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ABSTRACT 

The control of gene expression is greatly influenced by regulatory events 

at post-transcriptional steps. In my studies of these post-transcriptional control 

steps, I have utilized the tools provided by the model organism Saccharomyces 

cerevisiae, including genetic and molecular tools as well as the complete genome 

sequence. 

Based on genetic evidence, I hypothesized that the products of the SK12, 

SK13, and SKIS genes were involved in a pathway of mRNA degradation that 

acts in the 3' to 5' direction. I demonstrated that mutahons in any of the three 

genes lead to a stabilization of an mRNA species that degrades 3' to 5'. I further 

demonstrated that components of a protein complex, the exosome, were also 

required for 3' to 5' mRNA degradation. I went on to demonstrate that mutations 

that disrupt 3' to 5' mRNA degradation are synthetically lethal with mutations 

that disrupt another pathway that operates in the 5' to 3' direction. This last 

observation leads to two conclusions. First, these two mechanisms are likely to be 

the only major methods of mRNA degradation in Saccharomyces cerevisiae. 

Second, mRNA degradation is an essential process in this organism. 

I developed a computational method that uses statistical analysis of 

oligonucleotide frequencies to identify potential ds-acting elements. Application 

of my method to a group of genes allows the identification of sequences that may 

be involved in directing co-regulation. Unlike similar methods, my method 

accoimts for oligonucleotide usage in the genes that are not observed to be co-

regulated, ensuring that elements common to all genes will not be erroneously 
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detected. After demonstrating that the method detected several known splicing 

elements in a group of genes containing introns, I went on to characterize the 

performance of the method under several conditions designed to simulate 'real 

world' experiments. Finally, I utilized the method to identify an element in a 

group of nuclear genes that encode mitochondrial proteins. 
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CHAPTER 1. MECHANISMS OF MRNA DEGRADATION 

MECHANISMS IN TWO MODEL ORGANISMS 

There are many processes involved in the production of protein products 

from DNA templates within the cell, including transcription, mRNA processing 

and maturation, nucleocytoplasmic transport, and translation. The importance of 

another process, mRNA decay, has been realized relatively late, but after the 

work of the past several years, it can now be grouped with the other key 

processes involved in polypeptide production. In this chapter, as a prelude to the 

research described in Chapter Two, I will briefly summarize what is known 

about the processes of mRNA degradation in a model prokaryote, Escherichia coli, 

and a model eukaryote, Saccharornyces cerevisiae, as well as discussing similarities 

and differences in the way these two organisms degrade mRNA. Additionally, 

now that the decay mechanisms in these organisms are largely determined, 

techniques that identify ds-acting sequences that determine message-specific 

rates and regulation of decay will become more important. As an introduction to 

the research described in Chapter Three, I will briefly describe one type of 

method, oligonucleotide word counting, that will be very useful for rapid 

genome-wide identification of c/s-acting sequences that might be involved in 

mRNA degradation, as well as transcription, mRNA localization, and other 

regulatory events modulated by specific sequence elements. 
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NLRNA DECAY IN £. cou 

Prokaryotic mRNA structure 

In order to appreciate how well the mechanisms of £. coli mRNA 

degradation integrate with the other processes of prokaryotic gene expression, it 

is necessary to understand the structural differences between £. coli mRNA and 

the possibly more familiar eukaryotic mRNA. In prokaryotes, there is no 

specialized 'cap' structure at the 5' end of the mRNA. However, the 5'-most 

nucleotide does have a distinguishing characteristic — a 5' triphosphate. If a new 

5' end is generated by nucleolytic cleavage, it will only have (at best) a 

monophosphate at the 5' end. As we will see, this distinction is likely to play an 

important role in the degradation of mRNA in £. coli. The 3' end of prokaryotic 

mRNAs lacks the long post-transcriptionally-added poly(A) 'tail' found on 

eukaryotic mRNAs. However, many prokaryotic mRNAs have stable stem-loop 

structures at their 3' ends, which play an analogous role in controlling 

degradation (56). Finally, prokaryotic mRNAs are often polycistronic, /. e., they 

contain more than one open reading frame on a single mRNA molecule. 

Frequently, a single mRNA species will encode several proteins that participate 

in the same biochemical process. This grouping of functionally related proteins 

has often been hypothesized to reflect a need to maintain the correct protein 

stoichiometry in the cell. Furthermore, because prokaryotes lack a nuclear 

envelope, open reading frames at the 5' end of an RNA molecule can be 

undergoing branslation before the open reading frames at the 3' end of the same 

mRNA molecule are completely transcribed. Indeed, there is at least one 
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reported operor\ where the 5' end of the message can begin to degrade before the 

entire mRNA has been transcribed (21), illustrating the much tighter temporal 

relationship of these three processes in this organism. This tight temporal 

coupling between transcription, translation, and degradation, as well as the 

differential stabilities of different portions of the same mRNA implies that the 

sequences directing this degradation will be dispersed throughout the RNA 

molecule, rather than localized to the 3' untranslated region (as is typical of 

eukaryotic messages). 

E. coli mRNA Decay Factors 

The elucidation of mRNA degradation mechanisms in £. coli has been 

difficult, because of the large number of endoribonucleases and exoribonucleases 

produced by the cell, and the presence of several functionally overlapping but 

mechanistically distinct degradation mechanisms. However, recent work, 

including critical in vitro experiments, has identified an important protein 

complex, the degradosome (17,75), as well as two other proteins involved in 

mRNA decay. Each of these will be briefly discussed, and then a recent model 

that attempts to describe how they all function in mRNA degradation will be 

summarized. 

The degradosome. The degradosome is a large protein complex corisisting 

of RNase E, polynucleotide phosphorylase (PNPase), RhlB, and enolase (17,75, 

76). In vitro experiments have demonstrated that the purified complex can 

degrade unstructured RNA, and even structured RNA when exogenous ATP is 

added (76). Mutations in any of the components of the complex which have been 
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examined cause defects in mRNA degradation in vivo (reviewed in 23), consistent 

with a role in mRNA degradation. With the exception of enolase, a glycolytic 

enzyme whose function in the degradosome is still unclear, each of the 

degradosome complex proteins has a relatively well characterized function in 

mRNA degradation, and each will be briefly discussed in turn. 

