was expressed and 

purified using both a MBP and Heparin column as described (Zhou, Sim et al. 2002). 

After elution from the heparin column fractions were pooled and concentrated using a 

30K Amicon Ultra-15 filter (Millipore, Billerica, MA). Gel filtration (Superdex 200, GE 

Healthcare, Waukesha, WI) in 25 mM Tris (pH 7.4), 200 mM NaCl, 40 mM Maltose and 

1 mM EDTA was used for the final step of purification. Samples were concentrated to 

approximately 1 mg/ml using a 30K Amicon Ultra-15 filter (Millipore, Billerica, MA) 

and stored at -200C. For the RNA pull-down experiment, samples were diluted in RNA 
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buffer (20 mM HEPES (pH 7.4), 100 mM NaCl, 2 mM MgCl2, and 5% glycerol) to a 

concentration of ~0.15 mg/ml. 

Analytical Ultracentrifugation Purified Sp Cdc5-D3 was run in an Optima XLI 

ultracentrifuge (Beckman Coulter, Brea, CA) equipped with a four-hole An-60 Ti rotor at 

42,000 RPM at 4˚C. Samples were loaded into double-sector cells (path length of 1.2 cm) 

with charcoal-filled Epon centerpieces and sapphire windows. Sedfit (version 

12.0)(Schuck 2000) was used to analyze velocity scans using every seven scans from a 

total of 360 scans. Approximate size distributions were determined for a confidence level 

of p = 0.95, a resolution of n = 300, and sedimentation coefficients between 0 and 15 S. 

NMR Spectroscopy NMR experiments were performed at 25ºC in a 3 mm NMR tube 

(Wilmad Lab Glass, Vineland, NJ). Four-channel Bruker AVIII 600 and 800 NMR 

spectrometers (Bruker, Billerica, MA) equipped with CPCQCI and CPTCI probes, 

respectively, and single axis pulsed-field gradients were used. The assignment of 

backbone resonances for Cdc5-D3 was completed using standard 2D sensitivity enhanced 

echo/antiecho 1H-15N heteronuclear single quantum coherence (HSQC) (Lewis, 

Keifer et al. 1992, Palmer, Cavanagh et al. 1992, Grzesiek and Bax 1993, Schleucher, 

Schwendinger et al. 1994), and 3D HNCO (Grzesiek and Bax 1992), HNCA (Grzesiek 

and Bax 1992), CBCA(CO)NH (Grzesiek and Bax 1993), HNCACB (Wittekind and 

Mueller 1993), HN(CA)CO (Clubb, Thanabal et al. 1992), HN(CO)CA (Grzesiek and 

Bax 1992), 15N-edited NOESY (τ = 120 ms) (Davis, Keeler et al. 1992) experiments. The 

spectra were referenced to DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) at 0 ppm 

(parts per million). 
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NMR analysis, TALOS+ and Chemical Shift Rosetta Data were processed in Topspin 

3.2 (Bruker, Billerica, MA) and analyzed with Sparky (T. D. Goddard and D. G. Kneller, 

University of California, San Francisco). Complete backbone 1H and 15N resonance 

assignments were obtained for all residues except amino acids E188 and the GSH 

residues remaining from the N-terminal His tag. The chemical shifts of H, N, Cα, Cβ and 

CO were analyzed with TALOS+ (Shen, Delaglio et al. 2009), a chemical shift index 

software that predicts secondary structure elements. An online version of Chemical Shift 

(CS)-Rosetta (https://condor.bmrb.wisc.edu/rosetta/) (Shen, Lange et al. 2008, Shen, 

Vernon et al. 2009) was also used to generate 3,000 models using the H, N, Cα, Cβ and 

CO backbone chemical shift data. The flexible C-terminus of D3 (aa 201-214) was 

removed for CS-Rosetta modeling to allow for model convergence.  

RNA and DNA Binding Assays RNAs with a 5′ Biotin were ordered from Dharmacon 

(GE Healthcare, Waukesha, WI) (Table 2-3) and were 2′-bis(2-Acetoxyethoxy)methyl 

(ACE) deprotected according to the manufacturer’s protocol. RNAs were further purified 

by ethanol precipitation and two 80% ethanol washes. RNA was heated to 94˚C for 10 

minutes then placed on ice before use. DNAs with a 5′ Biotin were ordered from Operon 

(Eurofins Genomics, Huntsville, AL) (Table 2-3). DNAs were annealed by heating to 

94˚C for 10 minutes and then slowly cooled to room temperature. Streptavidin agarose 

(Life Technologies, Grand Island, NY) blocked with Bovine Serum Albumin (BSA) 

(Sigma, St. Louis, MO) was incubated with 400µls of 50 µM RNA or DNA for 45 

minutes. The RNA or DNA-resin was washed in 10 mM HEPES (pH 7.5), 100 mM NaCl 

and 10 mM MgCl2 before the addition of ~0.15 mg/ml recombinant N-terminal domains  
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Table 2-3. RNA and DNA oligos used in Chapter II  
RNA # RNA Name RNA Sequence Figure 

RNA001 U2 ssRNA AAGUGUAG 2-11 

RNA002 U6 ssRNA CAGAGAA 2-11 

RNA003 U6-ISL dsRNA UGGCCCCUGCACAAGGAUGACA 2-10 

RNA004 MS2 dsRNA CGUACACCAUCAGGGUACG 2-11 

RNA005 Bi-U2 ssRNA Bi-AAGUGUAG 2-8 

RNA006 Bi-U6 ssRNA Bi-CAGAGAA 2-8 

RNA007 Bi-U6-ISL dsRNA Bi-UGGCCCCUGCACAAGGAUGACA 2-8 

RNA008 Bi-MS2 dsRNA Bi-CGUACACCAUCAGGGUACG 2-8 

 

DNA001 Bi-U2 ssDNA Bi-AAGTGTAG 2-9 

DNA002 Bi-U6 ssDNA Bi-CAGAGAA 2-9 

DNA003 Bi-U6-ISL dsDNA Bi-TGGCCCCTGCA 2-9 

DNA004 U6-ISL dsDNA CAAGGATGACA 2-9 

DNA005 Bi-MS2 dsDNA Bi-CGTACACCAT 2-9 

DNA006 MS2 dsDNA CAGGGTACG 2-9 
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of Cdc5 for 45 minutes at room temperature. New RNA or DNA-resin was made for each 

replicate experiment. The resin was then washed in RNA buffer (20 mM HEPES (pH 

7.4), 100 mM NaCl, 2 mM MgCl2, and 5% glycerol). For protein-RNA or DNA pull 

down experiments lithium dodecyl sulfate (LDS) sample buffer (Invitrogen, Carlsbad 

CA) was added directly to the resin that was then boiled except in the case of Cdc5-R1-

R2, due the presence of a contaminant on the resin at the same molecular weight. Cdc5-

R1-R2 was eluted from the RNA-resin using RNA buffer with 1 M NaCl. Samples were 

then treated with LDS and boiled as above. Samples were run on 4-12 % Bis-Tris PAGE 

gels (Invitrogen, Carlsbad CA) and stained with Colloidal Coomassie (Dyballa and 

Metzger 2009). All gels were quantified using ImageJ (Rasband 1997-2004). Average 

values were determined by comparing the intensity of each individual pull-down relative 

to the amount of protein loaded (relative to input %). Although adding excess RNA or 

DNA to the streptavidin agarose to saturate binding, we are unable to correct for the 

amount of RNA or DNA bound to the resin in these experiments. Graphs and statistics 

were generated using GraphPad Prism (version 5.0a). 

NMR RNA Titration RNAs (Table 2-3) were ordered from Dharmacon (GE Healthcare) 

and were deprotected and washed per manufacturer’s instructions. RNAs were re-

suspended in S200-RNA buffer (25 mM MES (pH 6.0), 300 mM NaCl, 2 mM MgCl2 

and 1 mM EDTA). For RNA titrations, Cdc5-D3 was at ~135 µM and the RNA 

concentrations were titrated at 1:0.25, 1:0.5, 1:1, 1:2, 1:3, and 1:5 protein to RNA molar 

ratios for U6-ISL dsRNA and examined at a 1:1 protein to RNA molar ratio for U2 
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ssRNA, U6 ssRNA, and MS2 dsRNA. Chemical shift differences were calculated using 

the following formula: 

∆δTotal =
δ!"!!!δ!"!!!

!.!"#$%

!
+ δHB− δHB0

! 

Where B equals the chemical shift at variable RNA concentrations and B0 is the chemical 

shift of protein only. 9.86204 is the absolute ratio of the gyromagnetic constants of 1H 

and 15N (Martin-Tumasz, Reiter et al. 2010). Changes in chemical shifts were fit to a 

single site-binding curve using GraphPad Prism (version 5.0a) and the following formula: 

Y =
Bmax ∗ X
(𝐾𝑑 + X)

 

Where Bmax is the maximum binding and Kd is the equilibrium binding constant(Barrett, 

Song et al. 2012). 

Circular Dichroism (CD) Purified Cdc5-D3 was analyzed using a Jasco J-810 

spectropolarimeter (Jasco Analytical Instruments, Easton, MD). Far-UV (ultraviolet) data 

were collected at a protein concentration of 0.15 mg/ml in a 1 mm quartz cuvette. Spectra 

were collected with an average time of 4 s for each point and a step size of 50 nm/min 

from 198 to 260 nm. Far-UV spectra were collected in quadruplicate and background-

corrected against a buffer blank. Data were converted to mean residue ellipticity [θ]m 

(degrees cm2dmol−1) using the following formula: 

𝜃 𝑚 =
𝜃

(10 ∗ 𝑙 ∗ 𝑐 ∗ 𝑛) 

Where θ is the measured ellipticity, l is the cell path length in cm, c is the molar 

concentration of protein in moles/liter, and n is the number of amino acids. 
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Circular dichroism data was deposited in the PCDDB (PCDDB ID: 0004551000). 

Backbone resonance assignments have been deposited in the BMRB (accession no. 

25084).  

Results 

R1, R2 and D3 are essential for S. pombe Cdc5 function 

Although cdc5 and CEF1 deletion studies in S. pombe and S. cerevisiae have been 

reported (Ohi, McCollum et al. 1994, Tsai, Chow et al. 1999), most of the deletion 

mutants used in these analyses did not directly correspond to secondary structural 

elements making it difficult to determine the specific regions required for function. Using 

sequence alignments and secondary structure predictions, we identified five structural 

elements in the Cdc5 N-terminus, including the two Myb repeats (R1 and R2), a 

predicted Myb-like repeat (D3) (Ohi, Feoktistova et al. 1998), a non-structured loop (L) 

between R2 and D3, and a predicted a-helical region (MID) downstream from D3 (Fig. 2-

1A). As a first step towards characterizing the role of the Cdc5 N-terminus in pre-mRNA 

splicing, we attempted to construct five S. pombe strains where the only copy of cdc5 

lacked one of the identified structural elements (Fig. 2-1A). Although strains containing 

only cdc5∆L or cdc5∆MID grew normally at all temperatures (Fig. 2-1B), we were unable to 

recover viable strains relying on only the expression of cdc5∆R1, cdc5∆R2, or cdc5∆D3 (Fig. 

