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Eukaryotic gene expression requires hundreds of proteins and several RNA 

factors to facilitate nuclear RNA processing.  These RNA processing events include RNA 

transcription, pre-mRNA splicing, pre-ribosomal RNA (pre-rRNA) processing and 

trafficking of RNA to its proper location in the cell.  As we learn more about the 

molecular details of the factors governing these highly coordinated processes it is 

becoming increasingly clear that a subset of factors participate in multiple RNA 

processing pathways to ensure faithful gene expression.  

Our work completes the characterization of the Abelson pre-mRNA splicing 

mutants.  We have discovered that the prp27-1 splicing mutant is a severe loss of 

function allele of RAT1, an essential 5’3’ exoribonuclease.  Several alleles of RAT1 

have been previously isolated with each conferring an array of phenotypes thus making 

the elucidation of its essential in vivo function difficult. We set out to determine how 
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mutations within a specific region determines the RNA processing pathway in which 

Rat1p has been implicated to function within.   

In our analysis of Rat1p function we discovered the prp27-1 allele exhibits novel 

3’ end processing defects never reported in previous rat1 mutants.  We performed 

mutational analysis to examine the coupling of 5’ and 3’ exonucleolytic activities in 

nuclear RNA processing events.   Through our study we have discovered a means by 

which the cell coordinately regulates the nuclear RNA degradation complexes to ensure 

efficient processing of pre-RNAs for the faithful execution of eukaryotic gene expression. 

Additionally, we offer evidence in support of role for Rat1p in promoting mitotic events 

in vivo.  
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Chapter 1: Introduction  

 

1.1 OVERVIEW 

 
 Eukaryotic cells execute a multitude of biochemical reactions to mediate gene 

expression.  These reactions employ hundreds of proteins to catalyze the reactions or 

address the substrates.  Briefly, the generation of those proteins begins with DNA being 

transcribed into pre-mRNA by RNA Polymerase II (RNAPII).  The pre-mRNA 

undergoes a series of reactions including the removal of introns by the spliceosome to 

generate the mature message, which is subsequently exported to the cytoplasm to be 

translated into the aforementioned proteins.  All of the processes described are performed 

in the nucleus of the eukaryotic cell with the exception of protein translation.  The 

essential protein 5’3’ exonuclease, Rat1p, is involved in many aspects of nuclear RNA 

turnover ranging from nucleo-cytoplasmic RNA trafficking to telomerase function.  

Previously characterized mutant alleles of RAT1 displayed an array of interesting 

phenotypes.  We have determined that the pre-mRNA splicing mutant prp27-1 is allelic 

to RAT1.  Through my work with this mutant allele we have expanded the repertoire of 

Rat1p function to include pre-mRNA splicing.  Additionally, we have uncovered a novel 

role for Rat1p in ribosomal RNA (rRNA) processing that suggests its exonucleolytic 

activity is coupled to the nuclear exosome.  It is the goal of this work to elucidate how a 

conserved Rat1p domain mediates its specificity with its RNA substrates.  
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1.2. TRANSCRIPTION 

1.2.1 Transcription Initiation and Elongation 

RNA transcription is a major process of the central dogma of molecular biology.  

The transfer of genetic information utilizes nucleotides acting as a complementary 

language that can be converted from DNA to RNA.  The RNA polymerase (RNAP) 

associates and reads the DNA sequence to produce an anti-parallel complementary single 

stranded sequence of RNA (Dickerson 1983).  The major products of RNA transcription 

is ribosomal RNA (rRNA), messenger RNA (mRNA), and transfer RNA (tRNA) are 

generated by RNA polymerases I, II, and III respectively.  The mRNA is capable of 

possessing one or more genes with all the regulatory elements to ensure proper 

expression.  These transcribed genes can encode other components essential for 

promoting gene expression such as snRNAs and snoRNAs.  It is widely known that 

transcription has proofreading mechanisms, which operate less efficiently than those in 

DNA replication (Dickerson 1983).  

Eukaryotic transcription initiation is an extremely complex and complicated 

process.  Briefly, RNA polymerases require the presence of a promoter region in the 

DNA.  The promoter regions are sequences typically 10 to 35 base pairs upstream of the 

transcriptional start site (Benoist et al., 1981, Grosschedl et al., 1980).  The most common 

eukaryotic promoter contains the TATA box, which acts as a binding site for TATA-box 

protein (TBP) a transcription factor critical for the recruitment of additional factors 

transcription (McKnight et al., 1982, Geiduschek 1997).  The recruitment and binding of 
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transcription factors signal to the RNAP that transcription is ready to commence.   

Binding of the RNAP to the core promoter region signifies the formation of the 

transcription initiation complex.  After the first bond is synthesized, the RNAP initiation 

complex must clear the promoter region.  At this juncture, the transcription machinery 

shifts gear into the elongation phase (Ouhammouch et al., 2003) 

 Synthesis of the RNA strand occurs following the formation of the initiation 

complex and promoter clearance during a transcription phase termed elongation.  

Elongation involves the separation of the double stranded DNA duplex by helicases and 

protein factors.  RNAP transverses the DNA template strand using base pairing 

complementary with the DNA template to generate a RNA copy.  RNAP reads the DNA 

template strand from 3’5’ direction to yield a RNA copy that is 5’3’ identical to the 

DNA coding strand with the exception of uracil in place of thymine (Roeder et al., 1969).  

Transcription elongation possesses intrinsic proofreading mechanisms that can replace 

incorrectly inserted nucleotide bases with the proper bases.  In eukaryotes, these 

mechanisms involve the transcriptional pausing of the RNAP machinery to allow the 

RNA editing factors to bind and execute their proofreading activities (Nudler 1999).  In 

contrast to that premise it has been suggested that the pauses could be intrinsic of RNAP 

or due to the chromatin structure impeding the machinery. Studies in eukaryotes have 

described the transition between transcription initiation and elongation as rate limiting 

and the RNAPII is subject to stalling (Chiu et al., 2002, Pei et al., 2003).  It has been 

recently speculated that Rat1p activity may function at this early transition point to 

ensure the presence of a degradation complex to accompany the elongation complex 
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(Jimeno-Gonzalez et al., 2010).  However, more work needs to be performed in order to 

fully elucidate this mechanism.   

1.2.2 Transcription Termination 

 Termination is the event in which the RNAP machinery is disassociated from the 

template DNA strand so that the RNAP may be recycled for further rounds of RNA 

synthesis.  In addition to its role in RNAP recycling, termination is important for 

insulating neighboring genes from improper transcription.  Considerably less is 

understood in terms of eukaryotic transcription termination in comparison to its 

prokaryotic counterpart.  In contrast to their prokaryotic counterparts, eukaryotes possess 

three RNAPs (I, II, III) potentially acting under different mechanisms and factors to 

execute these events (Roeder et. al 1969).  RNAP III and prokaryotic polymerases 

terminate at discrete positions in response to different signals from the DNA or RNA 

sequence.  RNAPII acts in contrast to the other polymerases in that termination by this 

complex has been coupled to the cleavage and polyadenylation events that results in the 

release/protection of the nascent transcript (Connelly and Manley 1988).  More than two 

decades ago, it was determined that RNAPII termination is triggered via the consensus 

poly-A signal (Zaret and Sherman 1982, Logan et al., 1987).  Poly-A site-dependent 

termination is critical for ensuring that termination does not occur prior to the polymerase 

reaching the end of the gene.  However, the precise molecular details of this process have 

remained elusive until relatively recently.  Currently two models have emerged: 1) 

“allosteric” model, and 2) the “torpedo” model in which Rat1p activity participates in the 
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release of RNAP I/II to explain this biological mechanism (Kim et al., 2004, Luo et al., 

2006, El Hage et al., 2008).  Substantial evidence exists in support of and against both 

models therefore making the elucidation of a unified model elusive.  For the sake of 

simplicity, the following sections will follow that of RNAPII transcription termination 

and will not delve into the RNAPI/III termination processes.   

1.2.2.1 Allosteric Model of Transcription Termination 

 The allosteric model is similar to that of the bacterial Rho-independent 

transcription termination model (Luo et al., 2006).  In this model, transcription elongation 

complexes are stable complexes capable of proceeding through thousands of base pairs 

without losing contact with the template strand or the nascent RNA. It is known that 

elongation complexes disassociate very rapidly following their encounter with the 

termination sequence in bacteria.  In eukaryotes, it is postulated that RNAPII reads 

processively through the coding region until it reaches the poly-A sequence.  Upon 

encountering this termination element, RNAPII transcribes past this position and 

undergoes a conformational change or covalent modification (i.e. phosphorylation events 

at specific serine residues) thus causing its disassociation from the DNA template (Logan 

et al., 1987, Toulokhonov et al., 2001).  This model mirrors the bacteria model in regards 

to the conformational change induced by the termination sequence.  In that model, 

following read-through of a GC-rich termination sequence the RNAP pauses at the point 

of termination (Platt 1986, Logan et al., 1987, Greenblatt et al., 1993).  The time between 

RNAP pausing and RNAP release of the DNA template is believed to be sufficient for a 
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stem-loop hairpin to form capable of disrupting the DNA-RNA hybrid due to the 

relatively weak nature of the interaction (Luo et al., 2004, Toulokhonov et al., 2001).  

However, the details on how the hairpin interacts with RNAP and disrupts the contacts 

has yet to be fully solved. 

1.2.2.2 Torpedo Model of Transcription Termination 

 The torpedo model, like that of the “allosteric” model, possesses characteristics of 

its prokaryotic counterpart.  This model is analogous to the ρ-dependent transcription 

termination model, which proposes that termination is triggered by the E. coli ρ 

termination factor.  Rho protein functions as a helicase that disrupts the RNA-DNA 

hybrid by tracking along RNA behind the RNAP until it catches up or until the RNAP 

pauses (Nudler and Gottesman 2002).  Once it encounters the RNAP it separates the 

hybrid thus causing disassociation of the elongation complex (i.e. transcription 

termination).     

 In eukaryotes, the torpedo model proposes that a cleavage event at the poly-A site 

provides an entry site for a 5’3’ exoribonuclease that tracks along the nascent RNA 

like a guided “torpedo” and disrupts the RNAP once it catches up to it (Tollervey 2004, 

Luo et al., 2004).  Recently, a great deal of evidence has been presented that supports this 

model.  The most significant discovery for this notion is the identification of the 

exonuclease responsible for transcription termination.  Several groups have reported that 

the exonucleolytic activity of Rat1p (yeast) and Xrn2p (humans) is essential for 

termination (Kim et al., 2004, West et al., 2004, Teixiera et al., 2004).  Moreover, 
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cleavage at the poly-A site by an endonuclease, Rnt1p, provides the entry site for which 

the 5’3’ exonuclease gains access to the 5’ monophosphate of the RNA (Tollervey et 

al., 2004, see Illustration 1.2). Interestingly, RNAPI transcription termination has been 

described to be Rat1p-dependent like that of RNAPII (El Hage et al., 2008).  Details from 

this work provided a greater support for Rat1p involvement by describing the importance 

of Rat1p non-essential binding partner, Rai1p, has in promoting termination.  Rai1p has 

been shown to stabilize and enhance Rat1p activity in vitro (Xue et al., 1997).  Rai1p has 

recently been described to possess 5’ pyrophosphohydrolase activity strengthening the 

claims of Rat1p involvement in this process (Xiang et al., 2009).  Although, the evidence 

is strong for this model we cannot completely rule out the allosteric model.  Recent data 

presented suggests that Rat1p activity is insufficient to exert enough force to terminate 

transcription by disrupting RNAPII association with the template (Dengl et al., 2009).  

More likely is that transcription termination involves the conformational change as well 

as the exonucleolytic activity of Rat1p to ensure proper termination.   
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Illustration 1.1 Hybrid model for transcription termination mediated by Rat1p.  This 
model incorporates both the allosteric and torpedo model.  Rat1p 
cooperatively associates with Pcf11p (cleavage/polyadenylation factor).   
Endonucleolytic cleavage exposes the 5’ phosphate, Rat1p tracks along 
degrading the nascent RNA until it torpedoes RNAPII to terminate 
transcription.  (Modified from Luo et al., 2006) by Leodis Gupton. 
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1.3 PRE-MRNA SPLICING 

1.3.1.  snRNA Biogenesis 

Eukaryotic cells possess a large number of small RNAs that differ in their 

respective processing than the Uridine-rich small nuclear RNAs (U-snRNAs) 

(Muramatsu et al. 1966; Hodnett et al. 1968; Nakamura et al. 1968; Prestayko et al. 1968; 

Moriyama et al. 1969; Prestayko et al. 1971). The U-snRNAs were first identified when 

fractions from a sucrose gradient identified RNA species found in the 4-8S region vastly 

differed in base composition than that of rRNA or tRNA (Busch et al., 1982, Fuchs et al. 

1979; Daskal et al. 1980; Brunel et al. 1981). The biogenesis of the spliceosomal small 

nuclear ribonuclear proteins (snRNPs) is a complex process that occurs via four major 

steps 1) synthesis of precursor small nuclear RNA (pre-snRNA), 2) nucleolytic 

processing of nascent pre-snRNA into mature snRNA, 3) site-specific nucleotide 

covalent modifications, and 4) packaging of snRNA with RNP proteins.  Despite the 

similarities, the various classes of snRNPs are generated via different biosynthetic 

pathways and some aspects of snRNP biogenesis can be linked to distinct subcellular 

compartments.  Different classes of RNAP biosynthetically catalyze the spliceosomal U-

snRNAs.  The U1, U2, U4, and U5 snRNAs are transcribed by RNAPII, while U6 

snRNA synthesis is performed by RNAPIII.  It is unclear why this disparity exists in the 

biogenesis of the U-snRNAs (Kiss et al., 2004).  

The RNAPII-specific snRNAs acquire a mono-methyl guanosine cap (mGpppG) 

co-transcriptionally and are 3’ extended far beyond the mature snRNA end.  Stable pre-
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snRNAs possessing short 3’ extensions (5-10 nts) are generated via a transcription linked 

processing event that requires the assistance of a cis-acting signal sequence and 

phosphorylation of the C-terminal domain (CTD) of RNAPII (Medlin et al., 2003).  The 

mGpppG-pre-snRNAs are assembled into a RNP complex including the Cap-binding 

protein (CBP) that acts as an export protein for the Phosphorylated Adapter for RNA 

Export (PHAX) protein that shuttles these intermediates into the cytoplasm via a 

CRM1/RanGTP mechanism  (Ohno et al., 2000).    In the cytoplasm, the pre-snRNA 

export complex is dephosphorylated and disassembled.  The Survival of Motor Neurons 

(SMN) complex addresses each of the U1, U2, U4, and U5 pre-snRNA substrates to 

facilitate the assembly of a hetero-heptameric-ring of Sm proteins (B/B′, D1, D2, D3, E, 

F and G) which forms the snRNP core complex (Massenet et al., 2002, Paushkin et al., 

2002).  Addition of the Sm core to the pre-snRNAs sets the stage for activity of Tgs1p, a 

methyltransferease that specifically hypermethylates the 5’ cap to a 2,2,7-

trimethylguanosine (TMG), and 3’ end nucleolytic processing to form the mature 

RNAPII-specific snRNPs (Kiss et al., 2004).  The 3’end processing of snRNAs occurs in 

the cytoplasm as well as in the nucleus via the exosome complex localized in both 

compartments (Allmang et al., 1999, Mattaj et al., 1993).  It is debatable whether 3’ end 

trimming is required for nuclear import of the snRNAs thus suggesting that the nuclear 

exosome may have a major role in performing the final stages of snRNA maturation.  U1, 

U4, and U5 snRNAs have been shown to require 3’ end processing via the nuclear 

exosome (Allmang et al., 1999).  U2 and U6 snRNAs require 3’ end as well as 5’ end 

processing via the nuclear exosome and possibly 5’3’ exoribonucleases Xrn1p or 
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Rat1p respectively.  Following completion of processing the snRNPs is re-imported into 

the nucleus via an importin-β-dependant mechanism via Snurportin1 (Palacios et al., 

1997, Matera and Shpargel 2006). 

As previously mentioned the biogenesis of U6 snRNA occurs by a different 

mechanism due to is transcription by RNAPIII in the nucleus.  Following transcription, 

U6 pre-snRNA is never exported into the cytoplasm for processing like the Sm snRNPs 

(Kiss et al., 2004).  The U6 pre-snRNA is bound by La protein immediately following its 

transcription (Wolin et al., 2002).  Binding of the La protein facilitates the loading of the 

Lsm complex, an Sm-like heptameric ring composed of Lsm2-8 that binds to the 3’ end 

of the U6 snRNA (Aschel et al., 1999).  The binding of the Lsm protein complex is 

essential for the import of U6 snRNA into the nucleolus where it undergoes site-specific 

pseudouridylation and 2’ O-methylation (Ganet et al., 1999; Lange and Gerbi 2000).  

Rather than containing an mGpppG cap like that of the Sm snRNPs, U6 possesses a 5’ γ-

monomethylphosphate cap (Singh et al., 1989).  Despite the vast difference in biogenesis 

each of the snRNAs are subsequently bound by numerous specific proteins that aid in the 

structure and function of the spliceosome.      

1.3.2 Spliceosome Assembly and the Pre-mRNA Splicing Reaction. 

The discovery of pre-mRNA splicing occurred from observations made by Philip 

Sharp and Richard Roberts (Sharp 1994, Sharp et al., 2005).  It was observed that 

sections of DNA were looped out of the nascent RNA leading them to propose that the 

genes are split by intervening sequences. The intervening sequences were later termed 
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introns.  The removal of introns is driven by the spliceosome, a highly dynamic complex 

(Sharp et al., 2005).  The spliceosome is a 4-5MDa complex composed of the pre-mRNA 

and the 5 snRNPs (U1, U2, U4, U5, and U6) (Moore et al., 1993, Burge et al., 1999).  

The spliceosome undergoes a series of modulations powered by eight essential DExD/H-

box family of RNA helicases that act at temporally and spatially specified points 

determined within the pre-mRNA splicing cycle (Staley et al., 1998).  Historically, the 

pre-mRNA splicing cycle has been characterized to occur via a step-wise model with the 

aforementioned players joining and exiting the substrate pre-mRNA (Lin et al., 1985).  

More recently, evidence exists of this process occurring in a pre-formed particle termed 

the “penta-snRNP” (Stevens et al., 2002).  This section will review the classical step-wise 

model and denote overlaps with the preformed model.     

Briefly, the U1 snRNP binds the 5’ splice site of the pre-mRNA that is defined by 

the consensus GU located at the exon-intron junction thus forming the commitment 

complex (Zhang et al., 1986, Ruby and Abelson 1988, Zhang et al., 1999).  U2 snRNP 

recognizes and binds to the bulging branchpoint adenosine via the splicing factor U2AF. 

In yeast, the branchpoint is always recognized by the consensus UACAAC and is 

typically located 20-40 nucleotides upstream of the 3’ splice site.  After addition of U2 

snRNP, the tri-snRNP U4/U6-U5 joins the spliceosome completing the formation of this 

complex.  A series of structural rearrangements catalyzed by RNA helicases and the 

hydrolysis of ATP facilitate two trans-esterification reactions that produce the lariat 

intron and the mature message (Padgett et al., 2002).   
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The eight essential RNA helicases drive the dynamic rearrangements of the 

spliceosome leading to the trans-esterification reactions.  The RNA helicase, Sub2p, acts 

early in the splicing cycle to displace the branchpoint binding protein (Bbp1) from the 

pre-mRNA, thus aiding in U2 snRNP association (Noble et al., 1996).  U2 snRNP 

undergoes a conformational change performed by Prp5p (O’Day et al., 1996).  Prp28p 

functions to unwind U1 snRNA from the 5’ splice site (Strauss et al., 1994; Teigelkamp 

et al., 1997).  Brr2p functions in several places in the splicing cycle; 1) catalyzing the 

disassociation of U4 from U6 within the tri-snRNP and 2) unwinding the putative 

catalytic U2/U6 base-pairing after splicing, thus promoting the recycling of the post-RNP 

for further rounds of splicing (Ragahunathan et al., 1998, Small et al., 2006). Prp2p 

catalyzes the rearrangement that promotes the 1st trans-esterification reaction that 

involves the nucleophillic attack of the 5’ splice site upon the branchpoint adenosine thus 

resulting in the lariat intron formation (Kim et al., 1996, Lardelli et al., 2010).  Prp16p, 

catalyzes the rearrangements that promote the 2nd trans-esterification reaction that acts in 

joining the 5’ exon with the 3’ exon to form the mRNA (Schwer et al., 1991, Schwer et 

al., 1992).  The newly formed mRNA is released from the spliceosome via Prp22p 

(Schwer et al., 1998).  The multi-functional Prp43p functions late in the splicing cycle to 

release the lariat intron from the post-splicing RNP (Arenas et al., 1997).  Little is known 

of spliceosome disassembly following the action of Prp43p, however the nineteen 

complex (NTC) protein components are believed to facilitate disassembly of the post-

splicing lariat RNP (Tsai et al., 2005, Tsai et al., 2007, Tanaka et al., 2007).  
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In earlier work on the spliceosome, Abelson and colleagues identified a 

temperature sensitive pre-mRNA splicing mutant, prp27-1, that resulted in the 

accumulation of post-splicing intron RNA (Vijayraghavan et al., 1982).  Work contained 

within this dissertation reveals that prp27-1 is an allele of RAT1, a 5’3’ 

exoribonuclease that functions in the nuclear RNA decay pathway (Amberg et al., 1992, 

Gupton et al., unpublished results).  Interestingly, it was speculated that Prp27p/Rat1p 

functions in the disassembly of the post-splicing lariat RNP (Sharp 1994). The potential 

role of Rat1p in pre-mRNA splicing is further discussed in Chapter 3.  However, it is 

worth noting that Rat1p possesses genetic interactions with two of the RNA helicases, 

Sub2p and Prp2p, that function within pre-mRNA splicing (Gonzalez-Aguilera et al., 

2008, Bousquet-Anotelli et al., 2000).  Additionally, previous work from our laboratory 

identified Rat1p in vertebrate supraspliceocome purifications (Chen et al., 2007).  It is 

likely that Rat1p plays a role in intron turnover and splicesome disassembly.   
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Illustration 1.2  Classical “step-wise” pre-mRNA splicing model in S. cerevisiae.  The 
eight essential DExD/H-box family RNA helicases are highlighted in 
red.  The orange spheres illustrate the U1, U2, U4/U6, and U5 snRNPs 
throughout the splicing cycle. This illustration has included 
Prp27p/Rat1p in the splicing cycle at various locations based on genetic 
interaction data and speculation from (Sharp 1994, Bousquet-Anotelli et 
al., 2000, Gonzalez-Aguilera et al., 2008).  It is unknown how 
Prp27p/Rat1p functions within splicing however it has been 
characterized in supraspliceosomes purified from higher eukaryotes 
(Chen et al., 2007).  