Polynucleotide phosphorylase (PNPase) is a 3' to 5' exoribonuclease, 

which utilizes a phosphorylytic attack to release NDPs from the 3' end of RNA 

molecules (29). The half-lives of at least some £. coli mRNAs are increased by 

mutations in PNPase (see, for example, 52; also reviewed in 23), suggesting a role 

in mRNA degradation, consistent with its presence in the degradosome. 

RhlB, a second component of the degradosome, is a member of the DEAD 

box family of putative RNA helicases (76). Members of this family of proteins are 

believed to couple the energy released by ATP hydrolysis to the unwinding of 

RNA secondary structures, or to assembly and/or disassembly of RNA:protein 

interactions (reviewed in 44). Unfortunately, RhlB is encoded by an essential 

gene, which has complicated analysis of its in vivo function. However, the 

observation that the in vitro degradation of structured RNA by the degradosome 

complex requires the addition of ATP (76) suggests that RhlB may be required to 

remove secondary structure in the RNA substrate, so that PNPase can degrade it 

to completion, and this is confirmed by the observation that addition of an 

antibody directed against RhlB impedes the ability of the complex to degrade the 

structured RNA substrate (76). However, since PNPase is not essential and RhlB 

is required for viability, RhlB must have some additional essential function. One 
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possibility is that RhlB is also involved in catalyzing rearrangement of the RNA 

substrate prior to RNase E binding; in the absence of RhlB, RNase E binding 

would be greatly reduced or even eliminated. Consistent with this model, RNase 

E is an essential gene. 

The endoribonuclease RNase E is likely to be the activity responsible for 

irutiating degradation of most £. coli mRNAs (reviewed in 18). This enzyme was 

originally isolated in the context of ribosomal RNA processing, where it is 

required for the processing of a 9S rRNA precursor into a 5S rRNA precursor 

(59). Later work in a number of laboratories demonstrated that mutant alleles of 

the gene encoding RNase E lead to the stabilization of many mRNAs in vivo 

(reviewed in 23), consistent with the presence of this enzyme in the degradosome 

complex (17,75, 76). Recently, it was shown by the use of a circularized RNA 

substrate in an in vitro assay that the activity of RNase E is dependent on the 5' 

end of the RNA substrate (53). Furthermore, in the same series of experiments, 

the phosphorylation state of the 5' end was observed to have a large impact on 

the rate of RNase E cleavage, with 5' monophosphate substrates being cleaved at 

a substantially faster rate than siibstrates with 5' tiiphosphate ends (53). These 

observations have been interpreted to indicate that RNase E must bind the 5' end 

of the mRNA substrate prior to cleavage of an internal (still poorly defined) 

recognition site; that is, that RNase E is a 5' end-dependent endonuclease (53). 

The discovery and characterization of the degradosome complex in the 

past few years has redefined the consensus about the mechanisms of mRNA 

degradation in E. coli. However, other mecharusms of degradation exist, as 



17 

shown by the observation that niRNAs continue to degrade in strains with 

mutations in one or more of the components of the degradosome (17, 75). Other 

proteins that are not components of the degradosome, but that have been shown 

to play a role in mRNA decay include RNase II and poly(A) polymerase. 

RNase II. RNase II is a second 3' to 5' exoribonuclease involved in the 

decay of mJ^As. Mutations in the gene encoding RNase II have only a very 

mild effect on mRNA half-lives in vivo (reviewed in 23), but are synthetically 

lethal with mutations in the gene encoding polynucleotide phosphorylase (32), 

implying that the two genes are involved in a similar process. Additionally, 

mRNA decay intermediates accumulate in a strain defective for both enzymes 

(32), supporting the hypothesis that at least one of the pair is required for both 

effective mRNA degradation and cell viability. 

Poly(A) Polymerase. The role of poly(A) RNA in prokaryotic RNA 

metabolism has not been fully realized until quite recently. One of the key 

observations was the demonstration that a gene known to affect the antisense 

RNA-mediated control of ColEI plasmid copy number encoded the primary 

poly(A) polymerase activity in £. coli (12). This initial observation led to a series 

of experiments which demonstrated that RNAs which are resistant to 3' to 5' 

exonucleolytic digestion by PNPase because of 3' stem-loop structures can be 

degraded after the addition of a short poly(A) tail at their 3' end (96). This short 

tail is hypothesized to give PNPase a "toe hold", allowing it to bind to and begin 

degrading the RNA. In vitro experiments demonstrate that substrates with stem 

loops at the very 3' end are resistant to degradation, but addition of poly(A) 
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polymerase and ATP is sufficient to allow degradation (22), supporting the 

model that poly (A) polymerase functions to provide a "toe hold" that facilitates 

degradosome binding and/or degradation of substrates with 3' terminal stem 

loops. 

Other decay factors. The proteins listed above are unlikely to be the entire 

complement of £. coli mRNA decay factors. £. coli encodes a wide range of 3' to 5' 

exonuclease activities with roles in tRNA and rRNA processing (reviewed in 29), 

which may also play a role in mRNA degradation. Other proteins, such as the 

chaperonins DnaK and GroEL, and polyphosphate kinase (PKK) have been 

observed to co-purify with the degradosome, in sub-stoichiometric amounts (58). 

The in vivo significance of this observation is unclear, but it may indicate that 

rates of mRNA degradation are globally regulated in response to stress and other 

environmental cues. Finally, it is important to note that a conditional triple 

mutant largely lacking the RNase E, PNPase, and RNase II activities, while 

inviable, is still able to degrade mRNA, albeit at reduced rates (35,69), which is a 

very strong indication that at least one other mechanism of decay remains 

unidentified. 

Model of £. coli mRNA Decay 

A comprehensive model of £. coli mRNA decay must explain several 

related observations. First, the decay of mRNA in £. coli is often observed to 

proceed in a 5' to 3' direction, despite the apparent lack of a 5' to 3' 

exoribonuclease activity in the cell. Second, the 5' portion of an mRNA molecule 

can begin to degrade before the 3' end is completely transcribed (21). Third, £. 
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coli mRNA degradation is often observed to be "all or none" — that is, after a 

initial cleavage event, the entire RNA molecule is rapidly degraded, with no 

detectable intermediates being produced (reviewed in 69). Cobum and Mackie 

have recently proposed a model of a decay pathway that unifies in vivo and in 

vitro data about £. coli decay factors to explain the above observations (23). The 

key point of their model is a 5' end tethering mechanism, in which the RNase E 

component of the degradosome binds the 5' triphosphate end of an mRNA, 

followed by a cleavage of a recognition site in the body of the mRNA. Since 

RNase E has low affinity for substrates with 5' triphosphate ends (52), this initial 

cleavage would be quite slow, and rate-limiting for the decay of the mRNA. 