2-1C). Importantly, the R1, R2, and D3 deletions did not destabilize Cdc5 as seen from 

Western blot analysis of wild-type cells overexpressing these mutants (Fig. 2-2). From 

these results we conclude that both of the canonical Myb repeats (R1 and R2), as well as 

Cdc5-D3, are essential for Cdc5 function, while the loop between R2 and D3 and the 
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Figure 2-2. Cdc5 Deletions are Stable  Western blot of a Cdc5-TAP strain overexpress-
ing cdc5+, cdc5∆R1, cdc5∆R2, cdc5∆D3, and cdc5∆D3::Myb under control of the nmt+ promoter 
in pREP3X. Deletion constructs were overexpressed in the Cdc5-TAP background to 
easily distinguish between the endogenous and overexpressed protein. “*” marks the 
position of endogenous Cdc5-TAP. Top panels, anti-Cdc5 Western blot. Bottom panels, 
anti-pSTAIR Western blot.
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MID region are not. Although it was previously demonstrated that mutations in both 

canonical Myb repeats R1 and R2 affect pre-mRNA splicing (Nurse, Thuriaux et al. 

1976, Ohi, Feoktistova et al. 1998, Query and Konarska 2012), this is the first evidence 

that Cdc5-D3 is also required for Cdc5 function. 

Myb repeats are approximately 50 amino acids in length with a tryptophan or 

tyrosine residue every 18-19 amino acids. The highly conserved tryptophan or tyrosine 

residues make up the hydrophobic core of a Myb repeat and are important for proper 

folding (Kanei-Ishii, Sarai et al. 1990, Saikumar, Murali et al. 1990, Ogata, Hojo et al. 

1992). Structurally this domain is composed of three well-defined helices with the second 

and third helices adopting a fold similar to the canonical helix-turn-helix motif (HTH) 

found in many DNA binding proteins (Sauer, Yocum et al. 1982, Ohlendorf, Anderson et 

al. 1983, Ogata, Hojo et al. 1992). Cdc5-R1 and Cdc5-R2 adopt a canonical Myb-fold as 

determined by NMR analysis (PDB: 2DIM and 2DIN). While Cdc5-D3 has been 

predicted to be a Myb-like domain (Ohi, Feoktistova et al. 1998), the lack of highly 

conserved tryptophan residues usually found in Myb domains (Fig. 2-1D) suggests that 

Cdc5-D3 could adopt a different fold. To test whether the D3 region in Cdc5 could be 

replaced with a Myb fold, we replaced cdc5-D3 with the sequence of Myb repeat 3 (R3) 

from Mus musculus (Mm) c-MYB (cdc5D3::Myb) and asked whether this mutant could 

support cell function. The R3 Myb repeat from Mm c-Myb was chosen to replace Cdc5-

D3 since it has been structurally characterized (Ogata, Hojo et al. 1992) and has a similar 

pI (isoelectric point) as Cdc5-D3 (10.4 and 10.7 respectively). As was seen with the 

cdc5∆R1, cdc5∆R2, and cdc5∆D3 mutants, we were unable to recover a viable strain relying 
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solely on the domain swap mutant (Fig. 2-1C). The inability of a canonical Myb repeat to 

substitute for Cdc5-D3 in cells suggested that the functional surfaces present on Cdc5-D3 

are essential for function and cannot be replaced with a structural Myb domain. 

Recently another NTC component, Sc Cwc2 (Sp Cwf2/Prp3), was shown to 

interact directly with the U6 snRNA near the active site of the spliceosome (McGrail, 

Krause et al. 2009, Rasche, Dybkov et al. 2012, Li, Zhang et al. 2013). Interestingly both 

Sc Cef1 (Sp Cdc5) and Sc Cwc2 (Sp Cwf2/Prp3), the two NTC components with nucleic 

acid binding domains, interact directly with Prp19 (Ohi and Gould 2002, Vander Kooi, 

Ren et al. 2010), putting them in close physical proximity to each other and suggesting 

they could both interact with RNA near the catalytic core of the spliceosome. To 

investigate if there is a functional connection between Cdc5 and Cwf2/Prp3, we tested for 

a genetic interaction between cdc5-120 and prp3-1. The cdc5-120 mutation causes the 

amino acid substitution W29R in the R1 domain (Fig. 2-1A) (Ohi, Feoktistova et al. 

1998), while prp3-1 (Ohi and Gould 2002) causes the amino-acid substitution G123R in 

the ZnF domain, a domain that has been shown to cross-link to RNA in S. cerevisiae 

(Schmitzová, Rasche et al. 2012). Our analysis shows that cdc5-120 prp3-1 cells are 

synthetically sick (Fig. 2-1E), suggesting that Cdc5 and Cwf2/Prp3 may function at 

similar stages of the splicing reaction. 

Secondary structure analysis of Cdc5-D3 shows this domain is composed of two α-

helices and does not adopt a canonical Myb fold 

To examine the structural characteristics of Cdc5-D3, we expressed and purified 

recombinant Cdc5-D3 (aa 155-214) from E. coli (Fig. 2-3A). Analysis by sedimentation 
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velocity analytical ultracentrifugation (SVAU) shows that Cdc5-D3 sediments as a 

monomer (s=0.5; predicted molecular mass, ~7.2kDa; root mean square deviation 

[RMSD] = 0.004) with a frictional ratio of 1.5 (Fig. 2-3B). Circular dichroism (CD) 

analysis of Cdc5-D3 using far-UV light was done to predict secondary structure. When 

comparing this spectrum to known spectra (Greenfield and Fasman 1969), Cdc5-D3 is 

primarily α-helical but contains random coil as indicated by the lower signal at 222nm 

(Fig. 2-4). To further examine the secondary structure of this domain, we 15N-labeled 

Cdc5-D3 and collected a two-dimensional (2D) 15N-1H HSQC experiment using nuclear 

magnetic resonance (NMR) spectroscopy (Fig. 2-3C). In this spectrum, peaks were 

observed for ~94% of the expected amino acids in Cdc5-D3 (59 residues out of a total of 

63, Fig. 2-5) making Cdc5-D3 amenable for NMR secondary structure analysis.  

To determine the secondary structure of Cdc5-D3, we used a combination of 

NMR experiments and computational modeling. Using 13C- and 15N-labeled Cdc5-D3, 

we ran a series of two-dimensional (2D) and three-dimensional (3D) NMR experiments 

to determine the backbone connectivity of Cdc5-D3. Results from a 15N-NOESY-HSQC 

experiment showed there were two as opposed to three helical regions in Cdc5-D3 (Fig. 

2-6A). We then used TALOS+ to predict the secondary structure of Cdc5-D3 using the 

NH, Cα, Cβ, CO, and N chemical shift data. This analysis confirmed that Cdc5-D3 

contains two α-helical regions (Fig. 2-6A), rather than the three α-helices that would be 

expected for a Myb repeat (Fig. 2-7A-B). To generate a 3D model of Cdc5-D3, we used 

the backbone chemical shift data and Chemical-Shift Rosetta (CS-Rosetta) (Shen, Vernon 

et al. 2009, Shen and Bax 2012). For calculations of 3D models, the chemical shift values 
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100 lowest energy structures. (C) Magnification of the 100 lowest energy structures from 
panel B. Solid black line encompasses the ten lowest energy structures. The “*” marks 
the lowest energy structure. (D and E) Two of the ten lowest energy models calculated by 
CS-Rosetta shown at 0˚ and 90˚. Panel D is the lowest energy model.
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for residues 201-214 were not included due to their predicted flexibility as calculated by 

TALOS+ and the lack of NOEs for these residues (Fig. 2-6A). CS-Rosetta generated 

3,000 models o Cdc5-D3 and when these models were plotted with their all atom energy 

versus their Cα RMSD in angstroms (Å), the models converged on the lowest energy 

model (Fig. 2-6B-C). The ten lowest energy models contain two α-helices (Fig. 2-6D-E 

and 2-7C-L) and do not resemble a Myb fold (Fig. 2-7B). Strikingly, all of the lowest 100 

models contained two rather than three α-helices, leading us to conclude that Cdc5-D3 

does not adopt a canonical Myb fold and should not be referred to as a Myb-like repeat.  

The N-terminus of Sp Cdc5 binds RNA 

As an essential pre-mRNA splicing factor and a core component of the NTC, 

Cdc5 family members in S. pombe, S. cerevisiae and humans associate with the 

spliceosome starting with assembly of the B-complex and remain bound throughout the 

entire splicing reaction (Jurica, Licklider et al. 2002, Makarov, Makarova et al. 2002, 

Ohi, Link et al. 2002, Stevens, Ryan et al. 2002, Deckert, Hartmuth et al. 2006, 

Bessonov, Anokhina et al. 2008, Fabrizio, Dannenberg et al. 2009, Warkocki, 

Odenwalder et al. 2009, Bessonov, Anokhina et al. 2010, Lardelli, Thompson et al. 2010, 

Ren, McLean et al. 2011, Cvitkovic and Jurica 2013, Fourmann, Schmitzová et al. 2013). 

Because Cdc5 associates with the spliceosome, we hypothesize that the N-terminus may 

interact and bind to RNA. However, although the N-terminus of Cdc5 family members 

has been reported to bind DNA in vitro (Ohi, McCollum et al. 1994, Hirayama and 

Shinozaki 1996, Lei, Shen et al. 2000), the ability of Cdc5 to interact with RNA has not 

been reported. Cdc5, as a core member of the NTC, is required for formation of the 
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catalytic core(Chan and Cheng 2005), suggesting that Cdc5 may interact with core 

regions of the spliceosome required for catalysis. This possibility is supported by the 

ability of mutations in the Sc Cef1 N-terminus to suppress first and second step splicing 

defects of a variety of mutants, including mutations in introns and the U6 snRNA (Query 

and Konarska 2012). To test the ability of the Cdc5 N-terminus to bind RNA, we used 

well-characterized regions of the U2 and U6 snRNAs that are predicted to be near the 

catalytic core of the spliceosome (Madhani and Guthrie 1992, Lesser and Guthrie 1993, 

Sontheimer and Steitz 1993, Yean, Wuenschell et al. 2000) (Table 2-3). These RNAs 

include the double-stranded U6 snRNA inter-stem loop (U6-ISL), a single-stranded 

region of the U6 snRNA involved in 5′ splice-site selection (U6 ssRNA), and a single-

stranded region of the U2 snRNA involved in branchpoint recognition (U2 ssRNA) 

(Madhani and Guthrie 1992, Sashital, Cornilescu et al. 2004, Burke, Sashital et al. 2012, 

Montemayor, Curran et al. 2014) (Fig. 2-12A). The MS2 RNA hairpin (MS2 dsRNA) 

from bacteriophage was also prepared to analyze the sequence specificity of dsRNA 

binding (Zhou, Sim et al. 2002). To test for a direct interaction with the Cdc5 N-terminus, 

biotinylated RNAs bound to streptavidin agarose beads were incubated with recombinant 