16 

1.3.3 Spliceosome Disassembly and Intron Turnover.  

 
The precise molecular details of spliceosome disassembly remain to be fully 

elucidated.   As previously mentioned, Brr2p functions in the unwinding of U2/U6 base 

pairing of the spliceosome to promote the recycling of the post-lariat RNP (Small et al., 

2006).    Following the release of the lariat RNP from the splicesome, the intron 

debranching enzyme, Dbr1p, functions to hydrolyze the 2’-5’phosphodiester bond 

resulting from the first step of splicing.  DBR1 encodes a 2’-5’ phosphodiesterase that 

specifically cleaves 2’-5’ linkages.  It was first characterized in genetic screen designed 

to uncover factors involved in Ty1 retrotransposition (Chapman et al., 1991).   Following 

debranching of the lariat RNA structure, the debranched intron is subsequently degraded 

via nuclear or cytoplasmic decay pathways (Hilleren et al., 2003).  It was argued that 

Xrn1p acted as the primary 5’3’ exonuclease that degrades lariat intermediate 

following debranching by Dbr1p (Hilleren et al., 2003). Interestingly, Dbr1p (originally 

designated prp26-1) was also discovered in the splicing screen, which also produced the 

pre-mRNA splicing mutant prp27-1p/rat1p (Vijayraghavan et al., 1982).  The discovery 

of prp27-1 from that screen and the fact that both result in the accumulation of intron 

RNA suggests that Rat1p may have a role in spliceosome disassembly and intron 

turnover.   
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1.4 RRNA BIOGENESIS AND PROCESSING 

1.4.1 rRNA Processing 

Eukaryotic ribosomes are large RNP complexes composed of two subunit 

complexes; a 40S and 60S, both of which come together to form an active translational 

80S ribosome (Venema et al., 1995, Venema et. 1999).  Each ribosome is made up of 

single copies of 25S, 18S, 5.8S and 5S rRNAs in addition to dozens of proteins to 

assemble into the macromolecule.  The rDNA transcription occurs in sub-nuclear 

compartment called the nucleolus (Warner et al., 1989).  The nucleolus has been defined 

as the site of ribosome biogenesis and due to the importance of the machinery produced 

within this compartment, it has been described to overtake the majority of the nucleus 

during times of early ribosome synthesis (Lewis et al., 2000, Venema et al., 1999, Warner 

et al., 1990).  Over two hundred copies of rDNA are located on chromosome XII from 

the yeast genome (Venema et al., 1999).  In yeast, the rDNA gene undergoes 

transcription via RNAPI to generate the 25S, 18S, and 5.8S rRNAs.  The 5S rRNA is 

synthesized via RNAPIII in an opposite direction to that of RNAPI rRNA products 

transcribed (Piper et al., 1983).   

The pathway in which the 35S rRNA transcript undergoes a series of endo- and 

exonucleolytic cleavages to generate the mature 18S, 5.8S and 25S rRNA species that 

make up the ribosome is depicted in Illustration 1.3 (Henras et al., 2008; see below).    

This rRNA transcript is encompassed in a large pre-90S ribosomal particle containing 

hundreds of proteins critical for facilitating efficient synthesis of the mature ribosome 
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subunits (Udem et. 1972, Trapman et al., 1975).  Internal transcribed spacers (ITS) 

contain the necessary information for the endo/exonucleolytic cleavage lie between each 

of the mature rRNA species of the transcript (Fatica and Tollervey 2002).  The earliest 

processing site occurs at A0 in the 5’ external transcribed sequences (ETS) approximately 

90 nucleotides upstream of the 5’end of the mature 18S rRNA.  Processing at this site 

yields the 33S rRNA that is cleaved at site A1 thus yielding a 32S rRNA product.  

Cleavage at site A2 within the ITS1 region splits the 32S rRNA into the 20S and 27SA2 

pre-rRNAs.  These fragments are destined to become rRNA species incorporated into the 

small and large ribosomal subunit respectively.  It has been described that the cleavage 

events at site A1 and A2 are coupled since there is no known existence of mutation that 

allows processing of A2 without prior processing at A1 (Venema et al., 1999).  The 20S 

rRNA is exported into the cytoplasm where is further processed into the mature 18S 

rRNA via a specific cleavage at site D.   

The processing of the A2 cleavage product, 27SA2, occurs via two alternative 

pathways.  The major pathway results in the production of the mature 5.8S and 25S 

rRNA, which make up the large ribosomal subunit.  Cleavage at site A3 occurs 

approximately 70 nucleotides downstream of ITS1 to yield the 27SA3 pre-RNA (Venema 

et al., 1995, Venema et al., 1999).  Following this cleavage event, this species undergoes 

rapid exonucleolytic processing to site BIS via Rat1p to produce the 27SBs pre-rRNA.  

The minor pathway involves processing to the BIL to yield the 27SBL pre-rRNA 

(Geerlings et al., 2000, Johnson 1997).  The 5’ ends of both species correspond to the 

5.8S rRNAs, which are heterogeneous in yeast.  The subsequent processing steps of the 
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27SBS and 27SBL are identical.  ITS2 processing of both the 27SBS and 27SBL pre-

rRNAs at sites C1 and C2 generates the mature 25S rRNA and the 7SS and 7SL pre-

rRNAs (Henras et al., 2008).  Subsequently, the 3'5' exonuclease activity of the nuclear 

exosome component Rrp6p trims both the 7SS and 7SL pre-rRNAs to form the mature 

5.8SS and 5.8SL rRNAs respectively (Briggs et al., 1998, Mitchell et al., 1997).    

The precision of the endo- and exo-nucleolytic cleavages still remains to be fully 

elucidated.  It is still unclear what the exact enzyme is that performs each cleavage event 

or trimming event due to the large amount of redundancy in the pathway.  Recently, a 

novel 5’3’ exoribonuclease has been identified thus further increasing the redundancy 

in the rRNA processing pathway (Oeffinger et al., 2009). It has been suggested that the 

exonucleolytic trimming via 5’3’ and 3’5’ exonucleases are coordinated, however, 

the physical and functional details are unknown (Fang et al., 2005).  Our work is focused 

on delineating the nature of the coupling of these RNA decay mechanisms in the nucleus.
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(Adapted from Henras et al., 2008) by Leodis Gupton. 

Illustration 1.3 The 35S rRNA processing pathway of S. cerevisiae. Features of the 
rRNA gene locus are shown, and major cleavage sites leading to the 
processing intermediates in the rRNA gene biogenesis pathway are 
noted, as are the exonucleolytic processing steps. ETS, external 
transcribed spacer; ITS1, internal transcribed spacer region 1, ITS2, 
internal transcribed spacer region 2
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1.4.2. Exonucleases involved in rRNA processing. 

 
 The metabolism of RNA is an extremely important component of eukaryotic gene 

expression requiring many proteins to drive the reactions in each of the processes.  

Exoribonucleases play an important role in each aspect of RNA metabolism.  In the last 

decade, extensive biochemical and genetic analysis has led to the discovery that 

prokaryotic/eukaryotic cells contain many exoribonucleases (RNases) to catalyze these 

critical reactions.   Many of the RNases identified function in multiple RNA processing 

events in vivo ranging from rRNA processing, snRNA processing, transcription 

termination as well as nuclear and cytoplasmic RNA decay (Allmang et al., 1999, 

Mitchell et al., 1997).  These enzymes are cataloged into superfamilies based on function 

and sequence analysis.  Each of the families will be briefly outlined here with essential 

members playing a role in rRNA processing highlighted in Illustration 1.2.  The RBN 

family has not been outlined because it is the one family that does not contain any 

identifiable eukaryotic homologs. 

 The RNR family consists of non-specific processive 3’5’ exoribonucleases 

typified by E. coli RNase R (Shen et al., 1982, Kasai et al., 1977).  Homologs from this 

family are distributed throughout eubacteria and all eukaryotes (Mitchell et al., 1997).   

The family possesses a highly conserved N-terminal domain and conserved C-terminal 

sequence motifs. It is not known how any of these domains relate to exoribonuclease 

activity.  This family utilizes a Mg2+-dependent mechanism to achieve maximum 

enzymatic activity resulting in the release of 5’ monophosphates (Shen et al., 1982, Kasai 
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et al., 1977). Only a few members from this family have been shown to directly possess 

exoribonucleolytic activity.   In S. cerevisiae, a member from this family is Rrp44/Dis3p 

a component of the nuclear and cytoplasmic exosome (Mitchell et al., 1997, Allmang et 

al., 1999, Schneider et al., 2009).  Dis3p is essential for viability and has recently been 

purified and shown to possess 3’5’ core exoribonucleolytic activity (Dziembowski et 

al., 2007).  Whether its exonucleolytic activity is largely dispensable for viability and its 

primary function remains an active area of debate (Schneider et al., 2009).  Its in vivo 

RNA processing role varies from rRNA processing, nuclear RNA decay, to cytoplasmic 

mRNA turnover.   

 The DEDD family represents one of the larger families in the exoribonuclease 

world.  This protein family has members that possess DNA proofreading domains as well 

DNase activity in vivo (Moser et al., 1997, Bernad et al., 1989).  The central 

characteristic of this family is four invariant acidic amino acids along with several 

conserved residues distributed over three motifs.   The catalytic activity employs the use 

of divalent metal cations for activity to coordinate its intrinsic 3’5’ distributive RNA 

processing activity (Cudny et al., 1981).  As previously mentioned, this family contains 

members whose domains are conserved amongst DNA polymerases.  We will only 

choose to delineate those that possess exoribonucleolytic activity. This family has 

subfamilies, DEDDy and DEDDh, which are homology-based to separate them.  The 

DEDDy subfamily contains homologs of the bacterial RNase D (Cudny et al., 1981).  

The prominent members are Rrp6p and its human ortholog PM-Scl 100-kDa autoantigen 

(Burkard et al., 2000, Briggs et al., 1998).  In yeast, Rrp6p has been shown to possess 
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3’5’ exoribonuclease activity and is an active component of the nuclear exosome 

(Briggs et al., 1998, Burkard et al., 2000, Fang et al., 2005).  Interestingly, Rrp6p is 

confined to the nuclear compartment while the remaining core components are found in 

the cytoplasm.  Rrp6p participates in the 3’ end processing of the 5.8S rRNA, snRNAs, 

and snoRNAs (Allmang et al., 1999, Briggs et al., 1998. Mitchell et al., 1996, Mitchell et 

al., 1997).  Additional DEDD exoribonucleases, the Rex proteins, function along with the 

exosome in vivo (van Hoof et al., 2000).   

 The PDX family is distinguished as the family of 3’5’ phosphate-dependent 

exoribonucleases that release nucleoside diphosphates rather than monophosphates.  The 

family can be divided into two subfamilies, PNPase and RNase PH, in which the latter 

can characterized by large multidomain polypeptides (Zuo et al., 2001). The PDX domain 

is the defining domain for this family.  It contains three characteristic motifs: 1) a 

positively charged N-terminus that binds the phosphate substrate, 2) a motif that has an 

abundant amount of small amino acids, and 3) an acidic C-terminal domain with 

conserved core sequence of D-x(4)-E-D-[DE] (Mian 1997).  Members of the RNase PH 

family represent 6 of the 10 core exosome components listed: Rrp41-43, Rrp45-46, and 

Mtr3 (Mitchell et al., 1997, Venema et al., 1999).   

 The yeast Rrp4p represents the founding member of the RRP4 family and was 

essential for the discovery the exosome (Mitchell et al., 1996). Briefly, rrp4 mutants 

resulted in 3’ end processing of 5.8S rRNA and cessation of growth. The three yeast core 

exosome proteins Rrp4, Rrp40p, and Csl4 represent this family of exoribonucleases 

(Venema et al., 1999).  Rrp4p has distributive 3’5’ exoribonuclease activity (Mitchell 
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et al., 1997). It has been shown that these mutants are possibly represented throughout all 

eukaryotes.  The human ortholog of Rrp40p is capable of complementing growth in yeast 

thus indicating their functional conservation.  Interestingly, all of the previously 

mentioned exonuclease families are found as stable components of the exosome core.   

 The last superfamily of exonucleases that are involved in rRNA processing is the 

5PX family which is represented by two members, Xrn1p and Rat1p.  The nucleases in 

this family are distinguished by their ability to degrade RNA containing 5’ 

monophosphates into mononucleotides in a 5’3’ direction.  These enzymes are 

functionally interchangeable and possess a great deal of homology between them 

(Johnson et al., 1997, Page et al., 2001).   The founding member of this family, Xrn1p, is 

an abundant protein that localizes to the cytoplasm (Page et al., 2001).  Xrn1p is not 

essential for viability in contrast to its nuclear homologue Rat1p (Johnson 1997).  It has 

been speculated that Xrn1p has DNase activity however the relationship amongst these 

proteins has yet to be fully established (Heyer et al., 1995, Poole et al., 1995).  

Homologues are found throughout all eukaryotes with the exception of Xrn1p in higher 

plants (Kastenmayer et al., 2000).  Rat1p is expressed at ~5-10% the level of Xrn1p 

(Heyer et al., 1995).  The 5PX family members share two highly acidic N-terminal 

domains responsible for the exonuclease function whereas the C-terminus is less 

conserved (Page et al., 1995).   Interestingly, a novel 5’3’ exoribonuclease has recently 

been functionally characterized to be redundant with Rat1p in rRNA processing 

(Oeffinger et al., 2009).   However this protein does not share any sequence homology 

with the 5PX family members.  It has been suggested that this family of nucleases 

functionally interacts with members of the other superfamilies, yet the details have not 

been fully elucidated (Fang et al., 2005).  Novel evidence presented in this dissertation 
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describes how a conserved domain of Rat1p promotes the functional coupling with the 

nuclear exosome.
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Family Bacteria Yeast Catalytic 
Activity 

RNR 
RNase II 
RNase R 

Rrp44p (Dis3) 
Processive 
3’5’ 

DEDD 
RNase D 
Oligoribonuclease 

Rrp6 
Rex 2 

Distributive 
3’5’ 
Some DNase 
activity 

RRP4 − 
Rrp4 
Rrp40 
Csl4 

Distributive 
3’5’ 

PDX RNase PH 
Rrp41-43 
Rrp45-46 
Mtr3 

Distributive 
3’5 
Phosphate-
dependent 

5PX − 
Xrn1 
Rat1 

Processive 
5’3 

Table 1.1  Summary of Exoribonucleases  superfamilies. 
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1.4.3 History of RAT1 alleles  

RAT1 (RNA Trafficking 1) encodes for an essential nuclear 5’3’ 

exoribonuclease that is responsible for the degradation of 5’ monophosphate containing 

RNAs (Amberg et al., 1992)).  Rat1p is a versatile protein that is implicated in many 

RNA processing pathways such as the 5’ end processing of rRNA, snoRNAs, and 

snRNAs.  It has been shown to have an important role in transcription termination.  

Earlier work from the Manley lab suggests that Rat1p behaves like a “torpedo” to disrupt 

RNA polymerase II (RNAPII) from the transcript following an endonucleolytic cleavage 

(Luo et al. 2006).  Recently, Rat1p has been suggested to indirectly influence telomerase 

function (Luke et al., 2008).  The multitude of RNA processing pathways in which Rat1p 

has been shown to function within has made the elucidation of its essential role difficult.  

Many alleles of RAT1 have been independently reported and characterized.  Interestingly, 

each of these alleles has been discovered in mutant screens in seemingly unrelated 

processes.  This section will outline the RAT1 alleles discovery and characterization. 

The original allele of RAT1, rat1-1, was discovered in a RNA trafficking screen.  

The rat1-1 allele exhibits a temperature sensitive accumulation of nuclear poly(A)+  in 

the nuclear periphery (Amberg et al., 1992).  It was shown that these mutants cease cell 

division abruptly within three hours following shift to non-permissive temperature.  It 

was determined that Rat1p has homology to the SEP1 (KEM1, XRN1, RAR5, DST5) gene, 

which has 5’3’ exonuclease activity on both RNA and DNA.  Amberg and colleagues 

reported that rat1-1 strains have defects in 5.8S rRNA processing. It was unclear how 

rRNA processing defects could affect RNA trafficking.  The rat1-1 allele has been 

widely utilized to characterize Rat1p function.  The rat1-1 has been used to illustrate 
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Rat1p role in involved in the 5’-end processing of box C/D snoRNAs in the S. cerevisiae 

nucleus (Lee et al., 2003).  Work from the Buratowski lab used the rat1-1 allele to 

identify Rat1p in context with RNAPII to elucidate its role in transcription termination 

(Kim et al., 2004).  Despite its wide spread use the rat1-1 allele is not the lone allele of 

RAT1. 

The hke1-1 allele of RAT1 was discovered in a screen designed to recover mutants 

reduced in the synthesis or binding of a hybrid protein that transports mitochondrial 

protein precursors (Kenna et al., 1993). Rat1p has been recently reported to localize to 

the yeast mitochondria however its role within this compartment remains unknown 

(Sickmann et al., 2003).  HKE1 (homology to KEM1) was reported to show a reduction 

in translation of RNA within fours following shift to non-permissive temperature (Kenna 

et al., 1993). In agreement with the Amberg results, it was described that HKE1/RAT1 

exhibits 5’3’ exoribonuclease activity.  Interestingly, it was noted that the hke1-1 allele 

may be involved in the processing and or trafficking of nuclear mRNAs.  The hke1-1 

allele is reported to display defects in cell division.  It was determined through 

microscopic examination that disrupted spores failed to germinate or arrested growth 

following a single division.   

The tap1-1 allele of RAT1 was recovered from a nonsense suppression screen to 

identify mutations in protein involved in transcription initiation by RNAPIII.  The tap1-1 

allele was found to be defective in the activation of RNA polymerase III (RNAPIII) of a 

mutant tRNA gene (Disengi et al., 1993). TAP1 (transcription activation protein 1) 

mutants display defects in RNA synthesis, protein synthesis, and growth following shift 

to non-permissive temperatures (Disengi et al., 1993).  The tap1-1 allele is the result of a 

tyrosine 683 to histadine (Y683H).  It was speculated that TAP1 normal function in 

altering the chromatin structure (i.e. nucleosome that cover transcribed regions) to allow 
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transcription to occur although no direct evidence was provided to determine a 

chromatin-remodeling role (Disengi et al., 1993). 

The rsf11-1 allele of RAT1 was discovered in mutant screen designed to uncover 

mutations in cell cycle control (Toone et al., 1995).  RSF11 (requiring SWI4 11) was 

identified to be synthetically lethal with SWI4 deletion (Toone et al., 1995, Mendenhall et 

al., 1998).   The allele was identified to be temperature sensitive lethal. It was described 

that the rsf11-1 allele is complemented by the over-expression of the G1 cyclins or 

RME1, a known regulator of meiosis (Toone et al., 1995).  The authors speculated that 

RSF11/RAT1 is critical for the expression of Start-specific genes (Toone et al., 1995, 

Mendenhall et al., 1998).  However, these notions were not further pursued.  

Interestingly, the S. pombe dhp1-1 ortholog allele of RAT1 has been described to be 

defective in chromosome segregation, thus strengthening the link between the Rat1p and 

cell cycle control (Shobuike et al., 1995, Shobuike et al., 2001). 

The work contained within dissertation describes the characterization of a novel 

allele of RAT1, prp27-1 (Gupton et al., unpublished results).  The temperature sensitive 

prp27-1 splicing mutant was identified in a screen for factors involved in pre-mRNA 

splicing (Vijayraghavan et al., 1989).  The prp27-1 allele results in the accumulation of 

linear intron RNA species thus suggesting a post-splicing role (Vijayraghavan et al., 

1989).  Our analysis has revealed that rat1-1 (Y657C), tap1-1, (Y683H), rsf11-1 

(G728D), and prp27-1 (G634R) mapped to a conserved domain of Rat1p that lacks 

functional characterization.  We have performed a battery of tests to delineate how Rat1p 

mediates the multitude of RNA processing pathways it is implicated within. 
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1.5 EXOSOME  

1.5.1 The Exosome and 3’-5’ RNA Decay 

 
 The exosome was first identified in yeast in 1997 (Mitchell et al., 1997).  As 

mentioned in the previous section, several components are homologous to prokaryotic 

exonucleases.  The exosome core consists of ten proteins, seven of which possess distinct 

3’5’ exonucleolytic activity functioning in both RNA processing and degradation 

pathways (van Hoof et al., 1999).  The exosome is located in the cytoplasm and in the 

nucleus.  Both forms share the ten common components but differ by the presence of 

Rrp6p in the nuclear complex and the GTPase Ski7p in the cytoplasmic complex 

(Vanacova et al., 2007).  The ten shared components: Rrp4p, Rrp40p, Rrp41/Ski6p, 

Rrp42p, Rrp43, Rrp44p/Dis3p, Rrp45p, Rrp46p, Mtr3p and Csl4p are all essential for the 

activity of the exosome since a defect in any of them could affect the formation and 

stability of the essential complex (Mitchell et al., 1997, van Hoof et al., 1999, Vanacova 

et al., 2007, Schneider et al., 2009). 

The exosome was initially characterized to function in pre-rRNA processing pathways to 

trim the 3’ ends of a number RNA substrates including small nucleolar RNAs (snoRNAs) 

and several small nuclear RNAs (snRNAs)  (Mitchell et al., 1997, Allmang et al., 1999, 

Vanacova et al., 2007).  Mutations in the nuclear exosome components Rrp6p result in 

the inhibition of the processing of 7S pre-rRNA to mature 5.8S rRNA (Briggs et al., 

1998, Allmang et al., 1999, Burkard et al., 2000).  Deletion of the non-essential nuclear 

component Rrp6p results in a severe temperature-sensitive growth defect and 30 
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nucleotide extensions on the 3’ end of 5.8S rRNA (Allmang et al., 1999 Mitchell et al., 

1996, Briggs et al., 1998, Fang et al., 2005).  Additionally, ∆rrp6 mutants accumulate 3’ 

extended forms of U1, U4, and U5 snRNAs (Allmang et al., 1999).  Mutations that 

inhibit the synthesis of 5.8S and 25S rRNA show indirect effects on early rRNA cleavage 

events that are required for 18S rRNA synthesis (Allmang et al., 2000).   