Assuming that the 5' product has no significant internal secondary structures, it 

would be rapidly degraded by either PNPase or RNase II after the cleavage. The 

3' cleavage product would have a 5' monophosphate end, and would 

consequently be rapidly cleaved again by RNase E. When no more RNase E 

cleavage sites are present, the terminal 3' fragment is hypothesized to be 

polyadenylated and subsequently exonucleolytically degraded by PNPase or 

RNase II. RhlB may also play a role in disrupting secondary structures in order 

to facilitate mRNA degradation. One important feature of this model is that it 

explains how different portions of the same molecule can have different 

stabilities: if an RNA molecule has an internal stem-loop secondary structure (for 

example, in non-coding sequence between open reading frames), an RNase E 

cleavage 3' of this structure would result in a more stable 5' product and a less 

stable 3' product (assuming no other secondary structure). 
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The above model is adequate to explain the decay of many mRNAs in E. 

coli. However, work is still required to address how mRNAs with stable 5' 

structures are degraded. Stem-loops present at the extreme 5' end of an mRNA 

might be able to occlude the 5' end, and prevent cleavage by RNase E. Cobum 

and Mackie suggest that RNase HI, a double-strand specific endoribonuclease, 

may be involved in cleavage of the stem-loop, but there is little evidence for this 

facet of their model (23). Similarly, the question of how RNase E recogruzes the 

sites it cleaves, and how it discriminates between alternate sites in the same RNA 

molecule (so as to maintain an overall general 5' to 3' direction of decay) remains 

open. Finally, as in eukaryotes (see below), the mechanistic basis of the 

interactions between translation and mRNA degradation are just beginning to be 

explored. For example, a systematic investigation of the spacing and relative 

positioning of ribosome binding sites and RNase E cleavage sites is just one of 

the many exciting experiments that remain to be completed. 

MRNA DECAY IN  S.  CEREVISIAE 

Eukaryotic mRNA structure 

As in £. coli, the mecharusms of mRNA degradation in S. cerevisiae make 

the most sense when considered in the context of the RNA molecule being 

degraded. In light of this, eukaryotic mRNA sbructural features will be briefly 

summarized here. Eukaryotic mRNAs have a specialized structure, commonly 

referred to as a "cap", at their 5' ends. This structure consists of a guanosine 

nucleotide, modified at the 7 position of the base by the addition of a methyl 
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group. This modified base is attached to the triphosphate at the 5' end of the 

mRNA by an unusual 5' to 5' bond. The 3' ends of mature eukaryotic mRNAs are 

also post-transcriptionally modified, by the addition of a non-template-encoded 

poly(A) "tail". Both the cap and tail structures interact with degradation and 

translation proteins, and these interactions are critical for mRNA degradation 

(see below). The organization of eukaryotic mRNAs also affects the nature of 

mRNA degradation. Unlike prokaryotic mRNAs, eukaryotic mRNAs usually 

consist of only one open reading frame, along with 5' and 3' untranslated regions. 

This means that c/s-acting sequences directing post-transcriptional events are 

found repeatedly in the genome, near to each regulated gene, unlike the situation 

in prokaryotes, where a single regulatory sequence could potentially affect 

several co-transcribed genes. This has important implications for computational 

detection of these sequences (see below, and Chapter Three). Additionally, 

because the sites of transcription and translation and decay are separated by the 

nuclear envelope in eukaryotes, these events are not coordinated as they are in £. 

coli. 

Mechanisms of mRNA decay in S. cerevisiae 

The factors that catalyze the enzymatic steps of decay in S. cerevisiae are 

not as well understood at a biochemical level as their £. coli counterparts. 

However, understanding of the mechanisms of decay — the events and ordering 

of events — is relatively further developed in S. cerevisiae, possibly because they 

occur more slowly than in bacteria, making them more amicable to experimental 
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dissection in vivo. Because of this difference, the following summary of S. 

cerevisiae mRNA decay will focus on mechanisms. 

The 5' to 3' decay pathway 

Of the two known mechanisms of naRNA decay in S. cerevisiae, a pathway 

with 5' to 3' directionality has been found to be primarily responsible for the 

degradation of all the nuclearly-encoded mRNAs which have been examined 

(reviewed in 15). The first step in this pathway is the shortening of the 3' poly(A) 

tail structi.ire by an unknown enzyme or enzymes (26). The abundant poly (A) 

binding protein Pablp is required for the normal rates of this shortening, 

suggesting that the substrate for this enzyme is most likely the RNA:Pablp 

complex, rather than just the RNA of the poly(A) tail (14). (An alternate model, in 

which a protein inhibitory to deadenylation binds the poly(A) tail in the absence 

of PABlp, can not be n.iled out at this time.) Recent genetic evidence 

demonstrates that the products of two genes, CCR4 and P0P2, are required for 

normal rates of deadenylation (although some residual deadenylation still occurs 

in the mutant strains) (M. Tucker, personal communication). Significantly, P0P2 

has sequence sinriilarity to 3' to 5' exoribonucleases, suggesting that it may be the 

actual deadenylase (57). Further in vitro experiments will be required to confirm 

this potentially very important finding. After the poly(A) tail has been shortened 

to a length of 10 to 12 nucleotides, the cap at the 5' end of the message is removed 

(64,66). A number of genes effect this decapping reaction when mutated, but in 

vitro data suggests that the polypeptide encoded by the DCPl gene actually 

cleaves the phosphate bond, releasing m^GDP and an mRNA with a 5' 
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monophosphate (6). In vivo, this cleavage also requires the protein encoded by 

the DCP2 gene (32). DCP2 contains a MutT motif (33), which is often found in 

pyrophosphatases, and may be involved in activating newly synthesized DCPl, 

or in removing an endogenous inhibitor of DCPl function. These models are 

based on a number of observations. First, although dcp2 mutant strains are 

defective for the decapping step of the 5' to 3' decay pathway in vivo, DCPl alonvi 

cannot catalyze a decapping reaction in vitro (33). Second, while Dcplp purified 

from wild type cells is capable of decapping a synthetic substrate in vitro (6), the 

Dcplp purified from strains with a deletion of the DCPl gene is inactive in this 

same reaction (33). Finally, Dcplp co-purifies with Dcp2p (33), suggesting that 

the two proteins may function as a complex in vivo. All of these observations are 

consistent with a model wherein the putative pyrophosphate activity of Dcp2p 

acts to activate or re-activate the decapping activity of the Dcplp protein. 