Cdc5-R1-R2-D3ΔL. The non-essential loop region (Fig. 2-1A-C) in this construct was 

deleted to generate a more stable protein. To detect binding, protein that remained bound 

to the resin after multiple washes was visualized by Coomassie staining (Fig. 2-8A) and 

the percentage of protein that remained bound as compared to the original input was 

quantified using the results from multiple binding assays (Fig. 2-8B). As seen in Figure 

8A and B, Cdc5-R1-R2-D3ΔL directly interacts with all the tested RNAs. The N-terminus 
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Figure 2-8. The N-terminus of Cdc5 Binds RNA In Vitro Streptavidin-RNA pull-down 

assays using the indicated recombinant protein. Panels A, C, E, G, I, and K are 

Coomassie-stained SDS-PAGE gels of a representative pull-down experiment. Panels B, 

D, F, H, J and L show the quantification of binding from multiple experiments. (A-B) 

Coomassie-stained SDS-PAGE gel of Cdc5 R1-R2-D3
ΔL

 bound to RNA agarose beads 

and quantification of three binding assays. (C-D) Coomassie-stained SDS-PAGE gel of 

Cdc5-R1 that binds to RNA agarose beads and average of two binding assays. “&” marks 

the position of a contamination band. (E-F) Coomassie-stained SDS-PAGE gel of Cdc5-

R2 bound to RNA agarose beads and average of two binding assays. “&” marks the 

position of a contamination band . (G-H) Coomassie-stained SDS-PAGE gel of Cdc5-

R1-R2 bound to RNA agarose beads and quantification of three binding assays. (I-J) 

Coomassie stained SDS-PAGE gel of Cdc5-D3 bound to RNA agarose beads and quanti-

fication of four binding assays. “#” represents contamination from the streptavidin resin. 

(K-L) Coomassie stained SDS-PAGE gel of MBP tagged MS2 binding protein (MBP-

MS2BP) that binds to RNA agarose beads and quantification of four binding assays. 

SDS-PAGE gel quantification was done using ImageJ. Molecular weight markers shown 

to the left of each gel. Error bars and statistics were generated using GraphPad Prism 

(version 5.0a) where the error bars correspond to the standard error of the mean (S.E.M.) 

and the p-values are represented by “*” (p < 0.05 = *, p < 0.01 = ** and p < 0.001 = ***). 

5’-biotinylated RNA sequences used in the RNA binding experiment can be found in 

Table 2-3.
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of Cdc5 is composed of three essential domains, the two canonical Myb repeats (R1 and 

R2) and D3 (Fig. 2-1A and C). To determine if the canonical Cdc5 Myb domains (R1 and 

R2) can individually interact with RNA, we repeated the RNA binding experiment using 

recombinant Cdc5-R1 and Cdc5-R2 (Fig. 2-8C-F). In this assay neither R1 nor R2 binds 

RNA (Fig. 2-8C-F). However, since Myb repeats are often found as clustered groups 

(Prouse and Campbell 2012), we also investigated whether Cdc5-R1-R2 could bind RNA 

(Fig. 2-8G-H). While Cdc5-R1-R2 does bind RNA (Fig. 2-8G), we were surprised to find 

that when comparing the percentage of protein bound to the RNA (as compared to the 

initial input), only ~20% of Cdc5-R1-R2 versus over 60% of Cdc5-R1-R2-D3ΔL was 

bound to the U6-ISL (Fig. 2-8B and H). Thus, although Cdc5-R1-R2 interacts with RNA, 

these two domains do not replicate the RNA binding seen with the entire Cdc5 N-

terminus. Finally, since the N-terminus of Cdc5 family members have been reported to 

bind DNA (Ohi, McCollum et al. 1994, Hirayama and Shinozaki 1996, Lei, Shen et al. 

2000), we also tested the ability of Cdc5-R1-R2-R3ΔL to interact with DNA, which it 

does (Fig. 2-9A-B). Our RNA binding results suggests that the Cdc5-D3 region serves a 

more prominent role in facilitating RNA interactions than the canonical Myb repeats or, 

alternatively, all three domains are required for full RNA binding activity.  

 To discriminate between these possibilities, the binding experiment was repeated 

using Cdc5-D3 (Fig. 2-8I-J). Cdc5-D3 alone binds directly to all of the RNAs in the 

assay (Fig. 2-8I) with a significant binding preference for the U6-ISL (Fig. 2-8J). To test 

whether the spliceosomal RNAs bind non-specifically, we repeated the binding assays  
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Figure 2-9. The N-terminus of Cdc5 Binds DNA In Vitro Streptavidin-DNA pull-down 
assays using the indicated recombinant protein. Panels A and C are Coomassie-stained 
SDS-PAGE gels of a representative pull-down experiment. Panels B and D show the 
quantification of binding from multiple experiments. (A-B) Coomassie-stained represen-
tative SDS-PAGE gel of Cdc5 R1-R2-D3ΔL bound to DNA agarose beads and quantifica-
tion of three binding assays. (C-D) Representative coomassie stained SDS-PAGE gel of 
Cdc5-D3 bound to DNA agarose beads and quantification of three binding assays. “#” 
marks contamination band from the streptavidin resin. “^” marks protein degradation 
product. SDS-PAGE gel quantification was done using ImageJ. Molecular weight mark-
ers shown to the left of each gel. Error bars and statistics were generated using GraphPad 
Prism (version 5.0a) where the error bars correspond to the standard error of the mean 
(S.E.M.) and the p-values are represented by “*” (p < 0.05 = *, p < 0.01 = ** and p < 
0.001 = ***). 5’-biotinylated DNA sequences used in the DNA binding experiment can 
be found in Table 2-3.
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using an N-terminally MBP tagged MS2 dsRNA binding protein (MBP-MS2BP) that 

interacts with the MS2 RNA hairpin loop (Zhou, Sim et al. 2002). While MPB-MS2BP 

bound to the MS2-dsRNA as expected, it did not bind to any of the spliceosomal RNAs 

(Fig. 2-8K-L). In addition, like Cdc5-R1-R2-R3∆L, Cdc5-D3 also binds DNA (Fig. 2-9C-

D). The results of these RNA binding assays demonstrate that the Cdc5 N-terminus binds 

to RNA directly and that, of the three essential domains, Cdc5-D3 binds RNA more 

robustly than the canonical Myb repeats alone. 

Cdc5-D3 preferentially binds double-stranded RNA 

To further characterize the interaction of Cdc5-D3 with RNA we performed 

several NMR RNA titration experiments using the U2 ssRNA, U6 ssRNA, U6-ISL 

dsRNA, MS2 dsRNA and 15N Cdc5-D3 (Figs. 2-10A and 2-11A-C). The preference for 

Cdc5-D3 binding to double-stranded RNAs detected in the in vitro binding assays (Fig. 

2-8I-J) was confirmed through chemical shift perturbation by examining the HSQC 

spectra of 15N-labeled Cdc5-D3 after RNA was added at a 1:1 protein to RNA molar ratio 

(Figs. 2-10B and 2-11A-C). The interaction between the U6-ISL dsRNA and Cdc5-D3 

was further characterized using a titration of RNA into 15N-labeled protein ranging from 

substoichiometric molar ratios of protein to RNA (1:0.25) to saturable concentrations 

(1:5). This RNA titration resulted in substantial chemical shift changes in the NMR 

spectra for a subset of Cdc5-D3 peaks (Fig. 2-10A), with the strongest shift differences 

localized to the last 16 amino acids (aa 199-214, Fig. 2-10B and E-F), a region predicted 

to be unstructured in our secondary structure calculations. The last 16 amino acids also 

showed strong shifts with the titration of MS2 dsRNA (Fig. 2-11C-E). Therefore it is 
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Figure 2-10. Cdc5-D3 RNA Titration with U6-ISL dsRNA (A) 
15

N-
1
H HSQC spectra 

of Cdc5-D3 (~138μM *protein concentration changes with the addition of RNA) with 
varying concentrations of U6-ISL dsRNA (0, 35, 68, 134, 262, 373, and 593μM). The 
15

N-
1H HSQC inset shows amino acids 167R and 169R. The black arrows indicate the 

direction the peaks shift upon the addition of U6-ISL dsRNA. (B) Chemical shifts (∆
ppm) from 15

N-
1H HSQC at a 1:1 molar ratio. The twenty strongest chemical shifts are 

above the dashed line. (C) Saturation curves of amino acids 181K, 193L, 201E and 205A 
are plotted and fit with a single-site binding curve. (D) Binding affinities (Kd) of 181K, 
193L, 201E and 205A. (E-F) Chemical shifts from Cdc5-D3 and U6-ISL dsRNA NMR 
titration were plotted in red onto two of the ten lowest energy models of Cdc5-D3. 
Models have an added flexible C-terminal extension that was not included in the CS-

Rosetta calculations due to lack of NOEs but do interact with RNA. Models shown at 0˚ 
and 90˚.
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possible that this flexible region of Cdc5-D3 may become ordered when bound to RNA. 

The chemical shift changes appear to saturate at high RNA concentrations and can be fit 

to a 1:1 binding model (Fig. 2-10C). Dissociation constants (Kd) from single site binding 

curves are ~210 µM (Fig. 2-10C-D). The locations of the Cdc5-D3 residues that interact 

with the U6-ISL in two of the ten lowest energy models are shown in Figure 2-10E and 

10F. The RNA titration experiments confirm that Cdc5-D3 preferentially binds double-

stranded RNAs.  

Discussion 

While the highly conserved N-terminus is essential for cell viability, the function 

of this portion of Cdc5 has not been characterized. The presence of Myb repeats in the N-

terminus coupled with the ability of the C-terminus to directly interact with core NTC 

members (Ohi, McCollum et al. 1994, Tsai, Chow et al. 1999, Ohi and Gould 2002) led 

us to hypothesize that Cdc5 may facilitate NTC-mediated RNA-RNA and/or RNA-

protein transitions by interacting with both RNA and protein in the spliceosome. Using a 

combination of yeast genetics and in vitro RNA binding assays we have shown that each 

of the R1, R2 and D3 domains in the Cdc5 N-terminus are essential and that Cdc5-R1-

R2-D3ΔL binds directly to regions within the U2 and U6 snRNAs. In addition, structural 

and biochemical analyses of Cdc5-D3 reveal that while this domain does not adopt a 

predicted Myb fold, it is able to interact preferentially with double-stranded RNAs 

suggesting that it may be a Myb-variant or a unique structural domain. Thus the N-

terminus of Cdc5 can directly interact with multiple RNAs while the C-terminus contacts 

other core NTC components (Ohi and Gould 2002, Grote, Wolf et al. 2010), suggesting 
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that in vivo Cdc5 could tether NTC to RNA components within the spliceosome and 

provide an RNA binding platform that stabilizes the RNA-RNA and RNA-protein pre-

mRNA splicing transitions. 