 The exosome has a cytoplasmic role. It has been shown that mutations in the 

exosome components confer synthetic lethality with mutations in the cytoplasmic 5’3’ 

exonuclease Xrn1p that results in long mRNA half-lives (Anderson et al., 1998).  The 

major function of the exosome in RNA processing and mRNA degradation can be 

genetically separated.  A point mutation within the Csl4p RNA binding domain inhibits 

mRNA degradation but has no discernable effect on RNA processing (van Hoof et al., 

2000).  Rrp47p is another example of a component whose exosome functions can be 

separated genetically.  Rrp47p deletion mutants are defective in the nuclear processing of 

rRNAs, snoRNAs and snRNAs (Stead et al., 2007).  In contrast, Rrp47p is not required 

for exosome-mediated cytoplasmic 3’-5’ mRNA decay or the nuclear degradation of 3’-

extended read-through transcripts (Mitchell et al., 2003, Stead et al., 2007).  Rrp47 has 

been implicated to promote Rrp6p activity by facilitating its binding to RNA structural 

elements (Stead et al., 2007).   

 The exosome components do not possess substrate specificity.  Exosome mutants 

display a wide variety of phenotypes due to their lack of specificity.  Interestingly, its role 

in the nucleus has been expanded to include promotion of cell cycle progression (Graham 

et al., 2009).  Functional links have been made that implicate Dis3p and Rrp6p in 
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segregation of chromosomes and cell division (Ohkura et al., 1988, Kinoshita et al., 1991, 

Fomproix et al., 1999).  Csl4p is the only core exosome component that has been directly 

linked to this phenomenon (van Hoof et al., 2000, Graham et al., 2009).   It is speculated 

that the role of the exosome in cell cycle progression involves the degradation of 

inhibitory RNAs localized to the centrosomes. (Murakami et al., 2007, Noguchi et al., 

1996, Graham et al., 2009). Interestingly, alleles of RAT1 have been characterized to 

display chromosome segregation and cell division defects similar to that observed in 

exosome mutants (Toone et al., 1993, Stevens et al., 1997, Shoubike et al., 2001, Luke et 

al., 2008). The precise mechanistic details of both the 5’3’ and 3’5’ RNA 

degradation pathways in the promotion of mitotic events require further work to fully 

elucidate this biological process. 

1.6 TERRA DEGRADATION 

1.6.1 Telomerase and TERRA 

Telomerase is an enzyme that adds DNA sequence repeats to the 3’ ends of 

telomeres located at the end of eukaryotic chromosomes (Blackburn 1990a).  Telomeres 

are composed of condensed DNA material that provides stability to the chromosome and 

thus the genome (Blackburn 1990a).  The enzymatic activity of telomerase has dual 

functionality in that it acts as a reverse transcriptase (RT) and carries an RNA molecule 

that is used as a template to elongate the telomeric chromosome (Blackburn 1990b, 

Greider et al., 1989).  The telomeres are shortened after each round of DNA replication 

thus illustrating the importance of the compensatory existence of telomerase activity.  

This enzyme has been implicated as a potential candidate for therapeutics in the areas of 
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aging and cancer.  A variety of aging disorders such as; Werner syndrome and Ataxia 

telangiectasia (AT) have been associated with shortened telomeres (Blasco 2005).  Over-

expression of telomerase in cells results in continual cellular proliferation thus promoting 

tumor growth (i.e. cancer).  Recently, a model has been presented that suggests Rat1p 

promotes telomerase function (Luke et al., 2008). In that model, cells that lack Rat1p 

activity accumulate a heterogeneous RNA species that range from 100bp-9kb called 

telomeric-repeat containing RNAs (TERRA). TERRA was discovered exclusively in the 

nucleus associated with the telomeric regions of chromosomes and this observation is 

conserved in S. cerevisiae (Azzalin et al., 2007, Luke et al., 2008).  We present data in 

Chapter 3 in support of this model however more work is required to fully elucidate this 

mechanism.   Interestingly, the exosome has a role in deadenylation of telomerase RNA 

(Permul et al., 2002).  Further research in this area may lead to uncovering the essential 

function of Rat1p.  
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Illustration 1.4  Rat1p-mediated degradation of TERRA transcripts. Telomeres shorten 
with each round of replication, a feature that is overcome by the “end 
replication problem”.  Rat1p (WT) association and degradation of 
TERRA is suggested to promote telomerase function by relieving the 
RNA-DNA hybrids.  In the absence of active Rat1p (rat1-1) TERRA 
accumulates at telomeric ends causing the replication fork to stall thus 
inhibiting telomerase function.  Adapted from Luke et al., 2008.
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1.7 DISSERTATION OBJECTIVES 

The goal of cell biologists is to determine the precise mechanistic details of a 

cellular process.  It is through these efforts that we are able to gather evidence to promote 

the generation of potential therapeutics.  I began my work with the essential 5’3’ 

exoribonuclease Rat1p to uncover its role in pre-mRNA splicing via the characterization 

of prp27-1 mutant.  We observed that the previously characterized alleles of RAT1 

clustered in a highly conserved domain yet each conferred unique phenotypes.  

Moreover, we set out to determine how the Rat1p domain within this protein functions to 

direct this protein to the specific substrates within the various RNA processing pathways 

in which it has been implicated to function.  Working with this protein has expanded our 

efforts into RNA processing pathways beyond our original objectives.  Our work took a 

surprising turn with our novel observations in rRNA processing and the recent 

characterization of promotion in telomerase function (Gupton et al., unpublished results, 

Luke et al., 2008).   

This dissertation is comprised of five chapters.  Chapter I provides an overview of 

RNA processing pathways that employ Rat1p: transcription/transcription termination, 

pre-mRNA splicing, rRNA processing and telomerase function.  Chapter II details the 

methods utilized to generate this body of work.  It includes list strains, oligonucleotides, 

and plasmids used throughout.  Chapter III delineates my contribution to the 

characterization of Rat1p.  This section outlines the pleiotropic phenotypes associated 

with rat1 mutants.  Notably, we determine that the prp27-1 allele is a complete loss of 
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function allele of RAT1 that exhibits enzymatic coupling with the nuclear exosome 

component, Rrp6p. Lastly, we utilize genetic and biochemical techniques to explore a 

novel role for Rat1p in DNA replication fork progression (i.e. cell cycle checkpoint).   

Chapter IV describes a mutational analysis based on the clustering of the previously 

characterized rat1 alleles.  In this chapter, we generate a bank of conditional alleles in 

efforts to examine if can separate function of the essential exoribonuclease.  The alleles 

generated can be clustered into unique classes based on the phenotypes presented.  While 

this analysis was underway the crystal structure of the S. pombe Rat1p ortholog was 

published potentially shedding light onto how mutations within this region affects 

stability, activity, and specificity. The mutational analysis provided further insight into 

how mutations within a previously uncharacterized domain affect the function of an 

essential protein.  This analysis will allow others to investigate how our mutants within 

this region contribute to the enzymatic activity of Rat1p.  Chapter V describes a model of 

a novel degradation complex involved in nuclear RNA decay based on results from this 

work.  We provide speculation for the function of this complex in the promotion of 

mitotic events.  Further work will be required to fully elucidate the validity of this model 

and its proposed role. 
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Chapter 2: Methods and Materials.  

2.1 METHODS AND MATERIALS FOR CHAPTER 3 

2.1.1 Yeast Strains 

 
Yeast strains ts397 (40-1a), SRY27-1a and SRWTa were all kind gifts from 

Stephanie Ruby.  DAT1-17, RAT1/∆Rat1 diploid (Mat a/α HIS3∆1/HIS3∆1, 

leu2∆0/leu2∆0, LYS2/lys2∆0, MET15/met15∆0, URA3∆0/URA3∆0, 

RAT1/Rat1::KANMX6), AJY1060 and BY4741 were generous gifts from Arlen Johnson.  

The following strains were generated from the Rat1 “shuffle strain” ySS905 ySS922, 

ySS939, and ySS938.   The shuffle strain ySS905 was generated from the RAT1/∆Rat1 

diploid strain.  Briefly, we transformed pAJ202 into the BY4741 (RAT1/Rat1::KANMX) 

strain and selected on SD-URA plates. Transformants were grown overnight in liquid 

SD-URA medium at 25˚C.  The following day the cells were pelleted and washed twice 

with 2 ml of sporulation media (SPM): [1% w/v KOAc, 0.1% w/v Bacto-yeast extract, 

and 0.05% dextrose].  The washed cell pellet was resuspended in 2 ml SPM + 20 mg/L 

histidine + 20 mg/L leucine and incubated on a roller wheel for 3-5 days at 25˚C.  Tetrads 

were dissected and haploid spores were allowed to grow at 30˚C on YPD plates for 2-3 

days.  The spores were streaked onto YPD+Geneticin plates and YPD, incubated at 30˚C.  

Haploids capable of growth in the presence of geneticin and sensitive to 5-FOA were 

recovered.  
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Table 2.1 Yeast strains used in Chapter 3.
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2.1.2 Plasmids   

 

Table 2.2 Plasmids used in Chapter 3 

 

The plasmids pAJ202, pAJ226, pEG, pAJ237, and pAJ245 were kind gifts from 

Arlen Johnson.  Subcloning the 5.3kB EcoRI-NheI fragment from pAJ226 into an EcoRI-

XbaI digested pRS413 vector generated the vector pRS413-RAT1-GFP.  Gap-

repair/allele recovery methods were employed to generate the plasmids pRS413-prp27-1-

GFP, and pRS413-rat1-1-GFP.  Briefly, pRS413-RAT1-GFP was digested with AgeI and 

BstEII, and transformed into ts397 (40-1a) or DAT1-17 strains and incubated on SD-HIS 

selective media.  The mutant tagged plasmids were recovered by the yeast plasmid 

recovery method outlined below.  The mutant rat1 genes were sequenced entirely to 
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ensure the mutation could be attributed to the respective mutagenesis region  has been 

recovered and that no additional mutations were present.  The plasmid pAJ245 and 

pAJ237 were transformed into strains SS922, SS938 and SS939 via conventional LiOAc 

transformation (Gietz and Woods, 2002).   

2.1.3 Complementation Cloning 

 
 Conditional mutant strains ts397 (40-1a) and SRY27-1a were grown in YPD at 

25˚C to OD [A600]=0.6.  Each strain was transformed with the YCp50-based yeast 

genomic DNA CENBANK “B” plasmid library of Rose (Rose et al., 1987) by the lithium 

acetate method (Gietz and Woods, 2002) and selected on SD-URA plates for 36 hours at 

25˚C.  The plates were shifted to 37˚C for 2-3 days.  Transformants were picked, re-

streaked, and incubated onto SD-URA plates at 25˚C for 3-4 days before proceeding with 

plasmid recovery.   

2.1.4 Yeast Plasmid Recovery 

Single colonies were grown in liquid culture at 30˚C.  Cells were pelleted by 

centrifugation at 5000 x g for 5 min.  Cells were resuspend in 1 M Sorbitol, 0.1 M EDTA 

(pH 8.0), 2 µg/ml zymolyase solution for 30 minutes at 25˚C with rotation.  Cells were 

washed twice in 1 M sorbitol and pelleted cells were subjected to standard DNA 

minipreparation using column chromatography (Qiagen). 

2.1.5 Sequence Mapping of prp27-1 
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The plasmid vector pAJ202 was gapped with SacI and SacII restriction 

endonucleases, which removed the majority of the coding sequence, and was transformed 

into the ts397 (40-1a) and SRY27-1a strains via the lithium acetate method.  The gap-

repaired mutant plasmids were recovered by the yeast plasmid recovery method (see 

above) and the entire RAT1 open reading frame was sequenced.   PRP27 plasmids were 

sequenced with YCp50 FWD and YCp50 REV primers.  DNA sequences of terminal 

regions of the complementing plasmids were compared against the sequence of the S. 

cerevisiae genome (http://www.yeastgenome.org/) utilizing the BLAST algorithm 

(Altschul et al., 1994).

 



 42 

 

Table 2.3 Oligonucleotides used in Chapter 3 and Chapter 4 

2.1.6 RNA Preparation 

 
Total RNA was harvested from the following strains ySS939, ySS938, ySS922, 

DAT1-17, and ts397 (40-1a) before temperature shift and over a three hour time period at 

37˚C.  RNA preparation was performed as previously described with slight modifications 

(Pleiss et al., 2007).  Briefly, pelleted cells were harvested and resuspend in 2 mL phenol 

(pH 5.3).  Two mL AES buffer [50 mM NaOAc pH 5.3, 10 mM EDTA, 1% SDS] is 

added and the mixture is vortexed thoroughly.  Mixtures were incubated for 5 min. in a 

65 °C water bath, vortexing every minute, followed by incubation for 5 min. on ice.  

PhaseLock tubes (15 ml) were prepared according to the manufacturer (Eppendorf).  Cell 
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lysates were transferred to pre-centrifuged PhaseLock tube and centrifuged at 2500 x g 

for 5 min.  Two ml of phenol:chloroform:isoamyl alcohol (25:24:1) was added, mixed by 

shaking and centrifuged at 2500 x g for 5 min.  Two mL of chloroform was added to the 

supernatant, mixed by shaking and centrifuged at 2500 x g for 5 min.  To the recovered 

aqueous phase, 200 µL 3 M NaOAc (pH 5.3) and 2.5 mL of isopropanol were added.  

Precipitated nucleic acids were harvested at 20,000 x g, 4˚C for 20-30 minutes.  

2.1.7 Microscopy 

 
pRS413-RAT1GFP, pRS413-prp27-1GFP and pRS413-rat1-1GFP were 

transformed into strain ySS905.  After counterselecting against the RAT1-URA3 plasmid 

on 5-FOA-containing medium (Boeke et al., 1987), the three resulting strains were grown 

at permissive (25°C) temperature to OD [A600]= 0.5.  Three ml of cells were harvested at 

this time and the remainder of the culture shifted to non-permissive (37°C) temperatures 

for 15 min. to 3 h. Formaldehyde was added to 4%, mixed vigorously and incubated at 

25°C or 37˚C for 30 min, cells were pelleted, washed and resuspended in phosphate 

buffered saline, prior to fluorescence microscopy imaging.  Images were captured using a 

Leica DM IRBE microscope with a Leica DFC350 FX fluorescence camera for image 

acquisition and Leica software.  Images were processed in Photoshop. 

2.1.8 Western Blot Analysis 

 
 Whole-cell protein extracts were prepared by the method of Yaffe and Schatz 
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from 1 OD600 unit from the indicated strains. Ten microliters of protein sample were 

electrophoresed through SDS-PAGE gels and electrophoretically transferred to 

nitrocellulose membranes (Bio-Rad). Membranes were blocked with BLOTTO [5% non-

fat powdered milk, 0.2% Tween-20 in 1 X PBS] and probed with horseradish-peroxidase 

(HRP) labeled anti-GFP antibodies (Rockland). The loading control was probed with anti 

carboxypeptidase (mouse) with a secondary horseradish-peroxidase (HRP) labeled anti-

mouse (goat).  Blots were washed, developed using chemiluminescence (Perkin Elmer) 

and detected using X-ray film. 

2.1.9 Primer Extension Analysis 

 
Primer extension analysis was performed as previously described (Stevens and 

Abelson, 2002).  Briefly, the hybridization reaction: 2 µl of 5X RNA hybridization buffer 

[1.5 M NaCl, 50 mM Tris-Cl, pH 7.5, 10 mM EDTA, pH 8.0], 1 µl (100 fmol) of [g32P]-

labeled oligonucleotide, and 5 µg of total RNA prepared from both permissive and non-

permissive temperatures in a total volume of 10 µl was mixed and incubated for 10 min. 

at 65˚C.  Samples were chilled rapidly in an ice-water bath for 5 min.  Extension reaction: 

25 µl of 1.25 X reverse transcription buffer: [4 mM each dNTP, 20 mM DTT, 20 mM 

Tris-Cl, pH 8.0, and 12 mM MgCl2, 5 U AMV reverse transcriptase, 1 U Promega 

RNasin] was mixed and incubated for 1 hour at 42˚C.  The U3A/U3B snoRNA 

oligonucleotide mixed with the internal U1 snRNA control was used for the analysis of in 

vivo pre-mRNA splicing analysis.  Radiolabeled COF1 oligonucleotide was used to 

determine intron architecture.  Primer extension products were analyzed on 7% 
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acrylamide (19:1)–8M urea–Tris-borate-EDTA polyacrylamide gels.  Gels were dried 

and exposed to a 32P phosphoimager screen (Bio-Rad).  Analysis and quantitation was 

performed using the Quantity-One software package (Bio-Rad). 

2.1.10 Northern Blot 

 
Analysis of total RNAs was performed by electrophoresis of 5 µg total RNA 

through a 7% acrylamide (19:1) – 8 M urea Tris-borate-EDTA polyacrylamide gel.  RNA 

was transferred to Brightstar nylon membrane (Ambion) in 10X SSC (1X SSC is 0.15 M 

NaCl, 0.015 M sodium citrate). 32P-labeled oligonucleotide probes for the ACT1 intron, 

TERRA, and the E-junction was used.  Membranes were exposed to a 32P phosphoimager 

screen (Bio-Rad).  Analysis and quantitation was performed using the Quantity-One 

software package (Bio-Rad). For TERRA analysis, 10 µg of total RNA was blotted onto 

nylon membrane via vacuum manifold. 

2.1.11 RT-PCR 

 
Total RNA from the indicated strains was prepared as described above.  Reactions 

contained 250 ng total RNA, 25 pmol each primer and were assembled according the 

manufacturer (Qiagen). Reactions for TERRA contained 3ug of total RNA and were 

performed as outlined in Luke et al., 2008.   Briefly, RNA was reverse transcribed with 

SuperScript III reverse transcriptase (Invitrogen) and Oligo(dT) as follows: 3 mg of total 

RNA, 76 mM of each of the four dNTPs, and 500 ng of oligo(dT) primer in a final 

reaction volume of 13 µl was incubated at 65˚C for 5 min and then immediately chilled 
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on ice. Four microliters of 5X First-Strand Buffer, 1 ml 0.1M DTT 0.1 M, 1 ml of 21.9 

U/ml RNasin (Promega), and 1 µl of SuperScript II RT (200 units/ml) were added, and 

the reaction was incubated at 25˚C for 5 min, at 50˚C for 45 min, and at 75˚C for 15 min 

to inactivate the enzyme. For the reverse transcription with other telomere sequence-

specific oligonucleotides, the denaturation step consisted of 1 min incubation at 90˚C, 

which was followed by a cooling step during 50 to 25˚C.  Equal volumes of the reactions 

were loaded onto 2% TAE agarose gels.   

2.1.12 PCR 

The PCR was performed using Taq DNA polymerase (NEB) and 2 µl of cDNA 

from the RT step. The PCR mixture was incubated for 30 s at 98˚C, followed 30–40 

cycles with 5 s at 98˚C, 10 s at 63˚C, and 30 s at 72˚C. This was followed by a 5 min 

incubation at 72˚C. 

2.2 MATERIALS AND METHODS FOR CHAPTER 4 

2.2.1 Yeast Strains 

A clean genetic background  (ySS905) was used to generate the rat1 mutant 

collection (ySS908-ySS920) by gap-repairing the corresponding plasmids (Table 2.5).  

Briefly, utilizing random PCR mutagenesis spanning the 1.3kB region in which the 

originally characterized Rat1 alleles (rat1-1, prp27-1, and tap1-1) were mapped.  The 

pRS413-RAT1-GFP was digested/gapped with AgeI and BstEII and the resulting 4.4kb 

fragment was gel-purified.  The 1.3kB mutagenized PCR product and 4.4kB gapped 

plasmid fragment were co-transformed into the ySS905  (“shuffle” strain) and plated onto 

SD-HIS media incubated at permissive temperature (25˚C).  The transformants are re-
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streaked onto fresh media and subsequently replica plated onto SD-HIS 5-FOA to shuffle 

out the pAJ202 (RAT1:URA3) plasmid resulting in the rat1 mutant plasmid supplying the 

sole copy of Rat1p in vivo.  Strains ySS924-ySS931 was generated in a similar fashion by 

utilizing the subcloned pRS415-rat1 plasmids outlined in (Table 2.5) and transformed 

into ySS905.  The plasmids pAJ237 (XRN1-NLS-GFP:URA3) was transformed via 

conventional LiOAc methods into ySS908-SS920 to  generate strains ySS946-

ySS959.Strains ySS960-ySS971 were generated by transforming the plasmid pAJ503 

(2um RAI1:URA3) into ySS908-ySS920.  
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Table 2.4 Yeast strains used in Chapter 4.
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Table 2.4 Continued.  Yeast Strains used in Chapter 4
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2.2.2 Plasmids 

 

Table 2.5 Plasmids generated and utilized in Chapter 4.
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2.2.3 PCR Mutagenesis 

 
The template plasmid pRS413-RAT1-GFP was subjected to random PCR 

mutagenesis to rapidly generate a bank of mutant alleles.  Briefly, the >75ng/ul of 

template plasmid was utilized in a PCR reaction with a low fidelity DNA Taq polymerase 

(NEB), 10µM RAT1mutUp 5’AAGACAGAGAAAGCGGAATCAGAG-3’, and 10µM 

RAT1mutDWN 5’-TTGTTTCCACCATCATACCTGC-3’.  The PCR conditions are as 

followed; 1 cycle at 94˚C 5min, 50˚C 0 min, 72˚C 0min, 12 cycles at 94˚C 35sec, 50˚C 

35sec, 72˚C 3min, final cycle at 94˚C 0min, 50˚C 0min, 72˚C 5min.  The resulting 1.3kB 

PCR product is gel-purified and co-transformed into the ySS905 strain.  The yeast 

plasmids were recovered via Methods outlined above in Section 2.1.4.   

2.2.4 RNA Preparation 

 
RNA preparation was performed as previously described with slight 

modifications (Pleiss et al., 2007).  Briefly, pelleted cells were harvested and resuspend 

in 2 mL phenol (pH 5.3).  Two mL AES buffer [50 mM NaOAc pH 5.3, 10 mM EDTA, 

1% SDS] is added and the mixture is vortexed thoroughly.  Mixtures were incubated for 5 

min. in a 65 °C water bath, vortexing every minute, followed by incubation for 5 min. on 

ice.  PhaseLock tubes (15 ml) were prepared according to the manufacturer (Eppendorf).  