Many of the other proteins that are involved in the decapping reaction 

have been found to be in a large protein complex (86, also reviewed in 37). The 

proteins in this complex share significant sequence overlap with a group of 

nuclear proteins, the SM protein complex, and are therefore termed the LSM 

(Like SM) protein complex (reviewed in 37). These proteins are not absolutely 

required for the decapping reaction to occur (86), but are required for the normal 

rates of in vivo decapping, suggesting that they may modulate the interaction of 

Dcplp and Dcp2p with the RNA substrate. Consistent with this model, in vitro 

data demonstrates that mRNA can be co-inununopredpitated with antibodies 

directed against proteins of the LSM complex (86). Moreover, Dcplp and Dcp2p 
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are also co-immunoprecipitated in the same reactions, in an RNA dependent 

fashion (86, S. Tharun, personal communication), which suggests that the LSM 

complex and Dcplp/Dcp2p are binding the same RNA molecules at the same 

time, consistent with a coordinated role in mRNA degradation. Curiously, 

partially degraded RNAs can also be detected in the immunoprecipitates (S. 

Tharun, personal communication), suggesting that the LSM complex may be 

binding the 3' UTR region of the RNA molecule, and that it remains associated 

with the RNA after it has been decapped. 

In addition to the LSM complex, in vivo decapping rates have been 

observed to be affected by mutations in components of the translation initiation 

machinery. Specifically, mutations in the cap-binding translation initiation factor 

eIF4E were shown to result in an increased rate of decapping (79). Furthermore, a 

conditional mutation in eIF4E was shown to partially suppress the decapping 

defect of a partially functional allele of Dcplp, but not a complete deletion (79). 

This suggests a model in which the translation initiation machinery is in 

competition with the decay machinery for the cap, and therefore the rest of the 

RNA substrate (79). In vitro decapping reactions with and without eIF4E support 

this model (79), suggesting that one of the major determinants of decay rate, at 

least in yeast, will be the efficiency of translation initiation. 

Once the 5' cap structure has been removed by the Dcplp protein, the 

body of the message is rapidly degraded in a 5' to 3' direction by the XRNl 

protein, an abundant cytoplasmic 5' to 3' exoribonuclease (35,64,66,83). The key 

to determining the directionality of this step was the insertion of an extremely 
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stable poly(G) structiire in the 3' untranslated region of reporter mRNAs (64,66). 

When these modified mRNAs were introduced into cells, either by integration 

into the genomic DNA or on plasmids, a decay intermediate consisting of the 

poly(G) structure and 3' downstream sequences was observed to acciimulate, 

indicating that the message was degrading 5' to 3' (64,66). This intermediate was 

not produced in cells with a deletion of the XRNl gene; instead, mRNAs without 

5' cap structures, and with short poiy(A) tails were seen to accumulate, 

indicating that this gene was required for the terminal step of this decay pathway 

(64,66). 

A modified version of this 5' to 3' decay pathway is also utilized for the 

rapid degradation of aberrant mRNAs, such as those containing premature 

termination codons. When such an mRNA is detected, it is rapidly decapped, 

without prior removal of the poly(A) tail, and then degraded by Xmlp (reviewed 

in 40). This portion of the decay field has been particularly active recently, and a 

broad discussion of the details uncovered would not be appropriate here. The 

interested reader should see the recent provocative review by Hilleren and 

Parker (40) for a through overview. 

3' to 5' Decay Mechanism 

Cells lacking one or more of the proteins required for the 5' to 3' decay 

pathway are viable, and continue to degrade mRNA (reviewed in 5). This 

suggests the presence of at least one other decay mechanism. An examination of 

mRNAs contaiiung an extremely stable poly(G) sequence in their 3" unbranslated 

regions demonstrated that intermediates containing sequences from the 5' end of 
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the message to the 3' side of the poly(G) sequence were accumulating in the 

absence of the 5' to 3' decay pathway (66), consistent with a second mechanism 

of decay operating in the 3' to 5' direction. Subsequent work (45, also see Chapter 

2) demonstrated that this pathway is dependent on the products of the SKI2, 

SK13, and SK18 genes, as well as a large protein complex, the exosome, and that 

mutations that disrupted both mechanisms of decay resulted in cell death. Each 

of the characterized 3' to 5' decay factors will be briefly discussed here, and all 

are discussed in more detail in Chapter 2. 

SKI2 is a member of the DEvH box sub-family of the DEAD box family of 

RNA helicase proteins. Members of this family are hypothesized to couple the 

energy of ATP hydrolysis to rearrangements of RNA secondary structure, or to 

changes in RNA:protein interactions (reviewed in 44). It seems likely that Ski2p 

is involved in either unwinding striictures that may inhibit the 3' to 5' 

exonuclease(s) of the 3' to 5' decay pathway, or, more likely, in facilitating the 

binding of the RNA substrate by the exosome complex. 

Based on the phenotypes of strains deleted for the SKIS and SKIS genes 

(45, also see Chapter 2), these proteins are acting at the same step as SKI2, or at 

least in the same linear pathway. However, very little is known about the exact 

details of the activities of these proteins. The proteins do contain motifs that have 

been postulated to interact, leading to the model that Ski3p and SkiSp may form 

some sort of "protein scaffold", required for Ski2p function. 