Since Cdc5-D3 has a strong preference for U6-ISL and the MS2 dsRNAs despite 

the lack of sequence similarity between these RNAs, it seems likely that Cdc5-D3 might 

stabilize dsRNA conformations in a non-specific manner. However, an alternative 

explanation is that Cdc5-D3 binds with high specificity to an RNA that we did not 

directly test. Combined with our in vivo results showing that R1, R2 and D3 domains are 

all essential, we propose that Cdc5’s N-terminus with an overall pI of 9.4 acts as a 

charged RNA binding platform that binds to dsRNAs found near the catalytic core of the 

spliceosome. 

 Our finding that all three Cdc5 nucleic acid binding domains (R1, R2 and D3) are 

essential suggests a potential model where these domains could act synergistically in 

vivo. The interaction of multiple Myb repeats with DNA is common in transcription 

factors (reviewed in (Prouse and Campbell 2012)). For example, the transcription factor 

c-Myb contains three Myb repeats (R1, R2, and R3) and it is the third helix in the R2 and 

R3 Myb domains that directly contacts the major groove of a specific DNA sequence 

(Ogata, Morikawa et al. 1994, Ogata, Morikawa et al. 1995). Therefore, using Myb 

containing proteins as an example, we speculate that the Cdc5 R1, R2 and D3 domains 

may bind RNA in a similar manner as c-Myb binds DNA, with the exception that the lack 

of the third canonical Myb repeat may make the Cdc5 N-terminus better suited for 

binding nucleic acid structures (i.e. dsRNA) versus binding specific nucleic acid 
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sequences. The ability of Cdc5 to interact with multiple RNA structures could provide a 

platform to stabilize the conformational changes that occur during the transition of the 

spliceosome from an inactive to activated complex. 

The spliceosome is a dynamic macromolecular machine composed of both protein 

and RNA components. During the transition from the inactive spliceosomal B-complex to 

the activated Bact-complex, the U1 and U4 snRNAs dissociate allowing the U6 snRNA to 

change conformation by forming the catalytic U6-ISL and duplexes with both the U2 

snRNA and the 5′ end of the intron via the ACAGAGA box (Madhani and Guthrie 1992). 

Although these RNA-RNA remodeling events are the major requirements for the 

formation of the spliceosome active site, additional events, including the stable 

association of the NTC, are required for catalysis to occur. The active site of the 

spliceosome is highly conserved from yeast to humans (Hausner, Giglio et al. 1990, Datta 

and Weiner 1991, Luukkonen and Séraphin 1998, Burke, Sashital et al. 2012) and is 

centered on a region of the U6 snRNA, which shares three similarities with Group II self-

splicing introns, the AGC triad, Mg2+ binding, and the U6-ISL (Reiter, Blad et al. 2004, 

Seetharaman, Eldho et al. 2006, Montemayor, Curran et al. 2014). Similarities between 

the U6 snRNA and the group II self-splicing introns (Fica, Mefford et al. 2014), as well 

as the splicing-like activity demonstrated by a protein-free RNA construct containing 

regions of the U6 and U2 snRNAs that base pair in the spliceosome (Valadkhan and 

Manley 2001, Valadkhan, Mohammadi et al. 2009), have led to the conclusion that the 

regions of U6 and U2 snRNAs make up essential components of the spliceosome active 

site. However, unlike the Group II self-splicing introns that use additional RNA domains 
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to support catalysis, the spliceosome has evolved to also use proteins to facilitate the 

splicing reaction. Two proteins, the highly conserved Prp8 (Sp Spp42) and Hs RBM22/Sc 

Cwc2 (Sp Cwf2/Prp3), have been shown to directly cross-link to both the U6 snRNA and 

the pre-mRNA within the active site of the spliceosome (Fig. 2-12) (McGrail, Krause et 

al. 2009, Rasche, Dybkov et al. 2012, Li, Zhang et al. 2013). The physical interaction 

between Sc Cwc2 and U6 snRNA places the NTC at the active site of the spliceosome 

and, interestingly, both Sc Cef1 (Sp Cdc5) and Sc Cwc2 (Sp Cwf2) bind directly to Prp19 

(Ohi and Gould 2002, Vander Kooi, Ren et al. 2010) (Fig. 2-12B). Thus the only two 

NTC components that contain nucleic acid binding domains are likely in close physical 

proximity. However, although Sp Cwf2 family members have been shown to directly 

cross-link to the U6 snRNA in vitro (McGrail, Krause et al. 2009, Rasche, Dybkov et al. 

2012, Schmitzová, Rasche et al. 2012), Sp Cdc5 family members have not. While there is 

no direct evidence that Sp Cdc5 interacts with RNA in vivo, genetic mutations in Sc Cef1 

(Sp Cdc5) are able to suppress mutations in the U6 snRNA found in the active site of the 

spliceosome (Fig. 2-12A) (Query and Konarska 2012) and we have shown that there is a 

negative genetic interaction between Sp cdc5 and Sp cwf2/prp3 temperature sensitive 

alleles that generate point mutations in the RNA binding domains of each protein (Fig. 2-

1E). The proximity of Sc Cwc2 to Sc Cef1 in the NTC (Ohi and Gould 2002), the 

capability of Cef1/Cdc5 (Sc/Sp) to suppress U6 snRNA mutations (Query and Konarska 

2012), the ability of Cdc5 to bind RNA in vitro, and the negative genetic interaction 

between Sp cdc5-120 and Sp prp3-1 (Sp cwf2) makes it possible that Cdc5, as a core 

member of the NTC, is positioned near the active site of the spliceosome and can act as a 
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charged platform that helps stabilize the RNA-RNA rearrangements that occur during the 

transition from the B- to Bact-spliceosome (Fig. 2-12B). 

Our findings suggest a model where the ability of the Cdc5 N-terminus to directly 

interact with a variety of RNA structures allows it to act as a binding scaffold that 

supports and/or facilitates the RNA-RNA and RNA-protein remodeling that occurs 

during the transition from the B- to Bact- spliceosomal complexes. Thus we propose that 

Cdc5 contributes to NTC function by playing an essential role in facilitating the 

conformational changes that occur during spliceosome activation. Our studies indicate 

that Cdc5 is biochemically positioned to play a pivotal role in pre-mRNA processing 

through its interaction with NTC components and RNA within the active site of the 

spliceosome.  
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CHAPTER III 

Characterizing a mutant of Schizosaccharomyces pombe Prp16,  

a second step splicing factor 

Introduction 

 Pre-mRNA processing is catalyzed by the spliceosome, which is composed of the 

U1, U2, U4, U5 and U6 small nuclear ribonucleoproteins (snRNPs), the NineTeen 

Complex (NTC), and a number of other protein components. SnRNPs are protein-RNA 

complexes, which recognize conserved sequences of pre-mRNA, such as the 5′ and 3′ 

splice sites (SS) and the branchpoint (BP). The NTC is a protein-only complex required 

for spliceosome stabilization and activation. The snRNPs and NTC are subcomplexes of 

the spliceosome, which interact de novo with each pre-mRNA transcript forming the 

spliceosome. The spliceosome is a dynamic machine that undergoes structural 

rearrangements throughout the splicing cycle in order to efficiently process pre-mRNA. 

Eight conserved RNA helicases (Sp Uap56, Sp Prp11, Sp Prp28, Sp Brr2, Sp Cdc28, Sp 

Prp16, Sp Prp22, and Sp Prp43) drive the spliceosome transitions between distinct stages 

of the splicing cycle. 

 The current in vitro model for pre-mRNA splicing involves the step-wise 

association of the snRNPs and the NTC onto pre-mRNA, which are subsequently 

remodeled by RNA helicases. The U1 and U2 snRNPs first recognize the 5′SS and the 

BP, respectively, forming the A complex. The RNA helicases Uap56 and Prp11 promote 

A complex formation by removing protein factors from pre-mRNA and stabilizing the U2 

snRNA allowing for the U2 snRNP to stably associate with the pre-mRNA. The B 
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complex is then formed after the addition of the tri-snRNP (U4, U5, and U6 snRNPs). In 

order for the spliceosome to become activated, the RNA helicases Prp28 and Brr2 act on 

the B complex to remove the U1 snRNP from the 5′SS and unwind the U4/U6 snRNAs. 

This helicase activity results in the loss of the U1 and U4 snRNPs from the B complex 

and with the addition of the NTC, the spliceosome transitions to the Bact complex. The 

RNA helicase Cdc28 then interacts with the Bact complex and removes components of the 

U2 snRNP allowing first step splicing components to interact with the BP. After Cdc28 

activity, the spliceosome becomes the B* complex. The B* complex completes the first 

step of splicing, resulting in the formation of a free 5′ exon and a lariat intron. Upon 

completing the first step of splicing, the helicase Prp16 removes first step splicing factors 

and induces a structural change which brings the 3′SS into close proximity with the 5′SS 

for the second step of splicing, forming the C complex. When the second step of splicing 

is complete, the post-catalytic (P) complex is formed. The helicase Prp22 then removes 

the mRNA from the P complex forming the intron lariat spliceosome (ILS). Finally, the 

helicase Prp43 is recruited to the ILS where it releases the lariat RNA and displaces the 

remaining spliceosome components to be used for subsequent rounds of pre-mRNA 

splicing. Although the general mechanism of pre-mRNA splicing is known, the 

molecular details of how the spliceosome processes pre-mRNA and how these inter-

molecular interactions change throughout the splicing cycle are incompletely understood. 

  The RNA helicases involved in spliceosome rearrangement are located at key 

positions driving the progression of the splicing cycle making RNA helicases a target for 

“trapping” and isolating large splicing complexes (Lardelli, Thompson et al. 2010). 
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Characterizing these “trapped” complexes allows for the molecular interactions within 

each stage of splicing to be elucidated. Spliceosomes purified in the presence of helicase 

mutants combined with experimental approaches such as electron microscopy (EM) 

provide insight into how the spliceosome is rearranged throughout the splicing cycle. For 

example, EM was used to characterize an S. cerevisiae mutant helicase in Sc Prp2 (Sp 

Cdc28) which was “trapped” both before and after the first step of splicing (Warkocki, 

Odenwalder et al. 2009). Although this is a promising method, to date, the structure of a 

helicase “trapped” spliceosome in S. pombe has yet to be determined. 

S. pombe is an ideal model system to study the various stages of splicing. 

Previous work in S. pombe has characterized a stable ILS complex purified from wild-

type cells, and using EM the S. pombe ILS resembles the non-crosslinked human C 

complex (Jurica, Sousa et al. 2004, Ohi, Ren et al. 2007, Ilagan, Chalkley et al. 2013). In 

S. pombe no other large splicing complexes have been structurally characterized by EM, 

but there are several helicase mutants which are capable of “trapping” the spliceosome in 

S. pombe for EM studies. Helicase mutants in S. pombe are poorly characterized for their 

ability to “trap” the spliceosome at specific stages. However, several helicase mutants in 

S. pombe have characterized roles in splicing, such as Sp Brr2 (spp41-1), Sp Prp11 

(prp11-1), Sp Cdc28 (cdcp8 and prp8-1), and Sp Prp16 (prp14-1/prp16-1), suggesting 

they are perturbing spliceosome function by “trapping” the spliceosome at a specific 

stage of splicing (Lundgren, Allan et al. 1996, Urushiyama, Tani et al. 1996, Schmidt, 

Richert et al. 1999). Whether or not the mutants of S. pombe RNA helicases can be used 
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to “trap” splicing complexes is still unknown, but these mutants do offer a potential way 

to characterize splicing complexes otherwise undetectable in the S. pombe model system. 