Cell lysates were transferred to pre-centrifuged PhaseLock tube and centrifuged at 2.5 x 

1000 g for 5 min.  Two ml of phenol:chloroform:isoamyl alcohol (25:24:1) was added, 

mixed by shaking and centrifuged at 2500 x g for 5 min.  Two mL of chloroform was 
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added to the supernatant, mixed by shaking and centrifuged at 2500 x g for 5 min.  To the 

recovered aqueous phase, 200 µL 3 M NaOAc (pH 5.3) and 2.5 mL of isopropanol were 

added.  Precipitated nucleic acids were harvested at 20 x 1000 g, 4˚C for 20-30 minutes.  

2.2.5 Northern analysis 

 
Analysis of total RNAs was performed by electrophoresis of 5-10 µg total RNA 

through a 7% acrylamide (19:1) – 8 M urea – Tris-borate-EDTA polyacrylamide gel.  

RNA was transferred to Brightstar nylon membrane (Ambion) in 10X SSC (1X SSC is 

0.15 M NaCl, 0.015 M sodium citrate). 32P-labeled oligonucleotide probes for the ACT1 

intron,  and the E-junction was used.  Membranes were exposed to a 32P phosphoimager 

screen (Bio-Rad).  Analysis and quantitation was performed using the Quantity-One 

software package (Bio-Rad). 

2.2.6  Microscopy 

 
Twelve Rat1 mutant plasmids were transformed into ySS905.  After 

counterselecting against the RAT1-URA3 plasmid on 5-FOA-containing medium (Boeke 

et al., 1987), the resulting strains were grown at permissive (25°C) temperature to OD 

[A600]= 0.5.  Three ml of cells were harvested at this time and the remainder of the culture 

shifted to non-permissive (37°C) temperatures for 15 min. to 3 h. Formaldehyde was 

added to 4%, mixed vigorously and incubated at 25°C or 37˚C for 30 min, cells were 

pelleted, washed and resuspended in phosphate buffered saline, prior to fluorescence 
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microscopy imaging.  Images were captured using a Leica DM IRBE microscope with a 

Leica DFC350 FX fluorescence camera for image acquisition and Leica software.  

Images were processed in Photoshop. 

2.2.7 Western Analysis 

 
  Whole-cell protein extracts were prepared by the method of Yaffe and Schatz (41) 

from equivalent numbers of cells from the indicated strains. Equal amounts of protein 

were electrophoresed through SDS-PAGE gels and electrophoretically transferred to 

nitrocellulose membranes (Bio-Rad). Blots were blocked with BLOTTO [5% non-fat 

powdered milk, 0.2% Tween-20 in 1 X PBS] and probed with horseradish-peroxidase 

(HRP) labeled anti-GFP antibodies (Rockland). The loading control was probed with anti 

carboxypeptidase (mouse) with a secondary horseradish-peroxidase (HRP) labeled anti-

mouse (GOAT).  Blots were washed, developed using chemiluminescence (Perkin Elmer) 

and detected using X-ray film. 

2.2.8 Whole Cell Extract preparation 

 
Cells were grown to the equivalent of 3x107 cells/ml to avoid proteolysis.  Cells 

are harvested by centrifugation and resuspended in 1 ml of extraction buffer: 20mM Tris-

HCl pH 7.5, 20 mM NaCl, 10% glycerol, 0.05% NP40, 1mM PMSF.   150 microliters of 

cold acid-washed beads were added and vortexed 6 x 30sec with one minute intervals on 

ice.  The insoluble material is pelleted and the soluble extract is transferred to a new 

microfuge tube.  The beads are washed with the extraction buffer.  The extract and the 
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wash are combined and then subjected centrifugation for 10 minutes at 4˚C at 14 x 

1000g.  The supernatant was recovered and stored in -80˚C.   

2.2.9 Co-Immunoprecipitation 

Fifteen microliters of BSA-coated protein-A bead slurry is added to 100 

microliters of whole cell extract and rocked at 4˚C for 30 minutes.  The extract is 

centrifuged and the supernatant transferred to a new microfuge tube.  The primary 

antibody mouse c-Myc was added to the supernatant, incubated and rotated at 4˚C for 2 

hours.  Fifteen microliters of protein A bead slurry was added to the supernatant for 30 

minutes at 4˚C.  The sample was centrifuged at 2,000 x g for 10 seconds and washed 3 

times with an equal volume of extraction buffer.  Proteins were eluted from the beads 

with 50 microliters of 2XLDS buffer incubated and 100˚C for 3 minutes.  
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Chapter 3: Characterization of PRP27-1  

  

CHAPTER 3.1: INTRODUCTION 

 
Pre-mRNA splicing of RNA polymerase II transcripts is an essential, highly 

regulated process which takes place in the context of a large dynamic ribonucleoprotein 

termed the spliceosome (Brody and Abelson, 1985).  The spliceosome assembles upon 

the pre-mRNA through a series of ordered interactions of the five spliceosomal small 

nuclear ribonucleoproteins (snRNPs) U1, U2, U4, U5, and U6 (reviewed in (Moore et al., 

1993)).  Multiple rearrangements occur within the spliceosome as the result of a family of 

ATP-dependent DExH/D proteins, promoting the two catalytic steps of splicing 

(reviewed in Staley and Guthrie, 1998).  The mature mRNA is then released and actively 

exported to the cytoplasm where it is translated into protein by the ribosome (Reed and 

Hurt, 2002).   

After release of the mRNA, the spliceosome undergoes a disassembly process in 

which the branched lariat intron and the snRNPs are released by the action of the Brr2p 

and Prp43p RNA helicases (Martin et al., 2002; Small et al., 2006).  After release of the 

intron RNA, it is debranched by the intron debranching enzyme Dbr1p (Chapman and 

Boeke, 1991).  Debranching is followed by enzymatic degradation of this RNA species, 

presumably within the nucleus, however, no one has demonstrated which degradation 

pathway this follows.  Others have shown that improperly spliced pre-mRNAs are 



 56 

degraded in the cytoplasm, but have not shown how normally spliced introns are turned 

over (Hilleren and Parker, 2003).    

Previous work of Abelson identified two mutants, prp26-1 and prp27-1, which 

both accumulate post-splicing intron RNA species (Vijayraghavan et al., 1989).  The 

prp26-1 mutant is an allele of the intron debranching enzyme gene DBR1 (Chapman and 

Boeke, 1991) and PRP27 is the topic of this chapter.  There are two obvious candidate 

enzymes for nuclear intron RNA turnover.  The debranched intron is predicted to contain 

a 5’ monophosphate, making it a candidate substrate for Rat1p, the nuclear 5’3’ 

exoribonuclease (Amberg et al., 1992; Kenna et al., 1993) as well as a 3’ hydroxyl, which 

would make it an ideal substrate for the nuclear exosome (Hilleren et al., 2001).   

To further understand the process of intron metabolism, we set out to determine 

the mutation conferring the prp27-1 intron accumulation phenotype.  We cloned the 

PRP27 gene by complementation of the temperature sensitive phenotype using a plasmid 

DNA library and showed that the prp27-1 splicing mutant is an allele of RAT1. RAT1 

(also known as HKE1, XRN2 and TAP1) encodes an essential 116-kDa, nuclear 5’3’ 

exoribonuclease that preferentially degrades RNAs containing a 5’ monophosphate while 

RNAs possessing 5’ hydroxyls have been shown to be partially resistant to this protein 

(Kenna et al., 1993, Disengi et al., 1993, Stevens et al., 1995, Stevens et al., 1997). The 

temperature sensitive rat1-1 mutant allele was first shown to accumulate nuclear poly-A 

mRNA at non-permissive temperature (Amberg et al., 1992).  Additionally, defects in the 

5’ trimming of small nucleolar RNAs (snoRNA) (Petfalski et al., 1998; Qu et al., 1999) 

and 5.8S rRNA processing defects (Henry et al., 1994) have been observed in the rat1-1 
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mutant. We determined through primary sequence analysis that the prp27-1, tap1-1 and 

rat1-1 mutations reside within close proximity to each other in a highly conserved 

domain with an unknown function that appears separate from the exonuclease domain. 

The prp27-1 splicing mutant causes a strong post-splicing, linear-intron accumulation 

phenotype when grown at non-permissive temperatures, while retaining many other 

Rat1p-dependent RNA processing defects.  Interestingly, linear introns accumulate 

despite the presence of wildtype nuclear exosome and Xrn1p suggesting some 

mechanism of intron RNA protection in the absence of Rat1p function.   

The essential in vivo biochemical function of Rat1p has yet to be fully elucidated. 

However, Rat1p involvement in other RNA processing events has been expanded to 

include RNA Pol I and Pol II transcription termination (El Hage et al., 2008; Kawauchi et 

al., 2008). Currently, two models of transcription termination have emerged: 1) the 

“torpedo” model (Kim et al., 2004) and 2) the “unified allosteric/torpedo model” (Luo et 

al., 2006) in which Rat1p activity participates in the release of the RNA Pol II transcripts 

and degradation of the RNA sequences 3’ to the cleavage event.  Rat1p has been 

implicated to have a role in cellular pathways atypical to its specific exonucleolytic 

function such as chromosome segregation and DNA replication (Shobuike et al., 2001, 

Luke et al., 2008, Stevens et al., 1995, Kenna et al., 1993).   Recently, Rat1p has been 

suggested to function in promoting telomerase activity in vivo (Luke et al., 2008).   

Adding to previous work from this laboratory, and others, demonstrating a dual 

function for the splicing factor Prp43p (Lebaron et al., 2005; Combs et al., 2006; Leeds et 

al., 2006), we show that Rat1p is a multifunctional enzyme participating in the previously 
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characterized processing of the pre-ribosomal RNAs, pre-snoRNAs, remnants of RNA 

polymerase II 3’ cleavage events and now, the intron product of the spliceosome.  

Interestingly, we describe a rat1 mutant allele that phenocopies a nuclear exosome 

mutant. This prp27-1 mutant provides a tool to study intron turnover and expands the 

repertoire of Rat1p function in eukaryotic gene expression.   

3.2 RESULTS 

3.2.1 prp27-1 is an allele of the 5’3’ exoribonuclease RAT1 

 
The temperature sensitivity of the prp27-1 strain was used to clone the PRP27 

gene by complementation.  The Rose “B” Cenbank yeast genomic library (Rose et al., 

1987) was transformed into two different strains containing the prp27-1 mutation and 

grown on selective media at 37ºC.  The resulting thermotolerant transformants were 

recovered and the rescuing plasmids were harvested.  The ends of the genomic inserts of 

the complementing plasmids were sequenced and compared to the genome of yeast in the 

Saccharomyces Genome Database (SGD).  Two independent plasmids were recovered 

multiple times.  Two genes were contained in the intersection of these two clones, RAT1 

and STD1 as illustrated in Illustration 3.1 (below). Further complementation studies 

confirmed that RAT1 explains the prp27-1 phenotype, thus studies with STD1 were not 

continued (data not shown). RAT1 encodes a 1006 amino acid protein whose in vivo 

function is 5’3’ exoribonucleolytic degradation of 5’ phosphate-containing RNAs.  To 

determine whether RAT1 was capable of complementing the prp27-1 mutant, we 

transformed pAJ202, which harbors only the wild type RAT1 and a URA3 selectable 



 59 

marker into the original prp27-1 mutant.  Next, we re-transformed the complementing 

pPRP27 plasmid recovered from the library into the prp27-1 strain to directly compare 

whether RAT1 is sufficient for growth restoration at 37ºC.  A negative control of a low-

copy URA3 vector only (pRS416) was used to illustrate that complementation was not the 

result of the plasmid backbone, but of the RAT1 gene.  The results show that the presence 

of pAJ202 (RAT1-URA3) or the pPRP27 plasmid restores wild type growth in the mutant 

strain when incubated at non-permissive temperatures.  However, the presence of the 

URA3 vector only results in lethality in the prp27-1 mutant incubated at 37ºC when 

compared to the growth seen at 25ºC (Figure 3.1). 

We gap-repaired the alleles prp27-1, rat1-1 and the wildtype RAT1 from their 

respective strains (see Materials and Methods) into a GFP-tagged HIS3-marked plasmid 

and transformed into a clean genetic background from the yeast deletion consortium 

(Winzeler et al., 1999).  The removal of the RAT1-URA3 plasmid via 5-FOA, which 

selects against plasmids containing the URA3 maker, resulted in prp27-1-GFP and rat1-

1-GFP viability at 25˚C and lethality at 37˚C (Figure 3.1)
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Illustration 3.1  pPRP27 Rescue Plasmids recovered from complementation screen RAT1 
and STD1 were recovered multiple times from the genomic 
complementation screen.  
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Figure 3.1  RAT1 complements the prp27-1 mutant allele. A. RAT1 is sufficient for 
complementation of growth in prp27-1 cells. Strains containing the prp27-1 
lesion and either an empty vector (pRS416), a plasmid from a genomic 
DNA library (pPRP27) or a plasmid containing only the RAT1 gene 
(pRAT1) were serially diluted in 10-fold increments, spotted onto SD –URA 
plates and grown at the indicated temperatures. Recovery of growth at 37°C 
was seen only in the library plasmid or with the plasmid containing only 
RAT1. B. Plasmids containing GFP-tagged versions of RAT1, rat1-1 or 
prp27-1 confer temperature sensitivity at 37°C, but are functional at 25°C. 
In a clean genetic background with the chromosomal copy of RAT1 deleted, 
plasmid-borne rat1-1 and prp27-1 alleles are temperature sensitive and 
functional at 25°C. Serial dilutions (10-fold) were spotted onto YPD plates 
and incubated at the indicated temperatures.
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3.2.2 Mapping the prp27-1 mutation in RAT1. 
 

Sequence analysis of the entire RAT1 open reading frame in the gap-repaired 

prp27-1-GFP plasmid was performed.  Interestingly, the mutation does not reside within 

the highly conserved amino-terminal nuclease domain, which suggests that this mutant 

may retain wild type exoribonuclease activity.  Our mapping analysis revealed that 

prp27-1 results from a G634R point mutation contained within a highly conserved region 

of Rat1p (Illustration 3.2 and Illustration 3.3).  This region does not possess any known 

or predictable functional motifs, however the previously characterized rat1-1 (Y657C) 

and tap1-1 (L683H) mutants reside in relatively close proximity to the prp27-1 mutation 

(Illustration 3.2).  That each of these rat1 mutants cluster within this domain and with 

each mutant conferring somewhat different phenotypes may suggest that this region 

functions as a specificity domain in vivo to guide RAT1 in the multitude of RNA 

processing events in which it is known to function.
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Illustration 3.2- The prp27-1 mutation is located in close proximity to other known rat1 
alleles. Graphical representation of Rat1p illustrating a variable-length, 
non-conserved spacer region and the C-terminal domain containing the 
mutant alleles. Exonuclease domain (forest green), Spacer region (teal), 
Mutation region (red), C-terminus (brown).
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Illustration 3.3   Close-up view of the mutation region containing the prp27-1 (G634R), 
rat1-1 (Y657C), and tap1-1 (L683H) alleles. Representative Rat1p 
sequences are shown from 20 organisms, as well as the yeast Xrn1p, the 
cytoplasmic homologue of Rat1p.
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3.2.3 Intron RNA accumulation in prp27-1 cells 

 
It was previously reported that the prp27-1 splicing mutant exhibits a 

temperature-dependent intron-accumulation phenotype (Vijayraghavan et al., 1989).  We 

were able to confirm those results via northern blot analysis probing for ACT1 intron 

sequences in total RNA prepared from ∆dbr1, RAT1-GFP, rat1-1-GFP and prp27-1-GFP 

strains.  Each strain was grown in YPD at permissive temperature to early mid-log phase 

(OD [A600]= 0.5 before the shift to non-permissive temperature for up to 3 hours.  The 

non-essential debranching enzyme mutant, ∆dbr1, which has been shown to accumulate 

abundant lariat intron RNA, was used as a control for the intron accumulation phenotype.  

We detected the two isoforms of ACT1 intron in the ∆dbr1 sample, the complete lariat 

intron and the 3’-trimmed lariat circle (Figure 3.2, lane 1).  Signal for ACT1 intron 

accumulation was not observed in RAT1 cells (Figure 3.2, lanes 2-3) and was observed at 

very low levels in the rat1-1-GFP mutant shifted to non-permissive temperature 

indicating a very mild phenotype (Figure 3.2, lanes 4-5; see Discussion).  Significant 

intron accumulation was observed in the prp27-1-GFP strain after temperature shift when 

compared to the RAT1 or rat1-1 mutant (Figure 3.2, lanes 6-7).  Importantly, we noticed 

that the intron species accumulating in the prp27-1-GFP and rat1-1-GFP mutants 

migrated with slightly slower mobility than the lariat circles observed in the ∆dbr1 

control thus suggesting that the architecture of introns in prp27-1 is different than that in 

∆dbr1 cells.  We should note that previous analysis of intron accumulation in prp27-1 

cells utilized agarose gels, which lack the resolving power of the polyacrylamide gel 
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format (Vijayraghavan et al., 1989).  An additional point to note is that the ACT1 intron 

accumulation observed in the prp27-1 requires between one and three hours to detect 

significant accumulation unlike other mutations in RAT1 which display defects in rRNA 

processing 30 minutes or less post shift to non-permissive temperature (Burckin et al., 

2005). 
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Figure 3.2  Introns accumulate in prp27-1 cells. RNA from Δdbr1 grown at 30°C was 
compared with RNA from RAT1-GFP, rat1-1-GFP and prp27-1-GFP cells 
grown at either 25°C or 37°C. Lariat intron (top band) and lariat circles 
(bottom band) are detected in Δdbr1 cells, however the mobility of the 
intron signal in prp27-1 cells is slightly slower than the lariat circles. U6 
snRNA was probed to ensure equal amounts of RNA were loaded onto the 
gel. Normalized fold increase over wildtype at permissive temperature is 
shown below.  
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3.2.4 Accumulated intron RNA is linearized. 
 

 As the intron species accumulating in the prp27-1 migrates differently than that in 

the ∆dbr1 mutant, we investigated possible reasons for its aberrant migration.  Abelson 

and colleagues’ initial characterization of the prp27-1 allele suggested that the 

accumulating RNA species corresponded to a lariat molecule (Vijayraghavan et al., 

1989).   Given our results it was unclear why an accumulating intron species would exist 

in a branched form in this strain, which possesses functional Dbr1p.  We speculated that 

it was possible that if the intron accumulating was indeed branched, it may be migrating 

differently due to branch formation at an inappropriate branch site, or perhaps was 

debranched.  This led us to use primer extension analysis to map the site of branching in 

the accumulating intron species.   

We searched the Intron Array Database (Spingola et al., 1999) for introns 

possessing large branchpoint-to-3’ splice site distances.  Our rationale was that primers 

located in this region of the intron would be capable of discerning 1) if properly formed 

lariat-intron accumulates in the prp27-1 mutant; 2) if the intron species is partially 

branched or completely debranched, or 3) if introns in prp27-1 cells are branched at 

incorrect sites.  Primers were designed against the extreme 3’ end of the COF1 intron 

complementary to a region 121 nucleotides downstream of the branchpoint site.  

Extension products of 121 nucleotides indicate a branched intron, and products of 161 

nucleotides indicate the presence of a linearized intron (Figure 3.3).  As expected, an 
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extension product of the correct branchpoint location was detected in the ∆dbr1 mutant 

(Figure 3.3, lane 1).  Primer extension products are not found in RNA from the wild type 

strain at permissive or non-permissive temperatures as expected due to efficient intron 

turnover in this strain (Figure 3.3, lanes 2, 3).  Interestingly, we observed an extension 

product in the prp27-1-GFP consistent with a linearized intron accumulating in response 

to heat inactivation of prp27-1 (Figure 3.3, lanes 6, 7) and to a much lower extent, in 

rat1-1 (Figure 3.3, lanes 4, 5).  As the accumulated linearized intron product is not 

degraded by other means (i.e. the nuclear exosome), introns accumulating in the prp27-1 

mutant are being stabilized by an unknown mechanism.  
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Figure 3.3   In prp27-1 cells, linear introns accumulate. The intron RNA in prp27-1 cells 
is debranched. Primer extension analysis of total RNA using an oligonucleotide primer 
designed against COF1 RNA sequences. RNA from cells lacking Dbr1p yields a primer 
extension product consistent with branched RNA (~121 nt) while RNA from prp27-1 
cells after shift to 37°C yields a primer extension product consistent with unbranched 
RNA (~161 nt).
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3.2.5 Mutant rat1 alleles exhibit a pre-mRNA splicing defect. 
 

It had been previously reported that the temperature sensitive rat1-1 mutant did 

not display any defects in pre-mRNA splicing (Amberg et al., 1992).  To determine if the 

prp27-1 mutant of Rat1p possesses defects in the catalytic steps of pre-mRNA splicing as 

well as the turnover of linearized intron, we utilized a primer extension assay on U3 pre-

snoRNA to detect pre-mRNA accumulation in vivo in prp27-1.  This experimental 

procedure is more sensitive than the northern blotting previously used.  The assay was 

performed with total RNA prepared from cells grown at both permissive and non-

permissive temperatures for times empirically determined to have an effect on intron 

accumulation (see Figure 3.2).  RNA from a strain containing a deletion of the non-

essential tri-snRNP component ∆snu66 was used as a positive control.  It has been 

previously characterized that the ∆snu66 harbors a pre-mRNA splicing defect when 

grown at non-permissive temperatures (Gottschalk et al., 1999; Stevens et al., 2001).  As 

expected, the ∆snu66 control sample exhibits a pre-mRNA splicing defect (Figure 3.4, 

lane 1).  Accumulation of unspliced U3 snoRNA pre-mRNA was not detected in the wild 

type samples incubated at either temperature (Figure 3.4, lanes 2, 3).  Interestingly, 

primer extension products of pre-mRNA are detected in the rat1-1 mutant upon shift to 

non-permissive temperature while no products are detected when the mutant strain is 

grown at permissive temperature (Figure 3.4, lanes 4, 5).  Similarly, in the prp27-1 

mutant, pre-mRNA accumulates only at non-permissive temperature (Figure 3.4, lanes 6, 
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7).  These data suggest that when Rat1p is inactivated, a splicing defect results, therefore 

providing evidence for the role of Rat1p for promoting pre-mRNA splicing as well as 

functioning after splicing is completed, although the promotion of pre-mRNA splicing 

may be indirect (see Discussion for details). 
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Figure 3.4 A pre-mRNA splicing block is seen in rat1 mutants. RNA from Δsnu66 
shifted to16°C, and RAT1-GFP, rat1-1-GFP and prp27-1-GFP cells grown 
at 25°C or shifted to 37°C for 3 hours was subjected to primer extension 
analysis to detect pre-U3 snoRNAs from total RNA. Primer extension 
products were seen for pre-U3A and pre-U3B snoRNAs in the Δsnu66 
positive control and the rat1-1 and prp27-1 cells grown at 37°C, but not in 
rat1-1 and prp27-1 cells grown at 25°C nor in RAT1-GFP cells grown at any 
temperature. The U1 primer extension product is included as a loading 
control and mature U3 snoRNA is shown at the bottom.
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3.2.6   Defective degradation of RNAPII 3’ end cleaved transcripts. 
 