The exosome is a protein complex, composed of at least 10 core subunits 

(2). Based on genetic analysis, members of this complex play a role in many types 
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of nuclear RNA processing, including tRNA processing, snoRNA processing, 

rRNA maturation, and snRNA processing, as well as 3' to 5' mRNA decay in the 

cytoplasm (reviewed in 92). Moreover, mutations in all the components that have 

been studied lead to similar phenotypes (1, 2,45,60,91), suggesting the 

functional activity resides in the complex, and that assembly of this complex is 

dependent on all the subunits. Finally, and perhaps most surprisingly, all 

members of the complex are, or show significant sequence similarity to, 3' to 5' 

exoribonucleases (2). The underlying advantage to this organization is unclear, 

but it has been suggested, based on similarities to the organization of proteases 

in the proteosome, that cells may obtain some advantage by organizing 

degradative enzymes into large complexes (90). 

Interactions between the two decay mechanisms 

The relationship between the two methods of mRNA decay in yeast 

remains unclear. However, there are some intriguing data which suggest that the 

action of the two mechanisms could be coordinated. In some strains with 

mutations in proteins of the LSM complex, a series of 3' end shortened decay 

intermediates accumulate (10, D. Schwartz, personal communication) This 

suggests a model in which the binding of the LSM complex at the 3' end of the 

mRNA not only modulates the decapping of the mRNA, but also the 3' to 5' 

decay activity of the exosome. In the absence of the complex, access to the 3' end 

of the substrate by the exosome may be altered, resulting in the production of the 

observed novel intermediates. Further elucidation of this interesting area is a 

promising avenue of research, and one that I hope is explored. 
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S[^ULARITIES AND DIFFERENCES BETWEEN £. COU AND S. CEREVISIAE MRNA DECAY 

One of the more obvious similarities in the mechanisms of decay utilized 

by these two species is the use of specialized structures to increase the stability of 

mRNAs. The 5' triphosphate of £. coli and the 5' m^GTP cap (and associated 5'-5' 

bond) serve parallel roles. This, in turn, means that the decay step where these 

specialized structures are removed will be highly rate-limiting for the decay of 

the whole molecule, and predicts that many of the regulatory inputs to the decay 

pathway will focus on this step. This appears to be the case in yeast, based on the 

LSM complex (see above), as well as interactions with the cap-binding portion of 

the translation initiation complex. It remains to be seen if this will also be the 

case in £. coli. 

Another similarity between the two organisms is that mRNA degradation 

appears to be an essential process in both (32,45), suggesting that it will also be 

an essential process in many (or even all) other organisms. Curiously, both 

organisms also possess multiple pathways that are each capable of supporting 

sufficient mRNA degradation to ensure viability (32,45). The reasons for this 

redundancy of fimction are unclear, as are the exact reasons for the lack of 

viability in cells that lack the characterized methods of decay. This is another 

area where much interesting work remains to be completed. 

The largest differences in the decay mechanisms in the two organisms 

involve the nature of the degradative nucleases, and can be best understood in 

the context of other differences in the mechanisms of polypeptide production. £. 

coli lacks a 5' to 3' exonuclease activity, but this is likely to be due to the 
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coordinate transcription/translation/degradation machinery in this organism. 

Since some mRNAs can initiate decay before completing transcription (21), a 5' to 

3' exonuclease could introduce complications, such as the decay of downstream 

ORFs before their translation. However, an overall 3' to 5' decay process would 

also seem to be unfavorable, since it would eliminate the ability to degrade more 

5' cistrons before 3' downstream ones (see review in 23). Processive 5' to 3' 

endonucleolytic cleavage followed by 3' to 5' decay avoids the potential problems 

of strictly exonuclease-based systems, while preserving flexibility in determining 

the decay rates of individual cistrons regardless of their position in the operon. 

Yeast, with transcription and translation/decay occurring in distinct sub-cellular 

compartments as well as primarily monocistronic transcripts is free of these 

constraints, and therefore is able to utilize decay mechanisms largely based only 

on exonucleases. 

Finally, poly(A) tail metabolism appears to be different in the two species, 

but a closer examination shows that this is not actually the case. In yeast, poly(A) 

serves to stabilize the message and prevent decapping (reviewed in 15). In £. coli, 

poly(A) is added during the decay process (reviewed in 23), and seems to be 

required for effective binding of the RNA by the decay enzymes (18). This 

seeming discrepancy can be resolved by noting that the long poly(A) tails of 

yeast are actually bound by FAB, and the actual block to decapping appears to 

require this PAB/poly(A) tail complex (14). This is more analogous to the role of 

the 3' stem-loop structures in £. coli, which may play a similar role in affecting 

the initial RNase E cleavage of the mRNA (18). After the bulk of the poly(A) tail 
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has been removed in yeast, the small oligonucleotide portion remaining is likely 

to be too short to bind PAB effectively, and instead may bind other proteins 

involved in the decay process, such as the exosome or the LSM complex. This 

function of the shortened poly(A) tail can be seen to be functionally analogous 

with the role of poly(A) in bacterial mRNA decay. So, poly(A) actually has a 

similar function in yeast and E. coli mRNA decay, and also serves an additional 

function in yeast, as part of the PAB/poly(A) tail complex. 

THE NEXT STEP: MOVING FROM TRANS/GENERAL TO C/S/SPECIFIC 

Now that many of the enzymes responsible for the actual events of mRNA 

degradation have been identified, attention is beginning to be directed towards 

the next phase of understanding RNA degradation: identifying, characterizing, 

and understanding the nucleotide sequences that control and determine message 

specific rates of RNA degradation, as well as the regulatory factors that recognize 

and bind them. One approach to this problem will utilize traditional genetic, 

biochemical, and molecular biology techniques to find factors that interact with 

both specific mRNAs and the core degradative enzymes in rate-determining 

ways. However, other recent advances suggest that a genomics-based approach 

may also yield useful data. 