Sp Prp16 is an RNA helicase of particular interest because it is well-characterized 

in S. cerevisiae and humans with a defined role in pre-mRNA processing (Schwer and 

Guthrie 1991, Zhou and Reed 1998). In general, Prp16 is a processive DEAH-box RNA 

helicase which has the ability to bind RNA duplexes in vitro and induce duplex 

unwinding (Wang, Wagner et al. 1998). In the spliceosome, homologs of Sp Prp16 have 

been shown to act after the first step of splicing, resulting in both the loss of first step 

splicing factors, Sp Cwf16 and Sp Cwf25 (Sc Yju2 and Sc Cwc25), and the structural 

rearrangement of the spliceosome, resulting in the protection of the 3′ SS from RNase H 

cleavage (Schwer and Guthrie 1991, Schwer and Guthrie 1992, Umen and Guthrie 1995, 

Tseng, Liu et al. 2011). In S. cerevisiae, a mutant of Sc Prp16 was used to isolate a 

second step splicing complex, supporting a role for Prp16 in transitioning the 

spliceosome from the B* to the C complex (Lardelli, Thompson et al. 2010). In addition 

to Prp16’s ATP dependent role, Prp16 also has an ATP independent role when an 

aberrant pre-mRNA transcript is present. Under these conditions, Sc Prp16 associates 

with the spliceosome prior to the first splicing reaction where it stabilizes Sc Cwc25 (Sp 

Cwf25) and proofreads 5′SS and BP mutants in pre-mRNA transcripts (Burgess and 

Guthrie 1993, Koodathingal, Novak et al. 2010, Tseng, Liu et al. 2011). Pre-mRNA 

proofreading by Prp16 enhances splicing fidelity by promoting the discard of aberrant 

transcripts (Koodathingal and Staley 2013). With Prp16’s well-characterized role in 
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humans and S. cerevisiae in transitioning the spliceosome from the B* to the C complex, 

we hypothesize that a mutant of Sp Prp16 will “trap” a second-step splicing complex.  

Prp16 can be divided into three distinct regions: N-terminus, helicase core, and C-

terminus (Fig. 3-1A). In S. cerevisiae Prp16 domain deletions as well as mutant analysis 

has defined which regions are required for function. For example, the N-terminal ~200 

residues and the C-terminal ~100 residues are not essential for function in vivo; however, 

there are still regions of the N- and C-terminus, which are essential for function (Hotz 

and Schwer 1998, Wang, Wagner et al. 1998, Zhou and Reed 1998). The essential nature 

of the N-terminus of Sc Prp16 is due to its role in recruiting Prp16 to the spliceosome 

(Wang, Wagner et al. 1998).  In addition to the essential N- and C-termini, site-specific 

mutations in key helicase core motifs result in lethality (Hotz and Schwer 1998). These 

site-specific mutations were used to determine which amino acids in the conserved 

sequence elements I, I, III, and VI are required for function (Fig. 3-1A). Conditional and 

suppressor alleles have also been isolated and used to further understand the function of 

Sc Prp16 (Fig. 3-1B).  The suppressor alleles, although they have no phenotype on their 

own, are able to suppress A-C BP mutants (Burgess and Guthrie 1993). These suppressor 

mutants have a reduced rate of ATP hydrolysis (Fig. 3-1C), which is hypothesized by 

Burgess and Guthrie to allow for aberrantly formed lariat RNA intermediates to be 

corrected as apposed to being discarded (Burgess and Guthrie 1993). In addition to the 

suppressor mutants, both heat and cold sensitive conditional mutants have also been 

isolated.  The conditional mutants when mapped to the crystal structure of the conserved 

helicase Sc Prp43 are located in the vicinity of the active site (Fig. 3-1A and D), although 
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none of the conditional mutants map to residues directly involved in ATP binding.  Of the 

conditional alleles, Sc prp16-1 is the most well-characterized mutant.  When comparing 

the rate of ATP hydrolysis between Sc Prp16 and Sc prp16-1 there is minimal in vitro 

NTP hydrolysis independent of the nucleotide used or whether RNA is present or not 

(Schwer and Guthrie 1992, Burgess and Guthrie 1993, Wang, Wagner et al. 1998)  (Fig. 

3-1C).  The reduced rate of ATP hydrolysis also correlates with the inability for Sc 

prp16-1 to unwind a U4/U6 snRNA duplex in vitro (Wang, Wagner et al. 1998). In S. 

cerevisiae there are distinct roles from the N-terminus, helicase core, and the C-terminus, 

where the helicase activity is required driving the progression of the splicing cycle.  

Although Sc Prp16 has been extensively studied, there is limited data on the function of 

Sp Prp16, and based on sequence homology Sp Prp16 is hypothesized to function similar 

to Sc Prp16. 

In this study we characterized the S. pombe prp16-1 mutant. Using a combination 

of yeast genetics and cell lysate analyses, we show that the Sp prp16-1 helicase mutant 

results in a truncated protein due to a pre-mature stop codon, resulting in a protein with 

no helicase core or C-terminus.  The Sp prp16-1 mutant was found to have both a cold-

and heat-sensitive phenotype. We further characterized this heat-sensitive phenotype and 

showed that in the presence of the Sp prp16-1 mutant, a stable spliceosome can be 

isolated. Further, this complex contained RNAs and proteins associated with second step 

splicing complexes. Finally, EM analysis of the Sp prp16-1 spliceosome shows a 

complex similar to the ILS. Taken together, these data demonstrate that an RNA helicase 

mutant in S. pombe can be used to isolate a second-step splicing complex. 
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Materials and Methods 

Strains, yeast methods, and molecular biology. Strains used in this study are listed in 

Table 3-1. Yeast strains were grown in liquid yeast extract (YE) or on YE agar plates. For 

TAP purifications cells were grown in 4x-YE. For spot assays, cells were grown to mid-

log phase at 29°C and resuspended in water to achieve an optical density of 0.3 at 595 nm 

(OD595). Tenfold serial dilutions were made, and 2 µl of each dilution was plated on YE. 

Plates were incubated at the indicated temperatures for 3 to 9 days before imaging. 

RNA Isolation, Northern Blotting, and RT-PCR. Total RNA was prepared from cells 

by extraction with hot acidic phenol as described previously (Collart and Oliviero 2001). 

To visualize snRNAs from a Cdc5-TAP and anti-snRNA cap (anti-trimethylguanosine 

[m3G]; Millipore) pulldowns, RNAs were resolved using 6% TBE-urea gels (Life 

Technologies). RNA was transferred to a Duralon-UV membrane (Agilent Technologies, 

Santa Clara, CA), UV cross-linked using energy setting 700 (UVC500 cross-linker; GE 

Healthcare, Piscataway, NJ), and detected by using [γ-32P] ATP (PerkinElmer, Waltham, 

MA)-labeled oligonucleotides complementary to S. pombe U1, U2, U4, U5, and U6 

(oligonucleotide sequences as published (Livesay, Collier et al. 2013)). Blots were 

exposed to phosphorimager screens overnight and visualized using a Typhoon FLA-

7000IP instrument (GE Healthcare, Piscataway, NJ). For reverse transcription (RT)-PCR 

analysis, RNA was treated with DNase I (Life Technologies) and reverse transcribed 

according to the manufacturer's directions using random hexamers for priming 

(SuperScript; Life Technologies). The resulting cDNA was PCR amplified with tbp1_a 
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Table 3-1. Schizosaccharomyces pombe strains used in this study  

Strain # Genotype Figure Source 

OHI001 ade6-M210 leu1-32 ura4-D18 h- 3-2 K. Goulda 

OHI018 nda3-km311 leu1-32 h+ 3-2 Toda et al. 1983 

OHI130 cdc5-tap::Kanr ade6-m210 leu1-32 ura4-
D18 h+ 

3-3,  
3-5 

Adapted from 
Ohi et al. 2002 

OHI262 prp2-1 leu1-32 ura4-D18 h+ 3-2 Potashkin et al. 
1976 

OHI269 cdc5-120 leu1-32 his3-D1 h+ 3-2 Nurse et al. 1976 

OHI420 prp16-1 (prp14-1)  3-2 Urushiyama et al. 
1996 

OHI665 prp16-1 cdc5-tap::Kanr 3-3,  
3-5 

This Work 

aVanderbilt University School of Medicine, Nashville, TN. 
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(primers published in (Livesay, Collier et al. 2013)) for 32 cycles, run on a 2.5% gel and 

stained with ethidium bromide. 

Glycerol Gradients For gradients from a Cdc5-TAP and from cell lysates, a 200-µl 

volume was layered onto a 10-30% glycerol gradient and centrifuged at 28,000 rpm at 

4°C for 16 h in a SW55Ti rotor (Beckman). TAPs were performed as described 

previously (Gould, Ren et al. 2004). Fractions from the gradients were collected 

manually and resuspended in 4x LDS sample buffer (Life Technologies, Grand Island, 

NY). Parallel standard gradients contained thyroglobulin (19S) and catalase (11.35S) 

(HMW calibration kit; GE Healthcare, Piscataway, NJ). 

Western Blots Poteins were resolved by a 4 to 12% Bis-Tris PAGE (and transferred by 

electroblotting to a PVDF membrane (Whatman, GE Healthcare, Piscataway, NJ). The 

primary antibody anti-Cdc5 (1/5,000) rabbit polyclonal antisera was used to detect Cdc5. 

The Cdc5 anti-body was detected by the secondary antibodies IRDye 800CW (LI-COR 

Biosciences, Lincoln, NE) (1/10,000 dilution) and visualized using an Odyssey scanner 

and software (LI-COR Biosciences). 

Mass Spectrometry TAP elutions were trichloroacetic acid (TCA) precipitated, 

resolubilized in 8 M urea–100 mM Tris (pH 8.5), reduced, alkylated, and then diluted 

back to 2 M urea and digested overnight with trypsin as described previously (MacCoss, 

McDonald et al. 2002). Resulting peptides (corresponding to about 5% of the TAP 

eluate) were analyzed by a 70-min data-dependent liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) analysis in the Vanderbilt Mass Spectrometry core. In brief, 

peptides were autosampled onto a 200-mm by 0.1-mm (Jupiter 3 micron, 300 Å) self-
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packed analytical column coupled directly to an LTQ (ThermoFisher) using a 

nanoelectrospray source and resolved using an aqueous to organic gradient. A series of a 

full-scan mass spectrum followed by five data-dependent tandem mass spectra was 

collected throughout the run, and dynamic exclusion was enabled to minimize acquisition 

of redundant spectra. Tandem mass spectra were searched via Sequest against an S. 

pombe database (UniprotKB taxon 284812 reference proteome set) that also contained a 

reversed version for each of the entries (Yates, Eng et al. 1995). Identifications were 

filtered and collated at the protein level using Scaffold (Proteome Software).  