 In the rat1-1 mutant, others have shown that sequences downstream of the 

cleavage and polyadenylation site in RNA Pol II transcripts are inefficiently degraded at 

non-permissive temperatures (Kim et al., 2004; Luo et al., 2006).  To determine whether 

this was also a phenotype of the prp27-1 mutation, we employed an RT-PCR approach to 

query the accumulation of sequences downstream of the highly expressed RPL36A gene.  

In Figure 3.5, we show that wildtype total RNA contains very little signal by RT-PCR at 

either permissive or non-permissive temperature indicating efficient degradation of the 

RNA downstream of the cleavage site.  The rat1-1 allele behaves as previously 

described, with some downstream RNA present at permissive temperature and an 

increase in this RNA at elevated temperatures.  In RNA harvested from prp27-1 cells, we 

note a relatively large amount of the downstream RNA present after growth at 25˚C 

which increases in RNA harvested from cells grown at 37˚C, indicating that this mutation 

is additionally defective in degrading the RNA resulting from 3’ end cleavage.  We 

speculate that this defect in degrading the 3’ end cleavage product and possible transcript 

retention may explain the pre-mRNA splicing defect shown in Figure 3.4 (See 

Discussion).
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Figure 3.5   RNA Polymerase II transcription termination is defective in prp27-1 cells. 
A. Proposed hybrid model of Rat1p-mediated transcription termination.  
Endonucleolytic cleavage occurs in the nascent RNA to expose 5’ 
phopsphate.  Rat1p degrades the RNA until it catches POLII and torpedoes 
it from transcript downstream of the termination site. Modified model from 
Luo et. al., 2006 B. An RT-PCR assay for the presence of RNA sequences 
in total RNA from RAT1-GFP, rat1-1-GFP and prp27-1-GFP cells was used 
to detect a region downstream of the RPL36A gene. The presence of the 
unprocessed RNA can be seen in both rat1-1-GFP and prp27-1-GFP 
samples at permissive temperatures, which increases after shift to non-
permissive temperatures. An internal positive loading control detecting 
TDH3 mRNA and negative control reactions lacking reverse transcriptase 
are shown.
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3.2.7  Accumulation of 7S and 5.8S rRNA intermediates in prp27-1 cells. 
 

Rat1p has been shown to function in many RNA processing events in the cell.  

We therefore tested whether prp27-1 cells exhibited any of the previously characterized 

RNA processing defects associated with the rat1-1 mutant.  The original rat1-1 mutant 

was shown to be defective in the maturation of 5.8S rRNA processing (Amberg et al., 

1992; Henry et al., 1994).  The yeast 35S pre-rRNA processing pathway involves a series 

of endo- and exonucleolytic activities to yield the mature 25S, 18S and 5.8S RNAs. 

(Illustration 3.4).  5.8S rRNA is produced via two alternative, redundant pathways in 

yeast, which give rise to the predominant 5.8SS rRNA form that differs in length 

compared to the 5.8SL rRNA.   

In wildtype cells the 5.8SS rRNA is produced via cleavage at the A3 site, followed 

by exonucleolytic trimming at the 5’ end by either Rat1p or Xrn1p to the B1s site (Henry 

et al., 1994).  The 5.8SL rRNA is produced after cleavage at A2 and direct cleavage at 

B1L.  ITS2 processing of both the 27SBS and 27SBL pre-rRNAs at sites C1 and C2 

generates the mature 25S rRNA and the 7SS and 7SL pre-rRNAs.  Subsequently, the 

3'5' exonuclease activity of the nuclear exosome trims both the 7SS and 7SL pre-rRNAs 

to form the mature 5.8SS and 5.8SL rRNAs, respectively (See Illustration 3.2). 

Normally, the ratio of 5.8SL to 5.8SS is approximately 1:8 and in cells lacking a 

functional Rat1p, production of 5.8SS rRNA is inhibited leading to levels of 5.8SL rRNA 

which are similar to the levels of 5.8SS rRNA (Henry et al., 1994).  Northern blot analysis 
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revealed a progressive shift in ratios of 5.8SL to 5.8SS rRNA in the prp27-1 mutant 

similar to that seen in the rat1-1 mutant at permissive and increasing at non-permissive 

temperatures from 1:8 to 2:3 (Figure 3.6). Interestingly, northern blots probed with 

oligonucleotides complementary to the E junction unexpectedly detected the 

accumulation of 7S pre-rRNA in rat1-1 and prp27-1 cells (Figure 3.6 lanes 5-12).  A 

phenotype previously reported in ∆rai1 mutants (Xue et al., 2000). We would like to note 

that the prp27-1 cells exhibits increased levels of 7S pre-rRNA accumulation rapidly 

following shift to non-permissive temperature in comparison to wild type or rat1-1 at 

similar time points.  Moreover, the ratio shifts to one in which 7SL is the predominant 

form thus indicating the lack of processing at the 5’ or 3’ ends of the 5.8S rRNA 

precursors. Furthermore, this observation may account for the seemingly constitutive 

5.8S rRNA defect seen in the rat1-1 and prp27-1 mutants. As expected, 7S pre-rRNA is 

efficiently processed to 5.8S rRNA in the wildtype cells in both permissive and non-

permissive temperatures (Figure 3.6 lanes 1-4). 
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Illustration 3.4  The major pre-rRNA processing pathway in Saccharomyces cerevisiae. 
Features of the rRNA gene locus are shown, and major cleavage sites 
leading to the processing intermediates in the rRNA gene biogenesis 
pathway are noted, as are the exonucleolytic processing steps. ETS, 
external transcribed spacer; ITS1, internal transcribed spacer region 1, 
ITS2, internal transcribed spacer region 2.
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Figure 3.6 5.8SL to 5.8SS rRNA ratios are increased in Rat1 mutants.  Total RNA 
harvested from RAT1-GFP (lanes 1-4 in [B] and [C]), rat1-1-GFP (lanes 5-8 
in [B] and [C]) and prp27-1-GFP (lanes 9-12 in [B] and [C]) shifted to 37˚C 
from 0 to 3 hours was electrophoresed through denaturing acrylamide gels 
transferred to nylon membranes and probed with radiolabeled 
oligonucleotides complementary to the 5.8S E junction.  The positions of the 
5.8SL and 5.8SS are noted.  Processing of the 7S pre-rRNA is inhibited in a 
temperature dependent manner in Rat1 mutants.  Total RNA harvested from 
RAT1-GFP, rat1-1-GFP and prp27-1-GFP grown at 37˚C for 0 to 3 hours 
was electrophoresed through denaturing acrylamide gels, transferred to 
nylon membrane and probed for 5.8S-related RNA species.  The positions of 
7SL and 7SS pre-rRNA are noted. The normalized 7S fold increase over wild 
type at 25˚C is shown below. A loading control performed on this northern 
blot for the snR30 snoRNA is shown below.
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3.2.8 The prp27-1 allele phenocopies nuclear exosome mutants. 
 

Additionally, utilizing our rat1 mutants we have identified an accumulation of 

5.8S rRNA precursors possessing a 30-nucleotide 3’ extension, a phenotype reported in 

∆rai1 and ∆rp6 mutants (Briggs et al., 1998; Allmang et al., 1999; Fang et al., 2005). Our 

observation of the accumulation of 7SL and the 5.8SS/L+30 pre-rRNAs are novel 

phenotypes to rat1 mutants. These results suggest a cooperation of Rat1p and the nuclear 

exosome to coordinate 5’ and 3’ rRNA processing similar to that proposed by Butler and 

colleagues (Fang et al., 2005).  The physical and functional details of this process remain 

to be fully elucidated.  Although our conclusions are congruent with those of Butler and 

colleagues, our data differs from it in that the accumulation of the 3’ extended 5.8S pre-

rRNA we observe occurs in a rat1 mutant strain that possess a clean genetic background 

to ensure wild type factors (Rrp6p or Rai1p) involved in the 3’-end degradation.   

Therefore, our results of accumulation of linearized intron, 7S rRNA, 5.8S+30 rRNA 

species in the prp27-1 suggest the exonucleolytic cooperation between these protein 

complexes is dependent upon a functional Rat1p whose action must precede 3’ end 

processing or may occur simultaneously along with the nuclear exosome.  Our work and 

that of Fang et al., led us to further explore the potential cooperation between Rat1p and 

the nuclear exosome.  However, in order to determine cooperativity between 5’ and 3’ 

exonucleolytic events we examined the 3’ end processing of an RNA species that does 

not require 5’ end processing but requires processing by the nuclear exosome in our rat1 

mutant backgrounds.  Therefore, we chose to investigate the U4 snRNA, the 3’ end is 
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processed by the nuclear exosome component Rrp6p (Allmang et al., 1998).  

Heterogeneous 3’-extended forms of U4 snRNA have been reported to accumulate in 

∆rrp6 mutants via northern blot analysis (Allmang et al., 1998).  We performed Northern 

analysis with our rat1 mutant strains to probe for the accumulation of 3’ extended forms 

of U4.  As a control we utilized a ∆rrp6 mutant.  Our results display accumulation of U4-

3’I and U4-3’II species characterized to be similar in size to 6S rRNA and ~140 nt 

respectively longer than mature U4 in our control, wild type, and rat1 mutant samples.  

As previously reported, the detection of this species in wildtype samples suggests that 

this is a normal processing intermediate. In the ∆rrp6 strains the levels of U4-3’II were 99 

fold greater than wildtype and exhibited a ladder of intermediates.  However, in the 

prp27-1 allele shifted to non-permissive temperature we observed a 100-fold increase in 

the 3’ extended U4 snRNA species in comparison to the ∆rrp6 and wildtype (Figure 3.7, 

Lanes 1-3, 6-7).  These data along with the accumulation of the 3’ end extended 5.8S 

rRNA intermediates further suggest an in vivo functional cooperation between Rat1p and 

the nuclear exosome component Rrp6p.  Furthermore, it suggests that 3’ end 

exonucleolytic processing by the nuclear exosome requires a functional Rat1p.  
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Figure 3.7  The prp27-1 mutant phenocopies nuclear exosome mutant ∆rrp6. Total RNA 
harvested from RAT1-GFP, rat1-1-GFP and prp27-1-GFP grown at 37˚C for 
0 to 3 hours was electrophoresed through denaturing acrylamide gels, 
transferred to nylon membrane and probed for U4 snRNA.  snR30 was 
probed as internal loading control. The positions of the 3’ extended forms of 
U4 snRNA are indicated.  The additional U4 blot represents a shorter 
exposure of the same image. Normalized fold increase of U4 3’II over 
wildtype at permissive temperature are shown below.  
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 3.2.9 Xrn1p-NLS complements prp27-1 temperature sensitivity. 
 

 It has been widely accepted that the Rat1p non-essential cytoplasmic homologue 

Xrn1p is interchangeable and functionally redundant with Rat1p in vivo when targeted to 

the nucleus. This conclusion was based on the complementation of temperature 

sensitivity of the rat1-1 mutant when Xrn1p is targeted to the nucleus via the SV40 NLS. 

However, this did not bypass the requirement for the RAT1 gene (Johnson AW, 1997). In 

an effort to determine the essential in vivo biochemical function of Rat1p, we transformed 

the plasmid containing Xrn1p-NLS into the prp27-1 allele and examined its growth and 

biochemical effects in this mutant background.   As expected, Xrn1p-NLS rescued the 

temperature sensitivity of the rat1-1 mutant and to a lesser extent, the prp27-1 mutant 

when incubated at non-permissive temperatures (Figure 3.8).  A negative control of a 

low-copy URA3 vector only (pRS416) was used to illustrate that complementation was 

not the result of the plasmid backbone. 
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Figure 3.8  Xrn1p-NLS complements temperature sensitivity of rat1 mutants.  Strains 
harboring the mutant plasmid were grown on SGAL-URA and incubated at 
the indicated temperatures for 4 days.  The plasmid pRS416 (URA3) is used 
as negative control.
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3.2.10 Xrn1p-NLS restores ACT1 intron degradation. 
 

  To further determine the functional interchangeability of the Xrn1p with Rat1p 

we examined its ability to complement the molecular phenotypes observed in the prp27-1 

allele.  Total RNA was harvested from strains harboring the complementing plasmid and 

northern blot analyses were performed.  As an additional control we loaded RNA from 

the prp27-1 allele in the absence of the Xrn1p-NLS complementing plasmid.  Northern 

analysis probing for the ACT1 intron revealed that the prp27-1 mutant phenotype was 

complemented to wildtype levels (Figure 3.9 Lanes 2, 9-11).  
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Figure 3.9 Xrn1p-NLS complements ACT1 intron accumulation.  Total RNA was 
harvested from RAT1 (pAJ237), rat1-1 (pAJ237), and prp27-1(pAJ237) 
grown at 37˚C for 0 to 3 hours was electrophoresed through denaturing 
acrylamide gels, transferred to nylon membrane and probed for ACT1 
intron.  ∆dbr1 and prp27-1 (3hr) were used as controls to illustrate 
accumulation RNA species. Ethidium bromide-stained 5S rRNA is used as 
loading control. Normalized ACT1 intron levels are shown below.
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3.2.11  Xrn1p-NLS partial restoration of prp27-1 rRNA processing defect. 

 
Interestingly, northern analysis identified reduced levels of 7S and 5.8S+30 

rRNAs persisted in the prp27-1 (Xrn1p-NLS) cells following a shift to non-permissive 

temperature (Figure 3.10 Lanes 2, 9-11). Additionally, the 5.8S S:L rRNA ratios were not 

complemented to wildtype levels in this background.  The partial restoration of the rat1 

mutants via Xrn1p-NLS suggest that the essential nuclear function of Rat1p is not rRNA 

processing as observed by the persistence of rRNAs that possess 5’ and 3’ unprocessed 

5.8S rRNAs in spite of the presence of a functional 5’3’ exonuclease and 3’5’ 

exonuclease, Rrp6p.  These results may also imply that Rat1p possesses a specific role in 

the 3’ end processing of rRNA species in vivo not performed by Xrn1p.  Moreover, 

restoration of 5’ end processing of rRNAs is not sufficient to mediate 3’ end processing 

of these substrates. Previous work has shown that Xrn1p does not complement all of the 

cellular functions Rat1p has been implicated to play a role in.  El Hage and colleagues 

reported that nuclear-targeted Xrn1p did not complement the transcription termination 

defect observed in the rat1-1 allele thus leaving Rat1p essential nuclear role unclear (Luo 

et al., 2007, El Hage et al., 2008).
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Figure 3.10 Xrn1p-NLS partially complements rRNA processing defects of prp27-1 
mutants.  The aforementioned total RNAs were run onto an acrylamide gel, 
transferred, and probed with the E-JCT oligo.  7S and 5.8S+30 rRNA levels 
are decreased but still persist in the prp27-1 samples but not to wildtype 
levels thus suggesting that a Rat1p role in 3’ end processing of rRNA 
intermediates.  Ethidium bromide-stained 5S rRNA is shown as an loading 
control. Normalized rRNA fold increases over WT at permissive 
temperature are shown below.



 89 

3.2.12 RAI1 over-expression complements rat1-1 temperature sensitivity. 
 

The accumulation of 7S rRNA has been reported in deletion mutants of the Rat1p 

interacting partner, Rai1p. Additionally, ∆rai1 stains have been reported to be defective 

for both 5’ and 3’ end processing of precursors to 5.8S rRNA.  Rai1p is a 45-kDa non-

essential protein characterized to interact with Rat1p and enhance its exoribonuclease 

activity in vitro (Xue et al., 2000). Recently, Rai1p has been described to possess 

pyrophosphohydrolase activity in vivo (Xiang et al., 2009).  It has been characterized to 

stabilize Rat1p structure and activity in vivo. We therefore examined whether over-

expression of RAI1 could complement the temperature sensitive growth phenotype of 

rat1-1 and prp27-1 cells.  We transformed each strain with a plasmid harboring GAL10-

GST-RAI1 (wt) with URA3 selection.  The transformants were serially diluted onto 

SGAL-URA selection plates and incubated at permissive and non-permissive 

temperatures for 4 days.  Interestingly, we observed that the over-expression of Rai1p 

rescued the temperature sensitive growth of the rat1-1 mutant but not that of prp27-1 

(Figure 3.11). A negative control of GAL10-driven plasmid with URA3 selection (pEG) 

was used to illustrate that complementation was not the result of the plasmid backbone, 

but that of RAI1 gene. The presence of the URA3 vector only results in lethality in both 

Rat1p mutant backgrounds at 37˚C when compared to the growth seen at 25˚C.   Rescue 

of the rat1-1 ts lethal phenotype via Rai1p over-expression is consistent with results 

reported in S. pombe (Shobuike et al., 2001).  We speculated that Rai1p over-expression 



 90 

in the rat1-1 background restores a functional interaction with or stabilized Rat1p levels 

to allow growth complementation at elevated temperatures.  Therefore, we undertook a 

set of experiments to determine the nature of the complementation.   

We performed Western blot analysis to determine the Rat1p protein levels 

following a shift to non-permissive temperatures in the presence or absence of Rai1p 

over-expression plasmid.  Interestingly, we observed that upon a shift to non-permissive 

temperatures that Rat1p levels were stabilized when Rai1p is over-expressed in both rat1-

1 and prp27-1 alleles whereas in the strains containing the empty vector Rat1p levels 

displayed substantial decreases rapidly upon a shift to non-permissive temperatures 

(Figure 3.12).  We note that the rate of cell growth slowed in prp27-1/GAL10-RAI1 cells 

at restrictive temperature consistent with the lack of complementation at these conditions 

(data not shown).   The recent publication of the S.pombe Rat1p crystal structure has 

provided our lab to map the prp27-1 (G634R) mutation in close proximity to the active 

site. We speculate that the location of the hydrophilic arginine mutation near the active 

site results in the lack of temperature sensitive complementation in the prp27-1 mutant 

due to protein inactivation (Xiang et al., 2009).
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Figure 3.11 Rai1p over-expression complements the temperature sensitive growth   
phenotype of rat1-1 but not prp27-1.  Strains containing the rat1-1 or 
prp27-1 mutations harboring the plasmid containing either an empty 
GAL10-driven vector (pEG) or a plasmid containing only the RAI1 gene 
(GAL::RAI1) were serially plated onto a SGAL–URA plates and grown at 
the indicated temperatures. Recovery of growth at 37°C was seen only in the 
rat1-1 strain plasmid containing only RAI1, and not in the prp27-1 strain.
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Figure 3.12 Rai1p over-expression stabilizes mutant Rat1p levels in vivo. Whole cell 
extracts (WCE) were performed on the aforementioned strains grown at PT 
and shifted to NPT for the indicated times.  Western analysis was performed 
and probed with α-GFP antibodies. WCE were probed with α-Rpl8 
antibodies as a loading control.  Samples were normalized to one OD unit.  
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3.2.13 In vivo localization of Rat1p in prp27-1 cells. 
 

Rat1p has been characterized as a protein that functions and localizes primarily in 

the nucleus of the cell (Johnson, 1997).  As a consequence of the differential phenotypes 

observed in these rat1 alleles we set out to determine if the effects result from Rat1p 

degradation in vivo as a response to heat shock as observed in Section 3.2.12.  We used 

the GFP tagged versions of Rat1p in the rat1-1 and prp27-1 mutants to examine Rat1p 

localization in these strains at both 25˚C (permissive) and 37˚C (non-permissive).  Time-

course experiments were performed with liquid cultures of each strain grown at 25˚C to 

mid-log phase before being shifted to 37˚C for up to 3 hours.  Each strain was harvested, 

fixed, DAPI-stained, and visualized as described in Methods and Materials.   

Florescence microscopy analysis revealed that the wildtype Rat1p and rat1-1p are 

localized to the nucleus prior to and after the temperature shift (Figure 3.13).  Prior to the 

temperature shift, the prp27-1p mutant localizes to the nucleus, as would be expected 

given its viability at this temperature.  Following growth at 37˚C for the 3 hours required 

to observe an intron accumulation phenotype and the RNA Pol II transcript 3’ end 

accumulation, we observed a reduction in nuclear fluorescence.   In conjunction with the 

western blot analysis, we speculate that absence of nuclear localization pattern observed 

may result from rapid protein turnover.  Western blot analysis of wildtype and rat1 

mutants confirmed that the prp27-1p is unstable at non-permissive temperature in 

contrast to Rat1p (wt) and rat1-1p (Figure 3.14).
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Figure 3.13 Rat1p nuclear localization for RAT1-GFP, rat1-1-GFP, and prp27-1-GFP.  
Fluorescence microscopy analysis of RAT1-GFP, rat1-1-GFP and prp27-1-
GFP for cells grown at 25˚C and for increasing times at 37˚C is shown.  
Nuclear localization of Rat1p is detected for all samples except the prp27-1-
GFP grown at non-permissive temperature.  The DAPI signal indicates the 
location of the nucleus in these cells.
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Figure 3.14  prp27-1 is degraded upon shift to NPT.  Whole cell extracts were prepared 
from the aforementioned strains grown at PT and shifted to NPT for the 
indicated times. Each strain was normalized to 1 OD unit. Western analysis 
was performed and probed with α-GFP antibodies.  Antibodies against 
Rpl8p were utilized as a loading control to ensure equivalent amounts of 
protein is loaded. 
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 3.2.14 TERRA accumulates in prp27-1 cells. 