This approach relies on two recent developments, as well as the 

organization of eukaryotic transcripts. The first, critical tool is the availability of 

the complete genome sequence of S. cerevisiae (19) (as well as several other model 

organisms). The second tool is the use of "genome chip" assays, which allow the 

levels of many mRNA species to be simultaneously determined from a single 
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sample (see, for example, 28 and 92). Finally, as discussed above, eukaryotic 

mRNAs typically consist of a single open reading frame, flanked by adjacent 

non-coding sequences. Regulatory sequences, especially those that act post-

transcriptionally, are very likely to be found in those untranslated flanking 

regions. This combination of tools and RNA organization suggests an exciting 

approach to the identification of potential regulatory sequences: by utilizing 

genome chip assays to identify RNAs regulated by a particular gene or 

environmental condition, flanking sequences enriched for particular regulatory 

elements can be identified. Following this, statistical computational methods can 

be used to identify specific sequences that are more likely to be cis-acting 

elements (see Chapter Three). While the latter approach has a long history in 

computational circles (starting with 43), it is now much more relevant, because of 

the two developments mentioned above. Following the identification of 

candidate elements, h-aditional methods can be used to verify that the candidates 

do in fact play a role in determining half-life. 

While the overall general utility of this method has not yet been 

strenuously tested, preliminary results using a variety of related techniques have 

successfully detected known elements in "mock" experiments (24, 71,88,89,94, 

95, 97), suggesting that the novel elements that are detected with these 

techniques will also be involved in regulatory processes. Regardless of the natiire 

of the methods utilized, addressing the question of what specific RNA features 

determine specific RNA half-lives is one of the most exciting and important 

challenges facing the mRNA degradation field. 
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CHAPTER 2. THE 3' TO 5' DEGRADATION OF YEAST MRNAS IS A GENERAL 

MECHANISM FOR MRNA TURNOVER THAT REQUIRES THE SKI2 DEVH 

BOX PROTEIN AND 3' TO 5' EXONUCLEASES OF THE EXOSOME COMPLEX. 

SUMMARY 

One major pathway of mRNA decay in yeast occurs by deadenylation-

dependent decapping, which exposes the transcript to 5' to 3' exonucleolytic 

degradation. We show that a second general pathway of mRNA decay in yeast 

occurs by 3" to 5' degradation of the transcript. We also show that the SKI2, SKI3, 

SKI6/RRP41, SKIS, and RRP4 gene products are required for 3' to 5' decay of 

mRNA. The SKIS/RRP41 protein has homology to the £. coli 3' to 5' 

exoribonuclease RNase PH, and both the SKI6/RRP41 and RRP4 proteins are 

components of a multi-protein complex, termed the exosome, that contains at 

least 3 polypeptides with 3' to 5" exoribonuclease activities (60). These 

observations suggest that the exosome may be the nucleolytic activity that 

degrades the body of the mRNA in a 3' to 5' direction, and the exosome's activity 

on mRNAs may be modulated by the SKI2, SKIS and SKIS proteins. Blocking 

both 3' to 5' decay and 5' to 3' decay leads to inviability, and conditional double 

mutants show extremely long mRNA half-lives. These observations demonstrate 

that efficient mRNA turnover is required for viability and that we have identified 

the two major pathways of mRNA decay in yeast. 
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INTRODUCTION 

An important control point in the modulation of gene expression is the 

stability of the mRNA, which can vary significantly and be regulated in response 

to a variety of physiological cues (for reviews, see 5,15,46, 78). A critical step in 

understanding mRNA turnover is to determine the mechanisms by which 

mRNAs are degraded and their generality. One pathway of mRNA degradation 

in yeast occurs by shortening of the poly(A) tail, followed by a decapping 

reaction, thereby exposing the mRNA to 5' to 3' degradation (26,43,64,66). Two 

lines of evidence have suggested that this deadenylation-dependent decapping 

and 5' to 3' exonucleolytic digestion is a general mechanism of mRNA decay able 

to act on many transcripts. First, each of the three yeast mRNAs whose pathways 

of decay have been extensively analyzed are degraded in this manner (16,64,66). 

In addition, mutation of either the decapping enzyme, encoded by the DCPl 

gene, or the 5' to 3' exonuclease, encoded by the XRNl gene, leads to a 

stabilization of many different mRNAs (6,37,43,66). 

In addition to the general 5' to 3' mechanism of mRNA degradation, there 

must be other pathways of mRNA turnover able to act on many transcripts. This 

conclusion is based on the observations that strains blocked in 5' to 3' decay due 

to mutation are viable and all mRNAs examined continue to degrade, albeit at 

slower rates. Other general mRNA decay pathways could include both 3' to 5' 

mechanisms of decay and endoribonuclease-cleavage mediated decay 

mechanisms (for review, see 5). A 3' to 5' pathway of mRNA degradation is a 

good candidate for a second general mRNA turnover pathway for three reasons. 
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First, the known endonudease cleavage sites in mRNAs require specific 

sequences, which are not likely to be found in every mRNA (8,9,11, 31,67). 

Second, one yeast mRNA, encoded by the PGKl gene, had been shown to be 

degraded in a 3' to 5' direction when the 5' to 3' pathway was blocked (66). This 

conclusion was based on the use of poly(G) insertions in the trai\script, which 

can block 5' to 3' and 3' to 5' exonucleases, and thereby trap intermediates in 

decay (93,26). By determining the structure of the intermediates the 

directionality of degradation can be determined. For example, when PGKl 

transcripts with a poly(G) tract in the 3' UTR are degraded in the absence of the 5' 

to 3' decay mechanism, a mRNA fragment trimmed to the 3' side of the poly(G) 

tract accumulates (66). Finally, a heteropentaprotein complex, termed the 

exosome, has recently been described (60). Three of the proteins from this 

complex (Rrp4p, Ski6/Rrp41p, and Rrp44p) have been shown to have 3' to 5' 

exoribonuclease activity in vitro, and the remaining two (Rrp42 and Rrp43) have 

sequence similarity to bacterial 3' to 5' exonucleases (60). While the complex is 

known to be required for proper 5.8 S rRNA processing in the nucleus in yeast, a 

homologous complex in HeLa cells is also found in the cytoplasm (60), 

suggesting a potential role in 3' to 5' mRNA degradation. 