Electron Microscopy Uranyl formate stained samples were prepared as described (Ohi, 

Li et al. 2004). In brief, 3 µl of sample was absorbed to a glow-discharged 400-mesh 

copper grid covered with carbon-coated collodion film. The grid was washed in two 

drops of water and then stained with two drops of uranyl formate (0.75%). Samples were 

imaged on a FEI Tecnai 200 kV electron microscope equipped with a field emission 

electron source (FEI, Hillsboro, OR) and 4K x 4K Gatan Ultrascan CCD. 

Results 

Characterizing a mutant of the S. pombe helicase Prp16 

 S. pombe prp14-1 was isolated in a PRP screen where it was shown to be a cold 

sensitive (CS) mutant (Urushiyama, Tani et al. 1996). At the restrictive temperature 

(22ºC) Sp prp14-1 was shown to be defective in pre-mRNA processing. In this study we 

determined Sp prp14-1 to be a mutation in the Sp prp16 gene and thus renamed this 

mutant to Sp prp16-1 for clarity. The Sp prp16-1 gene was PCR amplified and 

sequenced. Two nucleotide mutations were found, a G975A mutation resulting in a silent 
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mutation, K325K, and a C1630T mutation resulting in the introduction of a pre-mature 

stop codon, Q544stop. The Sp prp16-1 Q544stop mutation is a severely truncated RNA 

helicase resulting in a Prp16 protein with only the non-conserved N-terminus and part of 

the first RecA-like domain found in the helicase core (Fig. 3-2A). 

To address the impact of the prp16-1 mutation in S. pombe, we used a spot assay 

to determine the relative growth of this mutant at different temperatures. We observed 

that wild-type, cdc5-120, nda3-km311, and prp16-1 all grow at 29ºC (Fig. 3-2B middle 

panel). However, a temperature shift to either 18ºC or 36ºC results in a substantial 

decrease in the growth of the Sp prp16-1 mutant similar to the CS phenotype of nda3-

km311 and the heat sensitive (HS) phenotype of Sp cdc5-120 (Fig. 3-2B). These results 

indicate that the Sp prp16-1 mutant has growth defects at both 18ºC and 36ºC. As the CS 

phenotype of Sp prp16-1 has been previously characterized (Urushiyama, Tani et al. 

1996), we began to investigate the HS phenotype of the Sp prp16-1 mutant. 

Prp16 is a well-characterized helicase, and its involvement in pre-mRNA splicing 

has been demonstrated in both S. cerevisiae and humans. To determine if the HS 

phenotype of the Sp prp16-1 mutant results in a pre-mRNA splicing defect, we isolated 

total RNA from cells shifted to 36ºC for 4 hours. Using reverse transcriptase (RT)-PCR, 

the Sp prp16-1 mutant showed an increase in Sp tbp1 pre-mRNA transcript levels similar 

to a known pre-mRNA splicing mutant, Sp prp2-1 (Fig. 3-2C). In addition to pre-mRNA 

analysis we next sought to determine the impact of the Sp prp16-1 mutant on the 

spliceosome. Using Cdc5, a component of the NTC, as a marker for the spliceosome we 

ran Sp prp16-1 cell lysate over a linear glycerol gradient. Sp Cdc5 was detected by 
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Western blot toward the bottom of the gradient in both wild-type and Sp prp16-1 lysates 

(Fig. 3-2D). Despite the accumulation of pre-mRNA levels in the Sp prp16-1 mutant at 

the restrictive temperature, the presence of a large splicing complex remains unchanged. 

The second step splicing complex in S. pombe 

 Mutations in the RNA helicases involved in pre-mRNA splicing can be useful 

tools for isolating the spliceosome at different stages of pre-mRNA processing. The RNA 

helicase mutants are hypothesized to be conditionally defective for RNA helicase activity 

and at extreme temperatures these helicase mutants would have reduced ATPase activity.  

For example, Sc prp16-1 has reduced ATPase activity and Sc prp16-302 was used to 

isolate a late splicing complex (Fig. 3-1B) (Burgess and Guthrie 1993, Lardelli, 

Thompson et al. 2010). We wanted to determine if the Sp prp16-1 mutant, which is has 

no helicase domain, is capable of trapping a late splicing complex in S. pombe that is 

different from the previously characterized ILS purified from wild-type cells (Ohi, Ren et 

al. 2007). The spliceosome from Sp prp16-1 cells was purified at the restrictive 

temperature using a tandem affinity purification (TAP) tag on Cdc5 (Cdc5-TAP). Upon 

purification of the Cdc5-TAP prp16-1 complex, the presence of a stable splicing complex 

was assessed by a linear glycerol gradient (Fig. 3-3A). By Western blot, we detected 

Cdc5 toward the bottom of the gradient in both ILS and Cdc5-TAP prp16-1 purifications. 

These data indicate that Cdc5 is associated with a stable splicing complex in the Sp 

prp16-1 mutant. 

As Cdc5 is associated with a stable spliceosome in the Sp prp16-1 mutant strain at 

the restrictive temperature, we wanted to determine if this complex was also involved in 
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the first or second step of pre-mRNA splicing. We analyzed the snRNAs and a pre-

mRNA transcript extracted from the Cdc5-TAP prp16-1 purification and compared it to 

RNA extracted from the ILS to determine whether this complex is a first or second step 

splicing complex. Using a Northern blot and DNA probes for the five snRNAs, we found 

the Cdc5-TAP prp16-1 complex contains the U2, U5 and U6 snRNAs similar to the ILS 

complex (Fig. 3-3B). We then wanted to use a model pre-mRNA transcript to determine 

whether the first or second step of splicing had occurred in the Cdc5-TAP prp16-1 

complex. Using RT-PCR we analyzed the state of the cwf8 pre-mRNA transcript in the 

Cdc5-TAP prp16-1 complex. We employed transcript-specific primers designed to 

amplify pre-mRNA, mRNA, and lariat RNA (Fig. 3-4), and found the ILS and Cdc5-TAP 

prp16-1 complexes contain lariat RNA and mRNA without any detectable levels of 

unspliced pre-mRNA (Fig. 3-3C). RNA analysis of both the Cdc5-TAP prp16-1 complex 

and the ILS show that each complex contains a similar RNA composition including the 

snRNAs (U2, U5, and U6), lariat RNA, and mRNA. The absence of pre-mRNA and the 

presence of the lariat RNA as well as mRNA indicates that the Cdc5-TAP prp16-1 

complex is a second step splicing complex. 

In other organisms, mass spectrometry (MS) has been used to identify 

spliceosome protein components at distinct stages of pre-mRNA splicing. Interestingly, 

there are a number of protein components which are only required at specific stages of 

splicing. Using this biological feature to our advantage, we utilized a one-dimensional 

MS approach to determine the protein composition of the Cdc5-TAP prp16-1 complex 

(Fig. 3-5B). Compared to the MS analysis of the ILS, the Cdc5-TAP prp16-1 complex 
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contains components of the SF3A and SF3B complexes as well as Brr2, a U5 snRNP 

component; however, only a few peptides from each of the components were detected 

(Fig. 3-5A and B). In contrast, the Cdc5-TAP prp16-1 complex does not contain 

detectable amounts of the RNA helicase Sp Cdc28, the components of the retention in 

splicing (RES) complex, or Mug161, which modulates debranching in S. cerevisiae. 

From the RNA and protein analyses of the Cdc5-TAP prp16-1 complex, this complex is 

similar to the ILS complex in RNA composition but contains a unique set of detectable 

protein components by one-dimensional MS. 

EM analysis of the prp16-1 second step splicing complex 

 Since the protein composition between the Cdc5-TAP prp16-1 complex and the 

ILS is different, we wanted to determine if these differences could be detected in 2D EM 

projections of purified complexes. Using negative stain EM, we compared the structural 

features of the Cdc5-TAP prp16-1 complex with the ILS (Fig. 3-5C and D). Similar to 

the glycerol gradients, a large complex was present in both purifications. After selecting 

~7000 particles from each purification, we rotationally and translationally aligned these 

particles generating 2D projections. Analysis of a single 2D projection from each 

complex indicates that there are three clear globular domains in both complexes (Fig. 3-

5C and D, insets), which have been previously identified in the 3D structure of the ILS 

(Ohi, Ren et al. 2007). The 2D projections have clear similarities in the “foot-like” 

domain (Fig. 3-5C and D, green arrow) and in the “ridge” domain (Fig. 3-5C and D, 

black arrow). In contrast the “head-like” domain shows clear differences (Fig. 3-5C and 

D, white arrow). Taken together, these second step splicing complexes have similar RNA 
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and protein composition with protein differences most likely found in the “head-like” 

domain.  

Discussion 

 Here we characterized prp16-1, an RNA helicase mutant in S. pombe involved in 

pre-mRNA splicing. Previous work with Sp prp16-1 showed that this mutant has a CS 

growth and a CS splicing defect. We further characterized this mutant and showed that 

the Sp prp16-1 mutation is the result of a pre-mature stop codon resulting in a truncated 

protein containing only the non-conserved N-terminus. In addition to the previously 

characterized CS phenotype, we showed that the Sp prp16-1 mutant results in a HS 

phenotype also resulting in a splicing defect. Despite the HS splicing defect, we were 

able to show a large splicing complex is present in cell lysate. These results suggest a 

functional Sp Prp16 is required at extreme temperatures and that at the permissive 

temperature the helicase and C-terminal functions of Sp Prp16 are not essential for 

function.  These results are interesting as the helicase function of Prp16 is thought to be 

essential in all organisms.  It is possible that another helicase such as Sp Prp22 is capable 

of rescuing the Sc prp16-1 at the restrictive temperature or that the helicase function of Sp 

Prp16 is not required at the permissive temperature. Using the helicase deficient Sp prp16-1 

mutant a stable second step spliceosome may be trapped, similar to what is seen using 

mutants in the Sc prp16 helicase domain. Using this HS phenotype of Sp prp16-1, we 

wanted to determine if the Cdc5-TAP prp16-1 spliceosome was a second step splicing 

complex similar to the ILS. When comparing both complexes on a linear gradient, they 

both peak toward the bottom of the gradient suggesting they have the same overall shape 
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and size. SnRNA analysis further supports the similarities between these two complexes 

as both spliceosomes contain the same snRNAs. Further analysis of RNA extracted from 

these spliceosomes shows that the Sp cwf8 transcript has no detectable amount of pre-

mRNA in either complex. The absence of pre-mRNA suggests the Cdc5-TAP prp16-1 

complex, like the ILS, is a second step splicing complex.  