 
 Recently, a novel nuclear role for Rat1p has emerged that may elucidate its 

essential function.  It has been reported in S. cerevisiae that Rat1p degrades telomeric 

repeat-containing RNA (TERRA) that promotes telomere elongation.  Luke et al., 

determined that rat1-1 mutants accumulated TERRA and possessed shortened telomeres 

as a result of defects in telomerase-mediated elongation. The model suggests that the 

RNA-DNA hybrids generated by TERRA accumulation results in stalled replication forks 

thus inhibiting telomerase function.  Over-expression of RNase H in the rat1-1 mutant 

background was reported to resolve the TERRA accumulation however the RNA-DNA 

hybrid phenotype persisted with endogenous levels of RNase H at permissive 

temperature. It was observed that TERRA levels increased when rat1-1 strains over-

expressing RNase H were incubated at non-permissive temperature (37˚C).  Additionally, 

TERRA levels were not altered when RNase H was deleted in the rat1-1 mutant 

background therefore it was suggested that TERRA removal is likely an RNase H-

independent mechanism.   In the same report, the rat1-1 mutant was described to 

demonstrate defects in DNA replication possibly attributed to an accumulation of stalled 

replication forks (Luke et al., 2008).  Earlier work in S. pombe characterized a 

chromosome segregation defect in a Dhp1p/Rat1p mutant (Shobuike et. 2001). The hke1-

1 allele was reported to exhibit early blocks in cell division (Kenna et al., 1993).  

Interestingly, the temperature sensitive rsf11-1 allele of RAT1 is complemented by high-

copy expression of genes (RME, CLN1, and CLN2) important for normal cell cycle 
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progression (Toone et al., 1995).  Taken altogether, these observations support the notion 

that the Rat1p nuclear role may be to promote mitotic events, thus providing a platform to 

elucidate Rat1p essential biochemical function in vivo.  To do so required determining if 

nuclear 5’3’ exonucleolytic activity is required to remove the RNA/DNA hybrids to 

allow DNA replication fork progression.   

 First we tested the Rat1p-mediated TERRA degradation model by utilizing our 

rat1 mutant strains harboring the Xrn1p-NLS plasmid to determine if nuclear 5’ 3’ 

exonucleolytic activity eliminated these transcripts in these mutant backgrounds.  We 

utilized a previously described RT-PCR approach to confirm the existence of TERRA in 

our rat1 mutants (Luke et al., 2008). We were able to detect TERRA transcripts 

accumulating in rat1-1 and prp27-1 mutants transcribed from telomere 1L when grown at 

the restrictive temperature.  TERRA was not detected in strains containing the nuclear-

targeted Xrn1p (Figure 3.16).  To confirm the absence or presence of TERRA we 

performed Northern analysis on the aforementioned RNA.  Consistent with the RT-PCR 

results, we detected TERRA in rat1-1 and prp27-1 mutants lacking the Xrn1p-NLS 

(Figure 3.15).  Our results did not reveal TERRA in mutants harboring the Xrn1p-NLS 

complementing plasmid thus confirming that nuclear 5’3’ exonucleolytic activity is 

required to degrade this RNA species.  Our data combined with previous reports have 

shown that increasing the nuclear concentration of Xrn1p complements temperature 

sensitivity of rat1-1 and prp27-1 mutants but is unable to complement all of the 

molecular phenotypes associated with rat1 mutants.  This observation led us to wonder if 

Xrn1p function is capable of complementing replication fork progression (Figure 3.10, El 
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Hage et al., 2008, Luo et al., 2008). Therefore, we decided to examine if increasing the 

nuclear concentration of Xrn1p would complement the reported defects in DNA 

replication of rat1 mutants.  We plated serial dilutions of RAT1, rat1-1, and prp27-1 cells 

harboring an empty pRS416 URA3 vector or the pXRN1-NLS (pAJ237) onto minimal 

media with the replication inhibitor hydroxyurea (HU) at 150mM and grew them at semi-

permissive temperature (31˚C) to determine if loss of TERRA accumulation via nuclear 

5’3’ exonucleolytic activity promote replication fork progression. Hydroxyurea 

functions by depleting deoxyribonucleotides thru the inhibition of ribonucleotide 

reductase, which results in DNA double strand breaks near stalled replication forks. 

Increasing the nuclear concentration of Xrn1p rescued the HU sensitivity of both rat1 

mutants at permissive and non-permissive temperatures (See Figure 3.17).  These results 

strongly support the model Luke and colleagues’ proposed implicating a Rat1p role in 

promoting DNA replication fork progression through its degradation of TERRA 

transcripts.  Additionally, these results along with the earlier observations further imply a 

potential role for Rat1p in cell cycle progression, which will require further examination 

to fully delineate the mechanism (See Chapter 5).
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Figure 3.15 TERRA accumulation in prp27-1 complemented via nuclear targeted Xrn1p. 
Ten micrograms of total RNA was spotted onto nylon membrane, 
hybridized and probed for TERRA (CA) probe for 16 hours at 55˚C as 
described in Chapter 2. The presence of TERRA accumulated in absence of 
nuclear 5’3 exonucleolytic activity.  Identical samples were probed for 
ACT1 mRNA as a loading control. Normalized TERRA fold increase over 
WT at permissive temperature are shown to the right.
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Figure 3.16 RT-PCR analysis of TERRA accumulation in prp27-1 cells.   Each strain 
were grown to early log phase OD600 = 0.75, shifted to non-permissive 
temperature for two hours.  RNA was harvested and DNaseI treated prior to 
RT-PCR analysis.  RT-PCR is performed on Tel1L chromosome as 
described in Chapter 2. Reverse transcriptase (RT).  
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Figure 3.17 Nuclear 5’3’ exonuclease activity complements HU-sensitivity.  Xrn1p-
NLS was transformed into each strain and serially diluted onto plates 
containing 150mM HU. Increasing the nuclear concentration of Xrn1p 
resulted in complementation of growth in the presence of HU.
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3.3 DISCUSSION 

 
To understand the mechanism of eukaryotic pre-mRNA intron turnover in greater 

detail, we cloned and characterized the intron-accumulating prp27-1 mutant 

(Vijayraghavan et al., 1989).  We determined that PRP27 is identical to RAT1, an 

evolutionarily conserved nuclear 5’3’ exoribonuclease of S. cerevisiae.  The mutation 

was mapped and found to be the result of a single amino acid change (G634R) in a 

residue absolutely conserved through phylogeny.  This mutation conferred a pronounced 

accumulation of a linear intron species at non-permissive temperatures, indicating an 

inability to degrade linearized introns in these cells.  Interestingly, however, we note that 

several other Rat1p functions are also defective in prp27-1 cells, some in a constitutive 

manner.   

3.3.1 Role of Rat1p in intron turnover. 
 

The 5’3’ exoribonuclease activity of Rat1p has been shown to function in many 

processes in the nucleus, including RNA Polymerase II transcript 3’ end processing (Kim 

et al., 2004), 5.8S pre-rRNA processing (Amberg et al., 1992; Henry et al., 1994) and 

snoRNA processing (Petfalski et al., 1998; Qu et al., 1999).  Our work shows that a novel 

mutant allele of RAT1 also accumulates a significant amount of linearized intron.  As this 

is a debranched species, the role of Rat1p in this process is likely in the 5’3’ 

exonucleolytic degradation of intron RNAs.  While this may not seem to be remarkable, 

we note that most assays for Rat1p function require the additional deletion of XRN1 to 
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achieve robust accumulation of precursors (Henry et al., 1994; Dichtl et al., 1997; 

Petfalski et al., 1998; Bousquet-Antonelli et al., 2000; Geerlings et al., 2000; Danin-

Kreiselman et al., 2003; Lee et al., 2005; Luo et al., 2006).  Additionally, the nuclear 

exosome is otherwise wildtype in these cells and the 3’-OH of the intron RNAs should 

serve as a substrate for the exosome.  Indeed, 3’-end trimmed lariats accumulate in the 

intron accumulating ∆dbr1 strain, indicating that 3’-end trimming can occur on introns.  

We propose that the profound accumulation of linear intron sequences in prp27-1 cells is 

the result of their sequestration from the nuclear exosome in the absence of Rat1p 

function, or in the coincident dysregulation of the 3’ end processing machinery.   

3.3.2 Are 3’ end processing defective or are 3’ ends protected in rat1 mutants? 
 

We propose that the lack of 3’ end processing of 7S rRNA, intron degradation, 

and transcript cleavage in both rat1-1 and prp27-1 may be due to loss of Rat1p 

association with its interaction partner, Rai1p.  Sydorskyy and colleagues reported that 

Rai1p distributes to the cytoplasm in the absence of a functional Rat1p (Sydorskyy et al., 

2003).  It has also been shown that Rai1p affects 5’ and 3’-end processing of pre-rRNAs, 

and cells lacking Rai1p exhibit RNA Pol I read-through defects (Xue et al., 2000; El 

Hage et al., 2008).  Additionally, Butler and colleagues have proposed that Rai1p assists 

in the coordination of 5’ and 3’ end processing, consistent with our results (Fang et al., 

2005).  However, our results differ from this report in the respect that Rai1p and Rrp6p 

are wildtype.  Moreover, we show the prp27-1 allele phenocopies ∆rrp6 in the 

accumulation of 3’ extended U4 snRNAs.  
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We observed that the over-expression of Rai1p complemented the temperature 

sensitivity of the rat1-1 mutant but not that of prp27-1.  Our explanation for this 

observation is that Rai1p over-expression restores a functional interaction with Rat1p in 

the rat1-1 background while in prp27-1 growth is not complemented due to complete 

loss of Rat1p function due to degradation of the protein in this mutant.  The fact the rat1-

1p remains nuclear may assist in restoring Rat1p function in this allele by shifting the 

equilibrium back to the Rat1p-Rai1p interaction by mass action.  In the case of prp27-1p, 

the over-expression of Rai1p is sufficient to re-establish the Rat1p/Rai1p interaction, but 

it is unlikely to restore exonucleolytic activity under non-permissive conditions.   

Our results suggest that this mechanism of 3’ end protection may be a common 

theme for the prp27-1 allele as it relates to the accumulation of intron, 7S rRNA and 3’ 

defects in RNA polymerase II 3’ end transcript degradation observed in this mutant. 

Based on our results, the 7S rRNA processing defect is detected earlier in the time course 

upon temperature shift while the intron accumulation phenotype, although present at 

similar timepoints, does not display significant change until much later in the time course 

where we have shown that Rat1p is inactivated (Figure 3.2, Figure 3.5, Figure 3.6). This 

line of evidence suggests that the prp27-1 strain retains intron recognition and 

degradation activities until the destabilization of Rat1p. We speculate that the nature of 

Rat1p destabilization in prp27-1 (G634R) cells is due to replacement of a hydrophobic 

residue to a hydrophilic residue located near the tower domain (i.e. active site) of the 

protein (Xiang et al., 2009) (See below).   
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3.3.3 A role for Rat1p in pre-mRNA splicing? 

 
Ares and colleagues have shown by yeast intron microarray analysis, that a low 

level of intron, relative to typical pre-mRNA splicing mutants is detected in rat1-1 cells 

(Burckin et al., 2005).  Support Vector Machine (SVM) analysis clusters the rat1-1 

mutant very close to, but outside of, the primary cluster of typical pre-mRNA splicing 

mutants.  These data, the presence of Rat1p in human and vertebrate in vivo spliceosome 

purifications (Chen et al., 2007) and our current data lead us to propose a model in which 

Rat1p is present as a component of the spliceosome in vivo, and is present prior to 

spliceosome disassembly to efficiently degrade the debranched intron.  In the absence of 

Rat1p, some mechanism exists to protect the intron from other exoribonucleases, which 

should be able to eliminate these RNAs from these cells.  Whether this mechanism is 

sequestration or inactivation of the 3’ end degradation machinery has yet to be 

determined. 

Alternatively, how the mutant Rat1p could be causing a defect in pre-mRNA 

splicing is not yet clear, however we propose that this phenomenon in yeast may be 

linked to the RNA Pol II transcript termination defect seen in rat1 mutants.  Rosbash and 

colleagues have shown that most intron-containing pre-mRNAs are spliced after 

transcription release (Tardiff et al., 2006); thus the function of Rat1p in what appears to 

be the catalytic steps of splicing may be the indirect effect of the inability to release 

transcripts which would lead to their proper splicing.   
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In this work, we have extended the role of Rat1p to the degradation of linear 

intronic RNAs and propose that Rat1p may be functioning, either directly or indirectly, in 

pre-mRNA splicing in yeast.  Our work also provides further evidence for the 

coordination of the 5’ and 3’ end processing pathways, as the prp27-1 strain with 

defective Rat1p accumulates introns with free 3’ end, rRNA and snRNA intermediates 

that are normal substrates of the nuclear exosome but are not efficiently degraded or 

processed.
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Chapter 4: Mutational Analysis of S. cerevisiae RAT1 

CHAPTER 4.1: INTRODUCTION 

 
The maturation of many cellular RNA species requires the processing of 

precursors.  In these maturation processes fragments of undesired RNA are removed 

either via pre-mRNA splicing or endo/exo-nucleolytic degradation.  The turnover of 

RNA, specifically mRNA, is crucial to the regulation of gene expression.  Important 

insights have been made in nuclear RNA turnover in Saccharomyces cerevisae, which 

possess deadenylation-dependent and independent degradation pathways.  These 

pathways require several enzymatic activities such as decapping, poly-A-nuclease, 

endonucleases, 3’5’ and 5’3’ exonucleases to ensure faithful gene expression. 

 RAT1 encodes for an 116kDa nuclear 5’3’ exoribonuclease responsible for 

majority of the RNA turnover events in the nucleus.   Rat1p is essential for viability in 

yeast and temperature sensitive alleles of this protein results in pleiotropic phenotypes 

making the determination of its essential in vivo function difficult.  Though highly 

specific for 5’ monophosphates Rat1p has little sequence specificity suggesting that it 

may act on a broad range of substrates (Stevens et al., 1995, Stevens et al., 1997).  

However, Rat1p degradation activity is inhibited by certain RNA structural elements such 

as stable hairpins and poly-G tracts (Kenna et al., 1993).  Rat1p substrates are found in 

the RNA processing pathways from transcription termination, snoRNA processing, rRNA 
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processing, poly-A-export, and recently TERRA degradation (Amberg et al., 1992, Kim 

et al., 2004, Luke et al., 2008).   

 Rat1p belongs to the 5PX superfamily of exoribonucleases of which only two 

known members exist in yeast (Rat1p and Xrn1p). Xrn1p is the founding member of this 

family of exoribonucleases only distributed amongst eukaryotes (Heyer et al., 1995).  

Recently, a prokaryotic 5’3’ exoribonuclease has been indentified though the lack of 

sequence conservation does not place it within this superfamily (Benard et al., 2007).  

Numerous homologues of Rat1p have been identified from several organisms including; 

S. pombe, D. melanogaster, A. thaliana, and H. sapiens (Kastenmayer et al., 2000, 

Shoibuike et al., 1995).  Xrn1p shares considerable homology with Rat1p and is 

responsible for the majority of the cytoplasmic turnover of mRNA in yeast (Page et al., 

1998).  Xrn1p also degrades the internal transcribed spacer I (ITS1) a product of rRNA 

processing, thus indicating its role is not confined to mRNA turnover (Page et al., 1998).  

Rat1p and Xrn1p are functionally interchangeable, but are normally restricted to the 

nucleus and the cytoplasm respectively (Johnson 1997).  Additionally, Xrn1p is not 

essential for viability.  Mutation in either exonuclease result in pleiotropic phenotypes 

that have been interpreted as indirect consequences of RNA turnover defects (Amberg et 

al., 1992, Disengi et al., 1993, Toone et al., 1995, Page et al., 1998). 

 RAT1 has been characterized by a variety of genetic and biochemical approaches.  

It has been referred to as HKE1, TAP1, RSF11, PRP27 and XRN2 (Kenna et al., 1993, 

Disegni et al., 1993, Toone et al., 1995, Vijayraghavan et al., 1989).  Rat1p is primarily 

nuclear localized however high-throughput analysis has indicated that it is localized in 
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the mitochondria, where its functional role has yet to be fully elucidated (Sickmann et al., 

2003). The rat1-1 allele results in the accumulation of poly-A RNA within one hour 

following a shift to non-permissive temperature, while the hke1-1 allele inhibits protein 

synthesis within four hours after a shift to restrictive temperature (Amberg et al., 1992, 

Kenna et al., 1993).  The rsf11-1 allele was identified to be synthetically lethal with SWI4 

deletion (Toone et al., 1995, Mendenhall et al., 1998). The tap1-1 was characterized as 

mutation defective in the activation of RNA polymerase III (RNAPIII) of a mutant tRNA 

gene (Disengi et al., 1993).   Abelson and colleagues identified the prp27-1 allele in a 

screen for pre-mRNA splicing mutants and was determined to accumulate intron RNA 

(Vijayraghavan et al., 1989).  Recently, we found that prp27-1 is a severe loss of 

function, due to its protein instability, allele of RAT1 that accumulates pre-rRNAs that 

lack 5’ and 3’ end processing as well as linear intron RNA (See Chapter 3).  The variety 

of these independently characterized phenotypes has made the elucidation of the essential 

in vivo role of Rat1p elusive.   

 Our primary sequence analysis of the prp27-1 splicing mutant revealed a mutation 

within a region that is highly conserved from yeast to humans. This region does not 

possess any homology to known sequence motifs thus hindering the determination of its 

function (Gupton et al., unpublished results). We performed a mutational analysis of 

RAT1 targeting this domain to separate the specific biochemical effects on the myriad of 

RNA processing events controlled by Rat1p. Interestingly, all of the aforementioned 

alleles of RAT1 cluster in this conserved domain located far away in the primary 

sequence from the exoribonuclease domain. The goal of this mutational analysis is to 
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characterize the effects that our novel rat1 mutants have on the myriad of RNA 

processing events in that Rat1p has been implicated. How these mutations affect the 

interaction of Rat1p with its interacting partner Rai1p?  What affects these mutations 

have on the in vivo localization of the protein?  Our working hypothesis is that: The C-

terminal domain of Rat1p functions as a specificity domain with different constellations 

of mutations conferring unique consequences in RNA processing. 

4.2  RESULTS 

4.2.1 Generation of rat1 mutant alleles. 
 

To examine the role of the desired domain we undertook a PCR mutagenesis 

screen targeting the 800-bp highly conserved region that lacked any known motifs.  The 

role of this region has yet to be fully determined in relation to the protein activity or 

function.   The goal was to determine if we could separate the many functions of Rat1p.  

We employed the power of yeast homologous recombination and gap-repair techniques 

to create these mutants.  We subcloned a EcoRI-XbaI digested pAJ226 (RAT1-GFP) 

fragment into a XbaI digested pRS413 vector harboring the HIS3 gene to generate the 

plasmid pRS413-RAT1-GFP.  pRS413-RAT1-GFP was digested with AgeI and BstEII to 

remove the 800bp region encoding the region targeted for mutagenesis.  Random PCR 

mutagenesis was performed using the pRS413-RAT1-GFP plasmid as the template 

generating a 1.3kB product.  The PCR product and AgeI-BstEII gapped plasmid were co-

transformed into our rat1/RAT1 shuffle strain (SS905) and plated onto HIS3 selection 
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media at permissive temperature for 3-4 days.  The transformants were replica-plated 

onto 5-FOA plates and incubated at permissive (25˚C) and non-permissive temperature 

(37˚C).  5-FOA is utilized to select against the pAJ202 (RAT1:URA3) plasmid resulting 

in the mutant rat1 plasmid providing the sole source of Rat1p.    

Through this methodology twelve novel temperature-sensitive rat1 mutants were 

recovered and used to discern how the C-terminal domain of Rat1p mediates intron 

turnover (Figure 4.1).   The mutant plasmids were recovered from yeast via the methods 

described in Chapter 2.  We performed sequence analysis of the entire RAT1 open 

reading frame to determine the site of mutation in our rat1 mutant gap repaired plasmids.  

Analysis of our mutant collection revealed that we generated eight single amino acid 

changes and four that posses three amino acid changes located within a region adjacent to 

the spacer region in Rat1p (see Illustration 4.1, Table 4.1).  
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Table 4.1   Mapping of  S. cerevisiae rat1 mutants and homologous mutation in S. 
pombe.

Allele S. cerevisiae S. pombe 

rat1-101 

rat1-102 

rat1-103 

rat1-104 

rat1-105 

rat1-106 

rat1-107 

rat1-108 

rat1-109 

rat1-110 

rat1-111 

rat1-112 

F740S 

W649R 

D710G, L788S, L809F 

P682S 

F702S 

Y683H, C828S, Q949R 

M706V, V813E, F667L 

L660Q 

L757P 

L690R, R764G, K845E 

G824V 

Y717H 

F726S 

W635R 

N695G, L774S, L793F 

P668S 

L688S 

Y669H, C812S, Q935R 

M692V, V797E, L653L 

F646Q 

L743P 

L676R, R750G, N839E 

V808V 

Y703H 
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Illustration 4.1. Graphic illustration of mutagenic domain of Rat1p. Sequence analysis 
and alignment across several organisms was performed. The previously 
characterized alleles of Rat1p were revealed to cluster within this highly 
conserved domain.  Twelve conditional alleles were isolated from our 
mutagenic screen. 
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Figure 4.1 Temperature-sensitive alleles of rat1 isolated from PCR mutagenic 
screen.  Transformants were grown at permissive temperature until log 
phase.  Each was diluted to OD600=1.0 and serially diluted onto SD-HIS 
and SD-HIS 5-FOA at permissive (25˚C) and non-permissive 
temperature (37˚C) for four days. Transformants were grown on 
selective containing medium to select against the RAT1:URA3 plasmid.
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4.2.2 Mapping rat1 mutant alleles to S. pombe crystal structure. 

 
Recently, the crystal structure of the Schizosaccromyces pombe Rat1p was solved 

at 2.2Å resolution in complex with its binding partner Rai1p (Xiang et al., 2009).  It was 

described that Rai1p assists Rat1p by allowing its intrinsic exonucleolytic activity to 

degrade stable secondary structures more effectively.  The structure reveals that it 

contains two highly conserved regions that constitute a large single domain essential for 

Rat1p enzymatic activity.  The active site is located in first domain at the base of Helix 

αD i.e. the “tower domain” that harbors a cluster of acidic residues (Xiang et al., 2009).  

This region is absent from Xrn1p therefore suggesting it is specific to Rat1p/Xrn2p 

structure and possibly important for its role transcription termination.   It has been 

suggested that Rat1p has a catalytic mechanism similar to that of RNase H.  Interestingly, 

Rai1p was shown to possess 5’ pyrophosphohydrolase activity, which converts 5’ 

triphosphates into a monophosphate to promote Rat1p activity by generating a substrate 

suitable to be degraded by the enzyme.   