An important issue is whether the 3' to 5' mechanism of mRNA turnover 

is a general pathway acting on many mRNAs, and what gene products perform 

and modulate the nucleolytic events. In this work, we present evidence that 

several different mRNAs can be degraded by a 3' to 5' mechanism. Given the 

broad range of substrates identified, we hypothesized that the 3' to 5' mechanism 
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would be a general pathway of mRNA decay able to perform mRNA turnover at 

rates sufficient for viability. This view predicted that mutations that inactivate 

the 5' to 3' pathway might be synthetically lethal with mutations that inactivate 

the 3' to 5' mechanism. This logic led us to examine the process of mRNA 

degradation in a set of Ski' mutants, as well as strains mutated for two 

components of the exosome. Mutations in the SKI genes were originally isolated 

as allowing overexpression of gene products from a yeast double stranded RNA 

virus (77), which could be explained by changes in mRNA decay. Strikingly, 

mutations of the SKI2 or SKIS genes are synthetically lethal with deletion of the 

XRNl gene, which encodes the 5' to 3' exonuclease required for the 5' to 3' decay 

pathway (47). This observation suggested to us that SKI2 and SKIS, as well as the 

phenotypically similar genes SKIS and SKIS, might be required for 3' to 5' 

degradation of mRNAs. Since SKI6/RRP41 is a component of the exosome 

complex (60), we also asked if another component, RRP4, was required for 3' to 5' 

decay. Examination of the 3' to 5' decay mechanism in skil, ski3, ski6/rrp41, skiS 

and rrp4 mutants demonstrated that these gene products were indeed required 

for normal 3' to 5' mRNA turnover. These observations suggest that the exosome 

is the nucleolytic activity that can degrade the body of the mRNA in a 3' to 5' 

direction, and the exosome's activity on mRNAs is modulated by the SKI2, SKIS 

and SK18 proteins. Cells in which both 3' to 5' decay and 5' to 3' decay are 

blocked by separate mutations are not viable, and conditional double mutants 

show extremely long mRNA half-lives. These observations demonstrate that 
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efficient mRNA turnover is required for viability and that we have identified the 

two major pathways of mRNA decay in yeast. 

RESULTS 

Stable and Unstable Yeast mRNAs Can Be Degraded By a 3' to 5' Mecharusm. 

As discussed above, prior work had demonstrated that in the absence of 5' 

to 3' degradation the body of the PGKl transcript was degraded in a 3' to 5' 

direction to produce 3' trimmed mRNA fragments (65,66). These intermediates 

are easily observed when 5' to 3' decay is irihibited either in cis or in trans, and 

the mRNA under examination contains a poly(G) tract, which can block the 3' to 

5' exonuclease. In order to determine if other yeast mRNAs could be degraded 3' 

to 5', we asked if the M.FA2 mRNA was also a substrate for 3' to 5' degradation 

when the 5' to 3' pathway was blocked. We utilized the MFAZpG transcript for 

this experiment since this mRNA contains a poly(G) tract to facilitate the 

detection of decay intermediates. In addition, the Mf A2pG mRNA is known to 

normally undergo deadenylation-dependent decapping, yet this transcript still 

turns over when decapping is blocked (6). 

In this experiment we utilized a strain with a temperatiare sensitive allele 

(dcpl-2) of the DCPl gene, which encodes a component of the decapping 

enzyme, and examined the decay of the A4FA2pG transcript at the restrictive 

temperature as compared to a wild type strain. Strains carrying the dqpl-l allele 

are viable at all temperatures, and have a wild type mRNA decay phenotype at 

the permissive temperature, but show essentially a complete block to decapping 
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at the restrictive temperature (85). As shown in Figure 2.1, we observed that at 

the restrictive temperature in the dcpl-2 strain the MFA2pG transcript was more 

stable than in wild type cells. Furthermore, the approximately 190 nucleotide 

mRNA fragment produced by 5' to 3' exonucleolytic degradation to the 5' side of 

the poiy(G) tract (referred to as the poly(G)->3' end fragment, see Figure 2.2A) 

was not detected using an oligonucleotide probe known to detect this species 

(data not shown, oRP140,14). A critical observation was that a new intermediate 

of about 210 nucleotides was observed using an oligonucleotide probe spanning 

the poiy(G) tract and 5' flanking sequences. Based on probing with different 

oligonucleotides and RNase protection experiments (data not shown) it was 

demonstrated that this mRNA fragment (referred to as the 5' end->poly(G) 

fragment. Figure 2.2A) was missing the sequences from the 3' side of the poly(G) 

tract to the 3' end of the mRNA. Thus, like the stable PGKlpG mRNA, the 

unstable MFAZpG mRNA can be degraded in a 3' to 5' direction, although in 

wild type cells the rate of this process for the MFA2 transcript is normally slower 

than the process of decapping and 5' to 3' degradation. Interestingly, the rate at 

which the MFAIpG mRNA was degraded by the 3' to 5' mechanism was faster 

than the rate at which the PGKlpG mRNA was degraded 3' to 5'. This indicated 

that the 3' to 5' pathway of mRNA decay can maintain the relative rates of 

degradation observed in wild type cells. 
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FIGURE 2.1: 3' to 5' Decay of the MFA2pG mRNA in a dcpl-1 mutant. 

This figure shows polyacrylamide gel northern blots of transcriptional repression 

experiments from wild type (yRP840) and dcpl-2 (yRP1205) strains after a shift to 

36°C for one hour. The identify of the various RNA species is indicated with 

cartoons at the left. These blots were probed with an oligonucleotide of sequence 

5'-CCAAATTCCTAGATCTCTTGG-3', which hybridizes to the poly(G) insertion 

and flanking 5' sequence in the MFAlpG mRNA. The position of hybridization is 

indicated by the black bar on the cartoon RNAs at left. 
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The poly(G)->3' end mRNA fragments are also substrates for the 3' to 5' decay 

machinery 

In wild type yeast, mRNAs are primarily degraded 5' to 3' (26,64,66) and 

when a transcript has an inserted poly(G) tract, poly(G)->3' end fragments of 

mRNAs are easily detected. Since the poly(G)->3' end fragment is resistant to 5' 

to 3' decay, a simple hypothesis is that these mRNA fragments are also substrates 

for the 3' to 5' mRNA degradation machinery. This model predicts that another 

decay intermediate, trimmed on both the 5' and 3' side of the poly(G) tract 

should be produced (See Figure 2.2A). In order to determine if this product was 

in fact present, RNA from ceils expressing the MFAZpG and the PGKlpG 

transcripts was examined on polyacrylamide northern blots. As seen in Figure 

2.2, a band of the appropriate size was detected with probes specific for either 

the MFAIpG transcript, or the PGKlpG transcript (Figure 2.2B). 