 Although the general size and shape as well as the RNA composition between the 

Cdc5-TAP prp16-1 and the ILS are similar, MS analysis highlights differences in their 

protein composition. In the Cdc5-TAP prp16-1 complex, Sp Brr2 and components of the 

SF3A and SF3B complex were detected, although in low abundance. Detecting Sp Brr2 in 

the Cdc5-TAP prp16-1 complex is interesting as it is typically not detected in the S. 

pombe ILS and the lack of Sp Brr2 in the ILS is hypothesized to be partially responsible 

for why the ILS is stable and not recycled (Chen, Shulha et al. 2014). These results 

suggest that Sp Brr2 is not stably associated with spliceosome in S. pombe after the first 

step of splicing. In S. cerevisiae the SF3A and SF3B complexes are thought to be loosely 

associated after the first step of splicing. However in humans, the association of the SF3A 

and SF3B complexes seems to be more dynamic as these complexes are detected in both 

the first and second step splicing complexes (Bessonov, Anokhina et al. 2010, Ilagan, 

Chalkley et al. 2013). Alternatively, the presence of the SF3A and SF3B complexes in 

the Cdc5-TAP prp16-1 spliceosome may represent a C complex with loosely associated 

SF3A and SF3B complexes like in S. cerevisiae (Lardelli, Thompson et al. 2010). In 

contrast, the presence of the SF3A and SF3B complexes may represent the P complex 

found in humans (Ilagan, Chalkley et al. 2013). In either case, the low abundance of both 
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Brr2 and the SF3A and SF3B complexes in the Cdc5-TAP prp16-1 spliceosome indicates 

a heterogeneous spliceosome. The slight differences in protein components between the 

ILS and the Cdc5-TAP prp16-1 complexes suggest these complexes are slightly different 

mixtures of second step splicing complexes.Using EM we wanted to determine if the 

Cdc5-TAP prp16-1 spliceosome had any detectable difference from the ILS. Using 

negative stain EM we were able to detect similar 2D projections from both purifications. 

Using the naming from the structure of the ILS, the “foot-like” and “ridge” domains look 

similar. Strikingly the “head-like” domain is well ordered in the ILS compared to the 

“head-like” domain of the Cdc5-TAP prp16-1 complex. The differences in the “head-

like” domain can represent a slightly different structure or the differences could indicate 

that the “head-like” region of the Cdc5-TAP prp16-1 complex is heterogeneous. 

 In summary, we have characterized a mutant of the Prp16 helicase in S. pombe. 

We have shown this mutation results in a truncated protein and a CS and HS growth 

phenotype. The Sp prp16-1 mutant has a splicing defect, although a stable spliceosome 

can be purified. The Sp prp16-1 spliceosome resembles the ILS in both snRNA and pre-

mRNA content, indicating that the Sp prp16-1 spliceosome is a second-step splicing 

complex. MS and EM analysis of the Sp prp16-1 spliceosome show that this complex is 

slightly different than the ILS potentially representing a new S. pombe spliceosome 

which can be used to provide further insight into the molecular details of how the 

spliceosome functions. 
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CHAPTER IV 

Discussion 

This work focuses on characterizing the structure and function of the S. pombe 

spliceosome. Chapter II centers on elucidating the function of the N-terminus of Sp Cdc5 

and its potential role in the active site of the spliceosome. Chapter III is concentrated on 

describing the function of the Sp Prp16 helicase mutant and using this mutant a second 

step splicing complex was isolated from S. pombe. These studies have advanced the 

current understanding of spliceosome function and have laid the groundwork for future 

studies.  

NTC Characterization 

 In Chapter II the structure and function of N-terminal domains of Sp Cdc5 were 

investigated. In this study, Sp Cdc5-D3 was found to be structurally distinct from the 

canonical Myb repeats R1 and R2. Further investigation showed that the N-terminus of 

Cdc5 binds RNA in vitro, preferentially dsRNA. Finally a synthetic sick interaction 

between mutants of the N-terminus of Sp Cdc5 and Sp Cwf2, an RNA binding protein in 

the active site of the spliceosome, suggest the N-terminus of Sp Cdc5 may bind RNA in 

vivo within the active site of the spliceosome. These findings support a model where in 

the active site of the spliceosome Sp Cdc5, in concert with other RNA binding proteins, 

acts to stabilize and activate the spliceosome (Fig. 4-1A). 

 A potential role for the N-terminus of Sp Cdc5 in the active site fits well with 

previously published literature. For example, mutations in the Myb repeats of Sp Cdc5 

and its S. cerevisiae homolog, Sc Cef1, result in a temperature-sensitive cell cycle arrest  
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Figure 4-1. Model of NTC Protein-RNA Interactions and Mapping of Sc Cef1 
Mutations (A) Model of a subset of NTC components and the secondary structure of the 
active site RNA in the S. pombe spliceosome. The U6 snRNA is in brown, the U2 snRNA 
is in green, and the U5 snRNA is in purple.  The Prp19 tetramer in blue binds directly to 
NTC components Cdc5 (Sc Cef1) and Cwf2 (Sc Cwc2). Sc Cwc2 cross-links to regions 
of the U2 and U6 snRNAs.  Dashed lines indicate a direct in vitro interaction between 
components and solid lines represent in vitro protein-RNA crosslinking. Models are not 
to scale. (B) The structure of Hs Cdc5 R1 (PDB 2DIM) is shown in blue at 0˚ and 90˚.  
The amino acids in red correspond to the Sc Cef1 mutants identified by Query and 
Konarska, V36R and S48R (or K).  These mutations map to the core of Hs Cdc5 R1.
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(Ohi, McCollum et al. 1994, Ohi, Feoktistova et al. 1998, Burns, Ohi et al. 2002). Further 

showing Cdc5’s importance in splicing, work in S. cerevisiae shows that Sc Cef1 is 

required for the first and second steps of splicing (Burns, Ohi et al. 1999, Query and 

Konarska 2012). Recent work by Query and Konarska using a copper sensitivity assay 

show that silent mutations in the Sc Cef1 R1 act to suppress intron mutations, U6 snRNA 

mutations, and the splicing defect caused by the deletion of Sc Prp17 (Query and 

Konarska 2012). Interestingly, this study also suggests that the Sc Cef1 R1 mutations, 

V36R and S48R (or –K), can activate alternative splice sites. They hypothesized that the 

charged mutations in R1 form new, stabilizing interactions resulting in alternative splice 

site selection. My results from Chapter II support an alternative hypothesis to the 

activation of alternative splice sites. The alternative hypothesis is that charged mutations 

in the Sp Cdc5/Sc Cef1 disrupt the tertiary structure of the Myb repeats rendering them 

inactive and without their RNA-RNA stabilizing effects, pre-mRNA processing becomes 

“sloppy”, resulting in poor splice site selection. Supporting this hypothesis, the 

suppressor mutations identified by Query and Konarska are located in the hydrophobic 

core of R1 (Fig. 4-1B), suggesting that these mutations disrupt the tertiary fold of the 

Myb repeat instead of forming new binding sites. Combined with results from Chapter II, 

the inactivation/unfolding of R1 would also result in the loss of R2 function as both 

domains in Sp Cdc5 bind RNA cooperatively in vitro. With the loss of both Myb repeats 

RNA-RNA interactions would become destabilized resulting in aberrant splicing. Taken 

together these studies suggest Sp Cdc5/Sc Cef1’s role in pre-mRNA processing is to 
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stabilize RNA-RNA interactions within the active site of the spliceosome to promote the 

fidelity of splicing. 

Although Sp Cdc5 and its homologs have clear roles in splicing (Ohi, Feoktistova 

et al. 1998, Burns, Ohi et al. 1999, McDonald, Ohi et al. 1999, Tsai, Chow et al. 1999), 

negative genetic interactions with components located at the core of the spliceosome 

(Query and Konarska 2012, Livesay, Collier et al. 2013), and this study showing Sp Cdc5 

can bind RNA in vitro, there are no direct in vivo studies describing a target RNA for Sp 

Cdc5 or its homologs within the spliceosome. Chapter II leaves the open question of 

what RNA(s) interacts with the N-terminus of Sp Cdc5 in vivo. Future experiments 

should be focused on describing the protein-RNA interactions with Cdc5 and active site 

RNA. To accomplish this goal, RNA crosslinking should be used to detect protein-RNA 

interactions with Cdc5 in vivo and this can be done using ultraviolet (UV) crosslinking 

with endogenous RNA or exogenously added photoactivatable nucleosides (Urlaub, 

Hartmuth et al. 2000, Ascano, Hafner et al. 2012). Mapping protein-RNA contacts with 

the N-terminus of Cdc5 (R1, R2, and D3) and the spliceosome active site RNA will be an 

important step forward for understanding the molecular details on how Cdc5 contributes 

to RNA stabilization in the active site of the spliceosome. 

 The ability for the N-terminus of Cdc5 to bind RNA in vitro has implications for 

understanding how the NTC directly stabilizes active site RNA. Several NTC 

components have domains capable of binding RNA in addition to Sp Cdc5. For example, 

homologs of the NTC component, Sp Cwf2 (Sc Cwc2 and Hs RBM22), have been shown 

to bind active site RNA in vivo throughout multiple stages of splicing (McGrail, Krause 
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et al. 2009, Rasche, Dybkov et al. 2012). These studies with homologs of Sp Cwf2 used 

UV crosslinking to show direct protein-RNA interactions with the U6-ISL, the U6 

snRNA and the pre-mRNA intron near the 5′SS. Due to Sp Cwf2 homologs binding the 

active site, these reports suggest Sp Cwf2 homologs are directly responsible for the 

stabilization of RNA-RNA interactions by the NTC. However, these reports fail to 

consider other potential RNA binding proteins in the NTC. In Chapter II, Sp Cdc5 is 

clearly capable of binding RNA in vitro and in combination with the genetic interactions 

with Sp Cwf2 and previously reported genetic interactions (Query and Konarska 2012, 

Livesay, Collier et al. 2013), Sp Cdc5 has a clear role in the active site of the 

spliceosome. In addition to Sp Cwf2 and Sp Cdc5, other NTC components may play a 

role in RNA stabilization by the NTC. For example the HAT (half-a-TPR) repeats found 

in both Sp Cwf3 and Sp Cwf4 can potentially bind RNA (Hammani, Cook et al. 2012) as 

well as the WD40 repeats which are found in Sp Prp19 and Sp Prp5 (Lunde, Moore et al. 

2007, Lau, Bachorik et al. 2009, Tycowski, Shu et al. 2009). Further supporting the 

hypothesis that multiple NTC components are needed to stabilize active site RNA, 

depletion of the NTC in S. cerevisiae extracts results in the destabilization of the U6 

snRNA with the 5′SS as well as the U5 snRNA with the 5′SS (Chan and Cheng 2005). 

The crosslinking data with homologs of Sp Cwf2 can directly account for U6 

snRNA/5′SS stabilization only. At least one other NTC component is required to stabilize 

the U5 snRNA/5′SS interaction, again supporting the hypothesis that multiple NTC 

components are needed to stabilize RNA in the active site of the spliceosome. Previous 

work with Sp Cwf2 homologs and this work with the N-terminus of Sp Cdc5 are just the 
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tip of the iceberg in understanding how the NTC functions to stabilize RNA-RNA and 

protein-RNA interactions within the spliceosome. Further analyses of protein-RNA 

interactions with NTC components are needed to answer the question: which NTC 

components can bind RNA and contribute to the stabilization of the active site of the 

spliceosome? 