The second conserved domain surrounds the tower domain and contributes 

several residues to the active site (Figure 4.2).  Interestingly, the rat1-1, prp27-1, tap1-1, 

and rsf11-1 alleles clustered within this domain.  Each allele confers unique phenotypes 

that have made the elucidation of Rat1p function difficult.  Utilizing this analysis, we 

mapped our mutants to the structure to predict the effects mutation within our putative 

“specificity” domain has on the structure. From this analysis, we discovered that the rat1-

102 (W649R) mutation is located near the active site of the tower domain similar to that 
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of the prp27-1 (G634R) allele (See Chapter 3, Figure 4.2 and Figure 4.3).  Interestingly, 

both alleles bury charged residues into the hydrophobic core of the protein. The 

mutations replace hydrophobic or inactive residues with positively charged hydrophilic 

arginine residues.  The location of these residues near the active site is a possible 

explanation for the strong molecular phenotypes observed from both alleles.  We 

speculate that upon shift to non-permissive temperature that mutations of this nature 

result in destabilization of the protein structure or enzymatic activity as seen in the prp27-

1 and rat1-102 alleles respectively. It is atypical for hydrophilic residues to be buried 

within the interior of the protein as observed.  The rat1-101 (F740S) and rat1-105 

(F702S) harbor mutations that replace hydrophobic phenylalanine residues with 

hydrophilic serine residues.  Both mutations are located on the opposite face of the active 

site.  The F740S allele is located in closer proximity to the active site than the F702S thus 

increasing its potential to abolish or reduce protein activity.   The other alleles do not 

appear to directly contribute to the active site though it is possible that these mutations 

may interfere with amino acids implicated in binding of the RNA substrate.  More 

detailed structural analysis is required to conclusively determine this notion.  

Interestingly, the mutations within this region did not appear to play a role in Rai1p 

interaction (see Section 4.2.10 below).  



 117 

       

Figure 4.2   S. pombe Rat1p crystal structure.  The red bands at the base of the central 
“tower” domain represent the active site.  The additional red bands (outside 
of active site) represent critical residues that contribute to the active site. 
The purple region represents the Rat1p region of mutagenesis.  The space 
spheres represent the mutated residues.  For clarity all mutant residues, 
Rai1p and Rat1p space region are not represented.  Image was generated 
from PDB file 3FQD in MacPymol 2006, by Leodis D. Gupton  
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Figure 4.3  S. pombe Rat1p crystal structure illustrating rat1 mutant collection. The 
mutations shown in yellow clustering away from the active site (red) exhibit 
a diverse array of phenotypes.  rat1-102 and prp27-1 reside near the active 
site.  Rai1p and Rat1p spacer region deleted for clarity.  Image was 
generated from PDB file 3FQD in MacPymol 2006, by Leodis D. Gupton  



 119 

4.2.3 ACT1 intron accumulation in rat1 alleles. 

We have previously determined that the prp27-1 allele of RAT1 exhibits a 

profound defect in intron turnover (Gupton et al., unpublished results).  We examined our 

rat1 mutants to determine the presence of intron accumulation.  Each strain was grown in 

YPD at permissive temperature to early mid-log phase (OD [A600]= 0.5 before shift to 

non-permissive temperature for up to three hours. The level of intron accumulation was 

scored in relation to the strong intron accumulator, prp27-1, or weak intron accumulator, 

rat1-1 allele. The intron debranching enzyme mutant, ∆dbr1, which has been shown to 

accumulate lariat intron RNA, was used as a control for the intron accumulation 

phenotype.  We detected the two isoforms of ACT1 intron in the ∆dbr1 sample, the 

complete lariat intron and the 3’-trimmed lariat circle. Intron accumulation was observed 

in 6 out of the 12 strains after temperature shift. Mutant alleles rat1-102 (W649R), rat1-

106 (Y683H, C828S, Q949R), and rat1-110 (L690S, R745G, K845E) accumulate intron 

levels that are comparable to prp27-1 (Figure 4.4).  Intron RNA accumulates in the 

mutant alleles: rat1-101 (F740S), rat1-105 (F702S), and rat1-112 (Y717H).  The intron 

accumulation levels are relatively equivalent to the rat1-1 (Y657C) allele.  The remaining 

mutants either did not exhibit intron accumulation phenotype or were empirically 

determined to accumulate to a lesser extent than rat1-1 (compare Figure 3.3 and Figure 

4.4).  We note that the intron RNA species in the rat1 alleles migrates with the prp27-1 

thus indicating a linearized RNA species that escapes degradation from the nuclear 

exosome (See Chapter 3). 
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Figure 4.4 Northern analysis of ACT1 intron accumulation in Rat1 alleles.  5μg of total 
RNA was loaded onto a 7% 19:1 bis-acrylamide gel and subjected gel 
electrophoresis. RNA was electroblotted onto nylon membranes and probed 
with radiolabelled oligonucleotides ACT1 and snR30.   ∆dbr1 and prp27-1 
are positive controls for the accumulation of intron RNA species.  
Normalized ACT1 intron fold increases are shown below.
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4.2.4 Pre-mRNA splicing defects in rat1 alleles. 

 
The prp27-1 allele of RAT1 was discovered from a pre-mRNA splicing mutagenic 

screen performed by Abelson and colleagues for pre-mRNA splicing defect detection 

(Vijayraghavan et al., 1989).  In our work with this allele we determined that it displayed 

defects in pre-mRNA splicing not previously characterized in the rat1-1 allele.  To 

further assess the function of the putative specificity domain of Rat1p we performed 

primer extension analysis on U3 snoRNA to determine which if any of the alleles 

possessed RNA splicing defects.  Total RNA was harvested from each mutant allele 

grown at permissive and non-permissive temperatures.  As a control for pre-mRNA 

splicing defects, we used total RNA harvested from a ∆snu66 deletion mutant that 

possesses a block in the first catalytic step in pre-mRNA splicing.  The U1 snRNA was 

used a loading control to ensure that each of the samples was processed equivalently.  We 

found that each of our mutants possessed pre-mRNA splicing defects that separated into 

either temperature-dependent or constitutive. Temperature-dependent pre-mRNA splicing 

products are detected in mutants: rat1-101 (F740S), rat1-102 (W649R), rat1-103 

(D710G, L788S, L809F), rat1-105 (F702S), rat1-107 (M706V, V813E, F667L), rat1-

108 (L757P) following shift to non-permissive temperature.  Conversely, primer 

extension products are detected in mutants: rat1-104 (P682S), rat1-106 ((Y683H, C828S, 

Q949R), rat1-109 (L660Q), rat1-110 (L690R, R764G, K845E), rat1-111 (G824V), rat1-

112 (Y717H) prior to and following temperature shift (Figure 4.5, See Appendix).  This 

evidence suggests that Rat1p affects pre-mRNA splicing as well as post-splicing i.e. 
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intron degradation.  However it is unlikely that Rat1p has a direct role in initiating the 

pre-mRNA splicing events.  We speculate that the pre-mRNA splicing defect observed in 

our mutant collection results from failure terminate transcription as has been previously 

observed in rat1-1 and prp27-1 alleles (See Chapter 3). Based on these observations, no 

further studies were pursued to delineate this mechanism.
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Figure 4.5    rat1 alleles exhibit pre-mRNA splicing defects.  Primer extension analysis of 
pre-U3 snoRNA.  The pre-mRNA splicing defect observed in this primer 
extension assay illustrates a 1st step block of splicing however it is not 
capable of ruling out a 2nd-step block in splicing.  ∆snu66, an essential tri-
snRNP component that causes splicing block when deleted was used as a 
positive control.  
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4.2.5  Mutant alleles phenocopy the nuclear exosome mutants. 

 
In our work with the prp27-1 allele, we described an accumulation of rRNA 

intermediates that are specifically processed by the nuclear exosome.  The prp27-1 allele 

accumulated 7S and 5.8S rRNA intermediates that lacked processing at the 5’ and 3’ ends 

(Chapter 3).  Moreover, our studies revealed that the prp27-1 allele accumulated 5.8S 

rRNA precursors possessing a 30-nucleotide 3’ extension.  This observation is 

characterized in ∆rrp6 and ∆rai1 mutants (Briggs et al., 1998; Allmang et al., 1999; Fang 

et al., 2005).  Utilizing our rat1 conditional alleles we set out to determine if the 

mutations within the conserved domain conferred a similar defect in rRNA processing.  

Northern blot analysis of total RNA revealed that nine out of twelve mutants that 

exhibited rRNA processing defects (Figure 4.6 and Figure 4.7).  The levels of 

accumulated 3’-extended rRNA varied throughout the rat1 collection.  We observed that 

mutants: rat1-101 (F740S), rat1-102 (W649R), rat1-107 (M706V, V813E, F667L), rat1-

110 (L690S, R764G, K845E), and rat1-111 (G824V) exhibit 3’-extended rRNA levels 

greater than or relatively equivalent to prp27-1 (Figure 4.6 and Figure 4.7) Decreased 

levels of 3’-extended rRNAs were observed in mutants: rat1-104 (P682S), rat1-105 

(F702S), rat1-106 (Y683H, C828S, Q949R), rat1-108 (L757P), and rat1-112 (Y717H) 

(Figure 4.6 and Figure 4.7).  We were unable to detect 3’-extended rRNA intermediates 

in mutants rat1-103 (D710G, L788S, L809S) and rat1-109 (L660S) (Figure 4.6 and 

Figure 4.7).  As expected, we observed a shift in the 5.8SL/S ratio shift near to 1:1 (Figure 

4.6 and Figure 4.7).  Interestingly, the 5.8S rRNA levels in the ∆rrp6 mutant are within 
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wildtype levels despite the accumulation of rRNA precursors.  We would like to further 

note that 5.8SL+30 rRNA species observed in our rat1 mutants represents rRNA 

intermediates that lack processing at the 5’ and 3’ ends. This finding is significant in that 

3’ end processing intermediates is a novel phenotype for Rat1p.  Moreover, this species 

persists in the presence of a wildtype nuclear exosome as well as wildtype Rai1p.  

Therefore, these results suggest that exosome 3’-end processing of rRNA occurs in a 

Rat1p-dependant manner. Based on these observations we propose that Rat1p and the 

nuclear exosome component, Rrp6p, are functionally coupled in vivo.  
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Figure 4.6 Mutants rat1-101 thru rat1-106 display defects in rRNA processing.  
Accumulation of 3’ extended forms of 5.8S rRNA.  As positive controls 
∆rrp6 and prp27-1 are loaded to exhibit the lack of processing of the 3’ 
extensions.  U6 snRNA is probed as an internal loading control.  Samples 
were quantified via Quantity One software and normalized to U6 snRNA 
levels. Normalized 5.8S values were divided by the normalized value of 
5.8SL of lane 2 (WT, 25˚C). For comparison 7S values were divided by 
normalized 7S values of lane 2 (WT, 25˚C). 
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Figure 4.7  Mutants rat1-107 thru rat1-112 display 5.8S rRNA processing defects. 
Accumulation of 3’ extended forms of 5.8S rRNA.  U6 snRNA is probed as 
a loading control to ensure equal amounts of RNA is processed.   ∆rrp6 and 
prp27-1 are loaded as positive controls for defects in 3’ end processing of 
rRNA. Samples were quantified via Quantity One software and normalized 
to U6 snRNA levels.  For comparison normalized 5.8S values are divided by 
normalized value of 5.8SL of lane 2 (WT, 25˚C).  For comparison 7S values 
are divided by normalized values of 7S of lane 2 (WT, 25˚C)
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4.2.6 In vivo localization of mutant alleles of Rat1p. 

 
Historically, Rat1p is reported to be nuclear localized.  Recently, Rat1p is 

reported to localize in the mitochondria, however, a functional role in this compartment 

remains unclear (Sickmann et al., 2003).  The prp27-1 allele results in the rapid protein 

turnover following shift to non-permissive temperatures (See Chapter 3).  We determined 

that this occurred due to loss of protein stability at elevated temperature as has been 

previously reported of rat1 alleles (Shobuike et al., 2001, Xiang et al., 2009).  The effect 

of the mutations on protein localization and stability upon shift to non-permissive 

temperatures was examined.  Cells were grown to early to mid-log phase at permissive 

temperature (25˚C) before being shifted to non-permissive temperatures (37˚C) for 3 

hours.  Each strain was harvested, fixed, DAPI-stained and visualized as described in 

Materials and Methods (See Chapter 2). 

 As previously described, florescence microscopy determined that wildtype Rat1p 

remained nuclear localized in the nucleus prior to and following shift to non-permissive 

temperature.  We found that our mutants fell into two classes in relation to Rat1p 

localization with half of the collection behaving like the rat1-1 allele and the others like 

that of the prp27-1 mutant.  The rat1-1p remains nuclear localized following shift to non-

permissive temperature.  Mutants’ rat1-102, rat1-104-106, rat1-109, and rat1-112 

remained nuclear localized prior to and following shift to non-permissive temperature 

(Figure 4.8 and Figure 4.9).  Alleles rat1-101, rat1-103, rat1-107-108, and rat1-110-111 

behaved like the prp27-1 allele in that nuclear localization is absent upon shift to non-
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permissive temperature (Figure 4.8 and Figure 4.9).  In these strains the level of 

cytoplasmic localization appears to increase following shift to non-permissive 

temperature.  Control cells expressing Rat1p without GFP did not display any significant 

florescence.   To determine if the absence of nuclear localization in this class of mutants 

is not the result of protein destabilization we performed Western analysis on all the 

strains from the collection.  Whole cell extracts were generated via the glass bead method 

and subjected to SDS-PAGE analysis and probed with antibodies against GFP.  

Interestingly, we determined that all of our alleles retained stable protein levels 

throughout the time course in contrast with the prp27-1 allele (Figure 4.10).  We 

examined the site of mutations in our alleles on the S. pombe crystal structure to 

determine the possibility of interference with the putative nuclear localization signal 

(NLS) of Rat1p.  The Rat1p NLS is located in the highly conserved spacer region far 

away from the targeted mutagenized region thus making this an unlikely explanation for 

absence of nuclear localization for this class of mutants.
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Figure 4.8 In vivo localization of rat1 mutants 101-106.  Mutants’ rat1-101 (F740S) 
and rat1-103 (D710G, L788S, L809F) mislocalize following shift to non-
permissive temperature.  
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Figure 4.9 In vivo localization of rat1 mutants 107-112.  It can be seen that mutants 
rat1-107 (M706V, V813E, F667L), rat1-108 (L757P) and rat1-111 
(G824V) displays mis-localization following shift to non-permissive 
temperature.  
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Figure 4.10 Rat1p levels are stabilized at elevated temperatures.  Whole cell extracts 
were prepared via a glass bead method and visualized on SDS-PAGE.  
Normalized protein was probed with antibodies against GFP.  As loading 
control antibodies against carboxypeptidase was used.  
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4.2.7 RAI1 over-expression complements rat1 mutants   

 
RAI1 encodes a 45-kDa non-essential protein that functions to stabilize and 

enhance Rat1p exonucleolytic activity (Xue et al., 1997, Johnson et al., 1998).  It has 

been recently observed to possess 5’ pyrophosphohyrdolase activity in vitro (Xiang et al., 

2009).  Shobuike et al., described that the over-expression of Dim1p, S. pombe 

homologue of Rai1p, complemented the temperature sensitivity of the dhp1-1 (Shobuike 

et al., 2001).  In our work with the prp27-1 allele we determined that Rai1p over-

expression was unable to rescue the viability of this allele however it was sufficient to 

rescue that of the rat1-1 allele.  Moreover, we found that Rai1p over-expression 

stabilized protein levels of both alleles following a shift to non-permissive temperature 

(See Figure 3.13 above).  These observations led us to speculate how Rai1p over-

expression would effect growth in our mutant rat1 collection.  We transformed a 2µm 

RAI1 (pAJ503) plasmid harboring a URA3 selection marker into each of the mutant 

strains.  The transformants were serially diluted, plated onto selection media and then 

incubated at permissive and non-permissive temperatures for 4 days.  We determined that 

Rai1p over-expression complemented the temperature sensitivity in all the rat1 alleles 

(Figure 4.11).  As controls, each strain was transformed with pRS416 (URA3) empty 

vector to ensure that complementation is not the result of the plasmid backbone. The 

nature of complementation is still unclear, however, we speculate that over-expression of 

Rai1p maybe the result of increased enzymatic activity in mutant proteins possibly via 1) 

generation of a more suitable substrate i.e. 5’ triphosphates  5’ monophosphates or 2) 
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protein stabilization thru mass action binding with Rat1p.   It has been suggested that 

primary effect Rai1p has upon Rat1p activity is the stabilization of the protein (Xiang et 

al., 2009). It can be argued that Rai1p’s enzymatic activity may contribute to the 

complementation of rat1 mutants; however, this seems unlikely because Rai1p has been 

reported to enhance Rat1p activity via a mechanism independent of Rai1p catalytic 

activity (Xiang et al., 2009).   

 To determine if Rai1p over-expression resulted in molecular complementation of 

the rat1 alleles we performed northern analysis on total RNAs harvested from wild type, 

rat1-102, and rat1-102 harboring a 2um RAI1-URA3 plasmid.  Mutant allele rat1-102 

(W649R) possesses each of the prp27-1-like loss-of-function phenotypes except for 

absence of nuclear localization and protein instability. It is interesting to note that both 

alleles possess arginine mutations located near the base of the tower domain (See Figure 

4.2). The ∆rrp6, ∆dbr1, and prp27-1 mutants were used as positive controls.  Rai1p over-

expression resulted in the restoration of ACT1 intron degradation as well as the 3’-end 

processing of 5.8S rRNA. (Figure 4.12, lanes 9-10 and Figure 4.13, lanes 9-10).  These 

observations suggest that Rai1p over-expression may result in: 1) enhancement of Rat1p 

activity, 2) increasing Rat1p substrate specificity, or 3) may strengthen the interaction 

between Rat1p and the nuclear exosome.  It is worthy to note that Rai1p has been 

previously suggested to coordinate the activities of Rat1p and the nuclear exosome 

component, Rrp6p, although the precise molecular details remain to be fully elucidated 

(Fang et al., 2005).  



 135 

 

Figure 4.11 Complementation studies of rat1 mutant collection.  Plasmids harboring 
2µm RAI1-URA3, Xrn1p-tagged with the SV40 NLS, and the pRS416 
(vector) were transformed into each strain.  Each was serially diluted onto 
SD-Ura His and incubated at permissive and non-permissive temperatures 
for 4 days.  EV is the empty pRS416 (URA3) vector to ensure the plasmid 
backbone is not responsible for growth complementation.
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Figure 4.12 Rai1p over-expression complements ACT1 intron accumulation in an allele 
of RAT1. Five micrograms of total RNA was loaded onto a polyacrylamide 
gel and probed for ACT1 intron.  Mutant allele rat1-102 (W649R) displays 
complete restoration of molecular phenotype when Rai1p is expressed above 
endogenous levels.  Compare lanes 7-8 (empty vector) to lanes 9-10 (2um 
RAI1).  snR30 was used as a loading control. 
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Figure 4.13  Rai1p over-expression complements 5.8S rRNA processing defect in a RAT1 
allele.  Three micrograms of total RNA was loaded onto a polyacrylamide 
gel and probed with oligonucleotides complementary to E-junction.  Mutant 
allele rat1-102 (W649R) displays complete restoration of the molecular 
phenotype when Rai1p is expressed above endogenous levels.  Compare 
lanes 7-8 (vector) and lanes 9-10.  snR30 is used as a loading control.  
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4.2.8 Xrn1p-NLS complements temperature sensitivity of rat1 alleles. 

 
Xrn1p is a non-essential cytoplasmic 5’3 exoribonuclease that is homologous to 

Rat1p.  The two proteins have been shown to be functionally interchangeable.  Johnson 

and colleagues characterized the functional relationship by targeting Xrn1p tagged with 

SV40 nuclear localization signal (NLS) into a temperature sensitive rat1-1 mutant 

(Johnson 1997).  In our work with the severe loss of function allele prp27-1, we found 

that increasing the nuclear concentration of Xrn1p complemented the temperature 

sensitivity and ACT1 intron accumulation. Considering the variety of phenotypes 

exhibited by the rat1 mutant collection we decided to determine if nuclear targeted Xrn1p 

is capable of complementing the temperature sensitivity in each of our alleles similarly to 

the prp27-1 allele.  The plasmid pAJ237 (XRN1-NLS) harboring the URA3 selective 

marker was transformed into each of the strains.  As a negative control, a low-copy URA3 

vector (pRS416) was used to ensure that the complementation is not the result of vector 

backbone but that of the nuclear-targeted protein.   The transformants were serially 

diluted onto selection media plates and incubated at permissive and non-permissive 

temperatures for four days.  Growth was restored at the non-permissive temperature for 

each allele recovered from our mutant screen  (Figure 4.12).  This result further confirms 

an essential role for nuclear exoribonuclease activity however it does not reveal the 

nature of that essential role.  In our previous work with the prp27-1 allele we examined 

the effects that nuclear-targeted Xrn1p had on the molecular phenotypes and found that it 

was unable to fully complement each of prp27-1 defects.  As a result of this analysis we 
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determined that further examination of the mutant collection in this genetic background 

would most likely reveal similar outcomes. The rationale behind this decision rests on the 

empirical knowledge of the effects of Xrn1p-NLS on the widely characterized alleles of 

RAT1, rat1-1 and prp27-1.  Nuclear-targeted Xrn1p is unable to complement the rat1-1 

transcription termination defect thus suggesting that Rat1p has a specific role in nuclear 

RNA turnover that remains to be fully elucidated (Luo et al., 2006). 

4.2.9  Rai1p interaction with rat1 mutant collection 

 
As previously mentioned in Chapter 3, Sydorkskyy et al., reported that Rai1p mis-

localizes to the cytoplasm in the absence of a functional Rat1p (Sydorskyy et al., 2003).  