Macromolecular Characterization of the Spliceosome 

 Within the confines of the spliceosome the NTC not only interacts with RNA but 

it must also interact with other spliceosome subcomplexes. The NTC and spliceosome 

research in general needs to be focused on the question of how the spliceosome is 

assembled and how the inter-complex interactions change throughout the splicing 

cycle. Understanding these inter-complex interactions within the spliceosome will 

provide mechanistic details on how the spliceosome is assembled to accomplish pre-

mRNA splicing.  

Toward the goal of understanding how the spliceosome is structurally organized, 

in Chapter III the structure of the spliceosome was investigated in the presence of a 

mutant RNA helicase, Sp Prp16. In summary, S. pombe prp16-1 was shown to have 

growth and splicing defects at 36ºC. Further analysis of this temperature sensitive mutant 

showed that at 36ºC the RNA and protein composition as well as a 2D EM projection of a 

large splicing complex resembles a second step splicing complex similar to the S. pombe 

ILS. Analysis of the prp16-1 second step splicing complex has identified a new 

spliceosome in S. pombe albeit similar to the ILS.  
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In Chapter III, the isolation of a second step splicing complex using a mutant of 

Sp Prp16 is consistent with previously published literature from homologs of Sp Prp16. 

The hypothesis in Chapter III is that a mutant of Sp Prp16 would “trap” a new second 

step splicing complex in S. pombe. This hypothesis is based on the well-characterized 

role of Sc Prp16 and Hs Prp16. Supporting this hypothesis, Sc Prp16 acts after the first 

step of splicing to promote the rearrangement of the active site of the spliceosome 

resulting in protection of the 3′SS from RNase H digestion and the formation of the C 

complex (Schwer and Guthrie 1991). Sc Prp16 also functions to remove the proteins Sc 

Cwc25 (Sp Cwc25) and Sc Yju2 (Sp Cwf16) although by MS these proteins are still 

detected in the S. cerevisiae C complex trapped on a mutant pre-mRNA (Fabrizio, 

Dannenberg et al. 2009). Finally, a mutant of Sc Prp16, Sc prp16-302, has been used to 

trap a second step splicing complex (Lardelli, Thompson et al. 2010). The Sp prp16-1 

spliceosome purified in Chapter III is consistent with second step splicing complexes 

purified in S. cerevisiae. Although there are variations between the S. pombe and S. 

cerevisiae complexes, these disparities are also found in different purifications from S. 

cerevisiae and may reflect different purification and isolation conditions between 

complexes (Lardelli, Thompson et al. 2010). Taken together, the isolation of a second 

step splicing complex in S. pombe using a mutant of the RNA helicase, Sp Prp16, is 

consistent with previously published work in both S. cerevisiae and humans. 

The S. pombe prp16-1 second step spliceosome is a step forward in describing 

new splicing complexes in S. pombe and understanding how the spliceosome is 

structurally organized. MS analysis suggests this new S. pombe spliceosome represents a 
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heterogeneous mixture of second step splicing complexes with the SF3A and SF3B 

complexes being found in low abundance. The low abundance of these factors is also 

seen by MS in S. cerevisiae C complexes (Fabrizio, Dannenberg et al. 2009). In order for 

the Sp prp16-1 to be structurally characterized, a more homogeneous complex is needed. 

One way to increase particle homogeneity of this complex is to use GraFix, a linear 

glycerol gradient with protein crosslinking, to keep the complex from disassociating after 

purification. GraFix has been used to purify a more homogeneous human spliceosome 

(Stark 2010). In the human model system there are two 3D structures of the C complex 

with clear discrepancies between the structures (Jurica, Sousa et al. 2004, Golas, Sander 

et al. 2010). These discrepancies were resolved when 2D EM projections of human C 

complexes were compared with and without crosslinking (Ilagan, Chalkley et al. 2013). 

Results from the human C complex clearly show that protein crosslinking can facilitate 

complex purification by preserving a more homogeneous sample. With further sample 

optimization the 3D structure of the S. pombe prp16-1 spliceosome can be determined. 

In Chapter III, a mutant RNA helicase was used to trap a second step splicing 

complex, but this study leaves the question of whether other S. pombe helicase 

mutants can be used to isolate splicing complexes for structural characterization. 

Consistent with other organisms, S. pombe has several RNA helicases involved in 

splicing but how mutants of these S. pombe helicases affect the structure of the 

spliceosome has yet to be determined. Expanding beyond the second step of splicing, 

mutants of RNA helicases Sp Prp28 and Sp Cdc28 are interesting candidates as they are 

positioned in the splicing cycle to “trap” first step splicing complexes. Structural 
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comparison of first and second step spliceosomes purified from RNA helicase mutants 

will provide details on how the spliceosome changes throughout the splicing cycle and 

understanding these changes is critical for fully comprehending how the spliceosome 

functions. 

 In Chapter III, the structure of a second step splicing complex in S. pombe was 

characterized. Although this complex is heterogeneous, using EM there are clear 

differences in the “head-like” domain when compared to the previously characterized S. 

pombe ILS. The isolation of a second step splicing complex in Chapter III now allows for 

the structures of the spliceosome in S. pombe to be compared using EM. Future work will 

focus on characterizing the 3D EM structure of the prp16-1 spliceosome with the goal of 

comparing this structure to the previously described 3D structure of the ILS (Ohi, Ren et 

al. 2007). The comparison of second step splicing complexes in S. pombe in addition to 

structures of first step splicing complexes, potentially isolated using mutants of RNA 

helicases, will provide details on how pre-mRNA processing is facilitated by the 

spliceosome and with increasing structural resolution of these complexes more details of 

pre-mRNA processing will be elucidated (Fig 4-2). For example, the current EM model 

of the S. pombe ILS is at 29Å and at this resolution the general shape and size of a 

structure can be determined (Ohi, Ren et al. 2007). Although no mechanistic details can 

be determined at this resolution, several techniques including difference mapping and 

domain localization can be used to understand gross changes in the spliceosome when 

comparing spliceosome structures at different stages of splicing. With an increase in 

resolution to ~12Å, RNA within the spliceosome can be distinguished from protein and 
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the general location of the active site of the spliceosome can be determined. The tertiary 

structure of the RNA can then be compared with that of Group II introns and used to 

potentially support the spliceosome as a ribozyme hypothesis. The protein components of 

the spliceosome can start to be resolved with a further increase in resolution with α-

helices being resolved at ~10Å and β-strands being resolved at ~5Å. The 5Å-10Å 

resolution range is particularly useful for generating pseudo-atomic models of the 

spliceosome. These pseudo-atomic models will provide an unprecedented level of detail 

on how the spliceosome is assembled and functions to process pre-mRNA. Finally at a 

resolution of ~3Å the amino acid backbone can be traced and at this resolution atomic 

models of the spliceosome can be made answering questions of how the spliceosome 

functions and piecing together decades of genetic and functional data on the spliceosome. 

Determining high resolution structures of multiple splicing complexes will allow for 

mechanistic details to be determined on how proteins and RNA are rearranged throughout 

the splicing cycle.  

 Processing pre-mRNAs by the spliceosome is a basic biological property required 

for life in eukaryotic organisms. Since pre-mRNA splicing is essential to life, 

perturbations in this process through mutations in pre-mRNAs or in splicing factors can 

often result in disease (López-Bigas, Audit et al. 2005, Ward and Cooper 2009, Douglas 

and Wood 2011, Xiong, Alipanahi et al. 2015). A simplified model system is often used 

to understand the mechanism by which these mutations cause disease. Previous and 

ongoing work in S. pombe shows that this simplified system correlates well in humans, 

with similar human disease mutations being found in S. pombe and splicing-specific 
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drugs in humans affecting the same processes in S. pombe. For example, in humans, 

mutations in the Hs SF3B1 gene are often found associated with chronic lymphocytic 

leukemia (CLL) (Hahn and Scott 2011, Lu, Lu et al. 2011). The disease correlative 

mutations in Hs SF3B1 are grouped in the HEAT (Huntingtin, EF3, PP2A, and Tor1) 

repeats. Hs SF3B1 is conserved in S. pombe (Sp Prp10) and interestingly there is a 

temperature sensitive mutant of Sp Prp10 which has a mutation in the HEAT repeats 

(Habara, Urushiyama et al. 1998). With similar mutations between Hs SF3B1 and Sp 

Prp10 affecting cell function, what is learned by studying splicing in S. pombe can be 

correlated with human disease. Further supporting this idea is evidence that the drug, 

spliceostatin A, inhibits the S. pombe spliceosome. In both human and S. pombe model 

systems spliceostatin A binds to components of the SF3B complex and promotes pre-

mRNA accumulation in the nucleus (Kaida, Motoyoshi et al. 2007, Lo, Kaida et al. 

2007). Similar splicing protein mutations and drug responses in the S. pombe and human 

model systems suggest that what is learned in S. pombe will correlate with the human 

model system. 

The study of the spliceosome centers on understanding a basic biological function 

of eukaryotic organisms. The ultimate goal of this research is to understand how the 

essential function of the spliceosome affects human health and disease. Studying the 

spliceosome under non-disease conditions will provide insight into how the spliceosome 

is perturbed due to mutations in pre-mRNA and splicing components. For example, 

understanding how different regions of a pre-mRNA effect splicing has led to the 

generation of an algorithm which scores how strongly genetic variants affect RNA 
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splicing (Xiong, Alipanahi et al. 2015). 1393 unique pre-mRNA sequence features and 

known RNA binding proteins were used to train an algorithm and predict with relatively 

accuracy the effects of known single nucleotide variants on human disease. Although this 

algorithm was relatively successful, it cannot take into account all of the effects the 

spliceosome as the detailed mechanisms of pre-mRNA processing by the spliceosome 

are not known. With further characterization of the mechanisms of pre-mRNA splicing 

by the spliceosome, this algorithm or algorithms like it will be able to more accurately 

assess the effects of mutations in pre-mRNAs and the spliceosome.  

In summary, this work characterizes the structure and function of the S. pombe 

spliceosome. This work furthers splicing research in S. pombe by characterizing Sp Cdc5 

and Sp Prp16. The N-terminus of Sp Cdc5 was shown to bind RNA which has 

implications for how the NTC stabilizes and activates the spliceosome. A mutant of Sp 

Prp16, an RNA helicase, was used to isolate a new second step splicing complex in S. 

pombe. This work is a step forward in understanding the mechanisms behind pre-mRNA 

processing by the spliceosome by focusing on characterizing protein-RNA interactions in 

the active site of the spliceosome. Although this work progresses our understanding of 

spliceosome function, several questions remain, such as; (1) What RNA(s) does Sp Cdc5 

bind in vivo? (2) Which NTC components can bind RNA and contribute to the 

stabilization of the active site of the spliceosome? (3) How is the spliceosome structurally 

organized? (4) Can other S. pombe helicase mutants be used to isolate splicing complexes 

for structural characterization? (5) What is the detailed mechanism of pre-mRNA 

processing by the spliceosome? 
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