The deletion of the C-terminal 204 residues of Rat1p abolishes Rai1p binding (Shobuike 

et al., 2001).  Deletion of C-terminal 115 residues of Rai1p abolished its interaction with 

Rat1p (Xue et al., 2000). Therefore, we proposed that the lack of 3’ end processing of 7S 

rRNA, intron degradation, and transcript cleavage in both rat1-1 and prp27-1 may be due 

to loss of Rat1p association with its interaction partner, Rai1p (See Chapter 3). We 

speculated that Rai1p binding could influence Rat1p substrate specificity thus resulting in 

the pleiotropic phenotypes in the rat1 mutant collection. While this analysis was 

underway the crystal structure of the S. pombe Rat1p in complex with Rai1p was 

published (Xiang et al., 2009).  This work described a novel 5’ pyrophosphohydrolase 

activity for Rai1p and further confirmed its importance in increasing Rat1p enzymatic 

activity. Prior to publication of the structure, we genomically C-terminal myc-tagged 

Rai1p in our rat1 alleles to determine if the Rat1p-Rai1p interaction remains intact 
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following shift to non-permissive temperature.  We performed co-immunoprecipitation 

analysis of Rai1p-myc strains and probed our immunoprecipitated particles for Rat1p-

GFP.  It was revealed that the Rat1p-Rai1p interaction was not disrupted upon shift to 

non-permissive temperatures in several of our single conditional rat1 mutants (Figure 

4.14).  Importantly, we observed that our rat1-102 (W649R) allele, which possessed 

many of the prp27-1 phenotypes, retained interaction with Rai1p following a shift to non-

permissive temperature.  Interestingly, we detected one triple mutant rat1-103 (D710G, 

L788S, L809F) that did not immunopurify with Rai1p-myc following temperature shift 

however that mutations within that allele do not correlate with the known Rat1p-Rai1p 

interaction domain thus making the elucidation of which residue change contributes to 

Rai1p interaction unclear. 

Crystallization of the S. pombe Rat1p made it possible for us to visualize the 

potential effects our mutations may have in disrupting the protein’s active site.  The 

structural analysis revealed that our targeted mutation region marginally overlaps with 

the Rat1p-Rai1p interaction domain (Xiang et al., 2009).  The mutations within our 

collection are not found within this interaction domain nor do they appear to contribute to 

this site.  The structure reveals that the previously characterized deletion of the C-

terminal 115 residues of Rai1p does not contribute to the Rat1p-Rai1p interaction domain 

(Xiang et. 2009).  The loss of the C-terminal residues of Rai1p was determined to result 

in the destabilization of the protein (Xiang et al., 2009). This analysis revealed that 

reduction or abolishment of Rat1p exonucleolytic activity in our alleles is not due to loss 

of Rai1p interaction or stabilization of protein.  



 141 

 

Figure 4.14  Rai1p interaction in rat1 alleles.  Rai1p is genomically C-terminally tagged 
with 13-myc in the rat1 alleles.  Co-immunoprecipitations were performed 
and probed for GFP to detect for the absence or presence of Rat1p. Each of 
the single mutants examined displayed stable interaction with Rat1p at non-
permissive temperature.  The mutant rat1-103 (D710G, L788S, L809F) 
resulted in loss of interaction with Rai1p at non-permissive temperature. (T) 
Total, (B) Bound.
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4.3  DISCUSSION 

 
 Rat1p is a member of the 5PX exoribonuclease superfamily that is essential for 

viability (Johnson et al., 1997).  Its major activity is primarily restricted to the yeast 

nucleus and responsible for the degradation of rRNAs and snoRNAs.  Rat1p is implicated 

to have a role in many RNA processing events including: nucleocytoplasmic RNA 

trafficking, pre-mRNA splicing, transcription termination, and telomerase function 

(Amberg et al., 1992, Vijayraghavan et al., 1989, Kim et al., 2004, Luke et al., 2008).  

Orthologs of Rat1p have been identified from higher eukaryotes including plants, mouse, 

and human (Kastenmayer et al., 2000, Shobuike et al., 2001, Luo et al., 2004).  The 

previously characterized rat1 alleles confer unique phenotypes (Amberg et al., 1992, 

Vijayraghavan et al., 1989, Stevens et al., 1997, Disengi et al., 1993, Toone et al., 1993).  

We determined that the Vijayraghavan prp27-1 splicing mutant is an allele of RAT1.  

Sequence mapping of the prp27-1, rat1-1, tap1-1, and rsf11-1 alleles clustered each of 

these alleles to the same conserved domain.  We speculated that this region must act as a 

specificity domain to confer the diverse array of phenotypes performed by Rat1p.  A 

mutational analysis was performed to separate out the function of this domain.   

4.3.1  Point mutations that contribute to Rat1p function. 
 

The mutational screen employed was designed to determine how this conserved 

region separates Rat1p functions.  We found that all of the rat1 mutations recovered 

resulted in temperature-dependent reduction or abolishment of one or more Rat1p 
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activities resulting in a diverse array of phenotypes.  The 5PX family of proteins does not 

contain amino acids sequences that readily identify RNA binding motifs or activation 

motifs.  The recent publication of the S. pombe crystal allowed us to determine that the 

targeted mutagenic surrounds the active site of the protein, although it is located far away 

from exonuclease domain in the primary sequence. We determined that residues within 

our mutation region do not directly reside within the active.  However, it has been 

speculated that this region contributes residues to the active site of the protein.  Many of 

these mutations are located on the opposite face of the active site.   We would like to note 

that replacement of G634 (prp27-1) or W649 (rat1-102) with arginine resulted in the 

strongest phenotypes amongst our rat1 mutants with prp27-1 being the only recognizable 

severe loss of function allele due to complete protein destabilization following shift to 

non-permissive temperature.  Our data suggests that the strong hydrophilic nature of this 

amino acid change near active site either eliminated or reduced its activity.  Hydrophilic 

residues are less likely to be found within the interior protein structure. We have shown 

that prp27-1 (G634R) results in protein destabilization   Further analysis needs to be 

performed to separate out the triple mutants to determine how each point mutation 

individually contributes to the protein function. 

4.3.2  Phenotypic clustering of mutant collection 
 

 Our goal was to separate the functions of the multi-purpose Rat1p thru mutational 

analysis of a conserved region within the protein.   The mutational analysis did not result 

in any definitive separation of function.  We were able to place our mutants in groups 
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based on the absence or presence of phenotypes observed.  Although, they displayed a 

diverse array of phenotypes each allele exhibited a common theme in terms of protein 

stability, complementation by Rai1p over-expression and Xrn1p-NLS respectively.  

Therefore, we clustered our mutants in groups based on the rRNA processing defects, 

intron accumulation and in vivo localization of Rat1p phenotypes they share.  Based on 

these parameters, we outlined our mutants in tabular form showcasing the phenotypes 

observed (Table 4.2).   From our work with prp27-1, we speculated that the multitude of 

phenotypes observed were the result of protein destabilization.  These mutants suggest 

that the absence of nuclear localization is not the result of protein destabilization as the 

mutants retain protein stability.  Moreover, the phenotypes observed are not caused by 

protein instability as suggested with the prp27-1 allele. Interestingly, disruption of the 

Rat1p nuclear localization did not affect the viability or the molecular phenotypes 

(Johnson et al., 1997).   We identified two groups that do not display any of the molecular 

phenotypes.  They differ from each other based on their inherent nuclear localization 

phenotype.  The mutants rat1-104 and rat1-109 retain nuclear localization while the 

mutant rat1-103 is the sole representative of a group that does not exhibit any of the 

phenotypes except for temperature sensitivity (See above).   

  The mutagenic screen yielded an interesting class of rat1 mutants that exhibited 

novel degradation rRNA intermediates. The screen did not yield a complete separation of 

function as expected based on the assays we were interested in.  However, we did recover 

mutants that did not display phenotypes in the accumulation of intron or rRNA 

intermediates thus increasing the likelihood that those mutants are defective in an RNA 
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processing pathway not directly assayed such as transcription termination.  The rat1-103 

mutant is an example of mutant that may exhibit defects in processes other than those 

listed  (See Table 4.2). Our results described reduction or abolishment of exonuclease 

activity as measured by the inability to degrade certain RNAs in vivo.  We have identified 

mutants that affect exonuclease activity although the point mutations are located within 

close proximity to the active site.  It is possible that the mutants have reduced 

processivity resulting from either decreased exonuclease activity or relaxed substrate 

RNA binding.  The nature of these defects will require more in vitro characterization with 

purified mutant proteins.  We speculate that since these mutants are recessive and are 

able to be rescued by Rai1p over-expression and Xrn1p-NLS that the problem could be a 

combinatorial effect of defective 5’ and 3’-end processing by Rat1p and the exosome.  

Moreover, it would be interesting to further explore which if any of these mutations 

display defective transcription termination.  
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Table 4.2   Phenotypic clustering of rat1 mutants.  Each allele has been assayed and 
compared in respect to the rat1-1 (moderate) and prp27-1 (strong) 
phenotypes.  Included in the table are the rat1-1 and prp27-1.  Phenotype 
severity and ratio of mutants displaying phenotypes are shown above.
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Chapter 5:  Discussion 

5.1 OVERVIEW 

 
 Eukaryotic gene expression relies on the faithful execution of RNA processing to 

provide the cell with the appropriate protein components and machinery for viability.  

The RNA processing pathways are nearly as diverse as the reactions powered by their 

gene products.  Transcription, pre-mRNA splicing, rRNA processing, RNA trafficking, 

and RNA turnover are RNA processing pathways that Rat1p is implicated to function.  

There are a few proteins that have been implicated to function within more than one of 

these processes.  The 5’3’ exoribonuclease Rat1p is a good example of a multi-

functional protein.  As previously mentioned, many alleles of RAT1 have been 

independently identified and characterized to have roles in nucleo-cytoplasmic RNA 

trafficking, processing of pre-RNAs, transcription termination, pre-mRNA splicing, 

protein synthesis, telomerase function (Vijayraghavan et al., 1989, Amberg et al., 1992, 

Kenna et al., 993, Disengi et al., 1993, Connelly et al., 1988, Luke et al., 2008).  The 

connections between these diverse processes have yet to be fully elucidated.  Through our 

analysis with Rat1p we have explored many of the pathways in which it has been 

implicated to function within.  Moreover, we have explored through mutational analysis 

how a highly conserved region within the protein mediates RNA processing pathway 

function.  All of the alleles clustered within this conserved region.  Our initial hypothesis 

was that this domain acted as a specifity domain to mediate Rat1p within its RNA 

processing pathways.  We speculated that this occurred via direct RNA-protein 
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interaction.  Although, we cannot completely abandon that premise we feel that Rat1p 

may navigate through its RNA processing pathways through protein-protein interactions 

based on the mapping of our rat1 mutant collection to the S. pombe crystal structure (See 

Chapter 4).  The majority of the mutations reside on the surface of the opposite face of 

Rat1p away from the active site (See Figure 4.3). Rat1p has extensive biochemical 

interactions with proteins that direct or mediate its RNA processing pathways. A 

potential candidate is Npl3p, a RNA-binding protein that promotes transcription 

elongation, regulates transcription termination, and carries poly(A) mRNA from nucleus 

to cytoplasm; required for pre-mRNA (Lee MS et al., 1996, Gilbert et al., 2001, 

Windgassen et al., 2004, Hurt et al., 2004, Tardiff et al., 2006, Dermody et al., 2008, 

Kress et al., 2008).  Future work directed at this putative specificity domain function may 

provide great insights into Rat1p pathway or substrate specificity. 

Our work has added a new dimension to splicing activity in that we have 

characterized the last of the Abelson pre-mRNA splicing mutants and identified a novel 

intermediate that provides a functional link to the nuclear exosome.   Additionally, our 

work has expounded upon an interesting phenotype that potentially places Rat1p in an 

essential role of regulating cell division. 

5.2.  The functional coupling of Rat1p and the nuclear Exosome. 

 
 The work contained within this dissertation was initiated to characterize the final 

mutant from a pre-mRNA splicing screen. We determined that the pre-mRNA splicing 

mutant prp27-1 is severe loss of function allele of RAT1 (See Chapter 3).  As previously 
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mentioned, previous rat1 mutants have implicated this essential nuclear protein in many 

diverse RNA metabolic pathways.  The pleiotropic nature of Rat1p has made the 

elucidation of its essential role extremely elusive.  We concluded that the Rat1p role in 

pre-mRNA splicing is an indirect effect of transcription termination.  We observed that 

the intensity of the intron accumulation peaked later than the rRNA intermediates from 

the same time course.  Rosbash and colleagues reported that 90% of pre-mRNA splicing 

in yeast occurs post-transcriptionally.   Rat1p has a role in transcription termination, 

which suggests that its proposed role in pre-mRNA splicing is an indirect consequence of 

transcription termination defects.  The prp27-1 accumulates a linear intron RNA species 

that is a suitable substrate to be degraded by the 3’5’ exonucleolytic activity of the 

nuclear exosome. However, this species persisted in the presence of wildtype exosome 

components. Therefore we questioned what is the mechanism of protection for the linear 

intron from the nuclear exosome? 

 As we addressed this question, we began to observe additional phenotypes that 

revealed nuclear exosome activity was affected in our rat1 mutants.  We reported an 

accumulation of rRNA precursors that lacked exonucleolytic trimming on both the 5’ and 

3’ ends (See Chapter 3).  Additionally, we observed the accumulation of 3’ extended 

intermediates of the U4 snRNA, a nuclear exosome-specific substrate that does not 

require 5’ end processing by Rat1p (Figure 3.7, Allmang et al., 1998).  This is the first 

time this phenotype has been described in respect with the loss of Rat1p function.  It had 

been suggested that the activity of Rat1p and Rrp6p is coordinated via Rai1p (Fang et al., 

2005).  It was first reported by Johnson and colleagues that ∆rai1 resulted in the 
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accumulation of 7S rRNA thus suggesting a functional link between the two degradation 

pathways (Xue et al., 2000).  I would like to note that in these earlier reports the 3’-end-

processing defects occurred in deletion strains of the aforementioned proteins.  In our 

experiments, these phenotypes occurred in the presence of wildtype Rai1p, Rrp6p and the 

additional nuclear exosome components. It was suggested that the accumulated 

3’extended intermediates found in the rat1 mutants were the result of overloading the 

nuclear exosome with Rat1p-substrates (AW Johnson, personal communication).  We 

tested this hypothesis by targeting the functionally interchangeable Xrn1p to the nucleus 

and found it was capable of complete restoration of all the phenotypes (i.e. temperature 

sensitivity, ACT1 intron accumulation) with the exception of processing of rRNA (See 

Chapter 3). The nuclear-targeted Xrn1p resulted in partial restoration of rRNA 

processing.  These results are in agreement with reports from Luo and colleagues’ work 

with the rat1-1 allele and transcription termination, in that Xrn1p-NLS does not 

complement transcription termination (Luo et al., 2006).   This evidence suggests that the 

nuclear exosome function  may involve the function of Rat1p.  We observed prp27-1-like 

rRNA processing phenotypes in our rat1 mutant collection that indicate that the 

phenotypes are not allele-specific phenomenon as has been reported with previously 

characterized alleles of RAT1 (See Chapter 4).  Therefore, these lines of evidence suggest 

a functional coupling of Rat1p with the nuclear exosome. 

 Extensive genetic and biochemical data suggest that the Rat1p and the nuclear 

exosome component Rrp6p may physically interact.  However, the exact biochemical 

purification remains unclear.  Briefly, ∆rai1 is synthetically lethal when combined with 
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rat1-1 or ∆rrp6 (Kim et al., 2004, Fang et al., 2005).  Kim and colleagues reported the 

identification of a 60-kDa RNA binding protein, Rtt103p, interacting with the Rat1p-

Rai1p complex.  Rtt103p is implicated to play a role in 3’ end-processing and is 

synthetically lethal with ∆rai1 (Kim et al., 2004).  In addition to its genetic and physical 

interaction with Rat1p-Rai1p, Rtt103p has been reported to exhibit a genetic interaction 

with Rrp6p (Wilmes et al., 2008).  Interestingly, Rrp6p has been shown to function in 

vivo in the absence of physical association with the core exosome (Callahan and Butler 

2008).  These lines of evidence combined with our functional coupling model suggest 

that Rat1p and Rrp6p physically interact in vivo to mediate the processing of pre-RNAs 

(Illustration 5.1).  High-throughput human experimentation has identified a physical 

interaction between XRN2 (human Rat1p ortholog) and PM-Scl-100 (human Rrp6p 

ortholog)  (Lehner and Sanderson, 2004).  Extensive biochemical analysis will be 

required to further demonstrate the existence and function of this complex.      

 We would like to introduce an alternative model, for the appearance of the 3’ end 

processing defects observed in our rat1 mutants.  The original characterization of the 

rat1-1 allele exhibited a nuclear accumulation of polyadenylated RNAs following shift to 

non-permissive temperature (Amberg et al., 1992).  In our studies we probed for RNA 

species, which naturally undergo polyadenylation as they are processed in vivo.   The 3’ 

polyadenylation of these RNAs could result in stabilization or protection from the 3’ 

degradation effects of the nuclear exosome if the RNAs are not efficiently exported into 

the cytoplasm.  Therefore, the appearance of RNAs that require 3’ end processing would 

persist in this genetic background.  Rat1p role in RNA trafficking remains to be fully 
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elucidated thus we cannot rule out the possibility of 3’ end protection via 

polyadenylation. 
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Illustration 5.1 Model of a novel degradation complex involved in nuclear RNA decay.  
The existence of the Rat1p-Rai1p-Rtt103p has been identified.  Genetic, 
biochemical, and functional analysis suggest the existence of the 
complex.   This model takes into account Rrp6p ability to function 
independent of the core exosome allowing Rat1p and Rrp6p flexibility 
to function within processes (i.e. transcription termination) independent 
of each other.  The “??” represent unidentified proteins that may 
function to stabilize the complex.   
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5.3  A role for Rat1p in promoting cell division? 

 
Rat1p is an essential protein involved in many RNA processing pathways 

however its pleiotropic phenotypes have made it difficult to identify its essential in vivo 

function.  Recently, a model was proposed that implicates Rat1p involvement in DNA 

replication and telomerase function (Illustration 1.4, Luke et al., 2008).  In this report it 

was determined that rat1-1 cells displayed delayed entry into G2 stage of mitosis (Luke 

et al., 2008).  Historically, it has been reported that rat1 mutants exhibit defects in cell 

division however evidence for this role was not pursued further  (Kenna et al., 1993, 

Toone et al., 1993, Shobuike et al., 2001).  Interestingly, the rsf11-1 was isolated in a 

mutant screen designed to identify factors in cell cycle regulation (Toone et al., 1993).   

The rsf11-1 allele was rescued by the over-expression of G1 cyclins thus it was proposed 

that Rsf11p/Rat1p was needed for efficient Start-specific gene expression (Toone et al., 

1993, Mendenhall et al., 1998).  We mapped the mutation of the rsf11-1 allele in our 

studies and found that it localizes to the conserved domain examined in this work 

(Illustration 4.1).  The hke1-1 allele of RAT1 is reported to exhibit a block in cell division 

that resulted in arrested growth after one division (Kenna et al., 1993).  Additionally, it 

was reported that the S. pombe dhp1-1 mutant allele displayed defects in chromosome 

segregation (Shobuike et al., 2001).  Furthermore, these mutants displayed chromosome 

segregation defects similar to Dis3p mutants (Shobuike et al., 2001).  Dis3p is implicated 

to be involved in controlling mitotic events (Ohkura et al., 1988, Kinoshita et al., 1991, 
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Murakami et al., 2007).  These lines of evidence are in strong support of a Rat1p 

involvement in cell cycle regulation.   

We tested the Rat1p-mediated TERRA degradation model in Chapter 3 to 

determine if nuclear 5’3’ exoribonuclease activity has a role in replication fork 

progression (i.e. cell cycle regulation). In our analysis we increased the nuclear 

concentration of Xrn1p in our rat1 mutants and probed for TERRA accumulation.    

Xrn1p is the cytoplasmic homologue of Rat1p that has been shown to rescue the growth 

defects observed in rat1 mutants directed to the nucleus (Johnson et al., 1997, See 

Chapter 3).  Nuclear localization of Xrn1p partially complements the rRNA processing 

and does not complement the transcription termination defects observed in these mutants 

(Luo et al., 2006, El Hage et al., 2008, Figure 3.10).  This suggests that Rat1p plays a 

unique role in the nucleus that required further elucidation.  Our analysis revealed that 

nuclear 5’3’ exoribonuclease activity resulted in decreased levels of TERRA.  

Surprisingly, when we tested the complementation of growth in the presence hydroxyurea 

(HU), a known DNA replication inhibitor, we showed that growth was restored with 

nuclear 5’3’ exonuclease activity (Figure 3.17).  These results suggest an indirect role 

of promoting telomerase function, DNA replication or chromosome segregation (i.e. 

mitosis) through the degradation of TERRA.  Further analysis is required to characterize 

the involvement of Rat1p in this process. 

These data are in agreement with the functional coupling model we proposed in 

the previous section.  Briefly, rat1 mutants display mitotic defects that are similar to dis3 

mutants and can be rescued by the over-expression of mitotic cyclins (Kenna et al., 1993, 
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Toone et al., 1991, Shobuike et al., 2001).  rat1 mutants also exhibit delayed entry or 

arrested progression into mitotic events (Yu et al., 2006, Luke et al., 2008). The data 

presented within this dissertation describing the phenocopying of nuclear exosome 

defects in a bank of rat1 conditional alleles combined with the growing amount of 

evidence that the nuclear exosome, primarily Rrp6p and Dis3p, indicate Rat1p may be 

involved in the promotion of mitosis further suggest a functional and possible physical 

coupling of these degradation complexes (Ohkura et al., 1988, Kinoshita et al., 1991, 

Fomproix et al., 1999, Murakami et al., 2007, Graham et al., 2009).  Rrp6p and Dis3p 

have been described to function independently of the core exosome (Callahan et al., 

2008, Graham et al., 2009).  The functional and physical interaction data support the 

premise  of a complex containing Rat1p and Rrp6p (Lehner et al., 2004, See Chapter 3 

and Chapter 4).   

We speculate that Rat1p may play a primary role in cell cycle progression.  

TERRA accumulation, rRNA processing, transcription termination and other cellular 

defects occurred in the presence of wildtype exosome function.  It is possible that the cell 

cycle defects could result from defects in transcription termination or protein synthesis, 

as it is widely known that cell division is transcriptionally regulated.  Defects in both of 

these processes have been described in rat1 mutants.  Furthermore, the link between the 

function of Rat1p in ribosome biogenesis and the cell cycle remains unclear.  It would be 

interesting to check the transcriptional rates of rat1 mutants during each phase of mitosis 

to determine if mitotic cyclins are greatly affected in these mutants in comparison to 

wildtype.  Additionally, tracking the localization of Rat1p throughout mitosis would 
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provide a great deal of information to delineate this mechanism as it has been shown that 

Rrp6p and Dis3p have been localized at the centrosomes of Drosophila chromosomes 

during mitosis (Graham et al., 2009).  Finally, purification of the complex containing  

Rat1p, Rrp6p, and Dis3p would provide further support of a new model.   
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