The detection of a mRNA decay product trimmed on both the 5' and 3' 

side (referred to as the poly(G) 'stub') suggests that the fragment generated by 5' 

to 3' decay is ultimately degraded by a 3' to 5' nucleolytic pathway. This 

hypothesis predicts that in a time course of induction, the poly(G) 'stub' would 

not be produced until after the poly(G)->3' end fragment was produced and was 

itself being degraded. In order to test this prediction, we induced the 

b:ar\scription of the PGKlpG mRNA, which was under control of the GALl UAS 

(upstream activating sequence), and followed the levels of the various mRNA 

fragments as a function of time. As seen in Figure 2.3, the poly(G)->3' end 

fragment (produced by 5' to 3' decay) increased in abundance after the full length 
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mRNA, consistent with the precursor-product relationship previously 

demonstrated for these two species in transcriptional pulse-chase experiments 

(26,66). In addition, the levels of the poly(G) 'stub' only rose after the levels of 

the poly(G)->3' end fragment reached a steady state (Figtire 2.3). We interpreted 

these results to indicate the poly(G)->3' end mRNA fragment was also a 

substrate for the 3' to 5' degradation machinery (cartooned in Figure 2.2A). 

The SK12, SK13, SK16/RRP41, and SKIS gene products are required for normal 3' 

to 5' mRNA decay 

The above results indicated that a variety of different mRNA species and 

mRNA fragments could be degraded in a 3' to 5' direction. An important goal 

was to identify the gene products involved in 3' to 5' degradation of mRNAs and 

to determine how their activities were modulated. Based on the synthetic 

lethality of the skiZ or ski3 mutations with deletions of the XRNl gene (see 

Introduction), we examined the process of mRNA degradation in strains 

mutated in either the SKIZ, SKI3, SKI6/RRP41, or SKIS genes. The SKI6/RRP41 

protein was of particular interest since it is a component of the 3' to 5' 

exonuclease complex called the exosome (60). Since the SK12, SK13, and SKIS 

genes were nonessential we utilized deletion mutations of these genes in our 

analysis. However, deletions of the SKI6/RRP41 gene were inviable (see 

Experimental Procedures, 7), so we examined the process of mRNA decay in 

SKI6/RRP41 mutants by utilizing both a strain carrying an original viable allele 

of ski6/rrp41 (77), and a strain carrying a temperature sensitive allele we isolated 

(termed ski6/rrp41-l00; see Experimental Procedures). 
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FIGURE 2.2: The poly(G)->3' end fragments from MFAlpG and 

PGKlpG decay 3' to 5'. A) A diagram of the interrelationship of the major 

pathways of mRNA decay in yeast. B) polyacrylamide gel northern blots of 

steady state RNA from a wild type strain (yRP840) probed with oligonucleotide 

probes that specifically hybridize to the poly(G) insertions and flanking 3' 

sequences in MFA2pG (left panel) and PGKlpG (right panel) (oRP140(Mf A2pG) 

and oRP141 {PGKlpG) in 14). The general structure of the various RNA species is 

indicated with cartoons in the middle. The full length 1.5 kb PGKlpG band is not 

visible because it does not transfer out of the polyacrylamide gel. The lanes 

labeled M are molecular weight markers. In the left panel marker sizes are 489, 

404,353,242,190,147,110,89,67, and 34 nucleotides. The markers in the right 

panel are 242,190,147,110, 89,67, and 34 nucleotides. 
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FIGURE 2.3: The poly(G) stub is a product of poly(G)->3' end fragment 

degradation. This figure shows the induction of the PGKlpG mRNA and its 

decay intermediates in a wild type strain (yRP840) at 30°C following the 

induction of transcription by the addition of galactose at 0' time. The numbers 

above the lanes in (A) indicate minutes after transcriptional induction. The lane 

labeled M is molecular weight markers, of 489,404, 353, 242,190,147,110,89, 

and 67 nucleotides. The probe for this experiment was oRP141 (see Figure 2.2 

legend). Panel A, northern gel. Panel B, quantitation of the relevant species. 
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Our first analysis of the ski2, ski3, ski6/rrp41, and ski8 mutations was to 

exaniine their effect on niRNA turnover. As shown in Table 2.1, mutations in any 

of these genes do not change the turnover rates of the full length MFAZpG or 

PGKlpG transcripts. Since these transcripts are known to be degraded by 

deadenylation-dependent decapping and subsequent 5' to 3' decay, this 

observation indicated that these gene products were not required for the 5' to 3' 

pathway of degradation. However, the amount of the poly(G)->3' end fragment 

was increased in the skiZ, ski3, ski6lrrp41, and ski8 mutants relative to wild type. 

This effect can be seen in a increased amount of the trapped poly(G)->3' end 

fragment, as a percentage of total mRNA species present (Table 2.1). This 

observation suggested that the 3' to 5' decay of the poly(G)->3' end fragment 

might be defective in these mutants, and that the increased levels of the poly(G)-

>3' end fragment were due to a failure to degrade it efficiently. 

In order to determine if the Ski" mutations were inhibiting the 3' to 5' 

degradation of the poly(G)->3' end fragment, we directly measured the decay 

rate of this species in wild-type and skil, ski3, ski6/rrp41, and skiS mutants. The 

experimental approach was to block the production of new poly(G)->3' end 

fragments by the addition of cycloheximide, which rapidly inhibits the 

decapping of mRNAs (4). Subsequently, the decay rate of the preexisting 

poly(G)->3' end fragment could be observed over time. 
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Full Length Half Life Fragment Half Life Percent Fragment 
Condition Strain MFA2pG PGKIpG UFA2pG PGKIpG MFA2PG PGKIpG 

at 30° 

Wild Type 
sKi2A 
ski3A 
ski6-2 
skiSA 

5' 25' 15' 15' 47% 21% 

at 30° 

Wild Type 
sKi2A 
ski3A 
ski6-2 
skiSA 

5' 25' >60' >60' 81% 72% 
at 30° 

Wild Type 
sKi2A 
ski3A 
ski6-2 
skiSA 

5' 25' >60' >60' 81% 72% at 30° 

Wild Type 
sKi2A 
ski3A 
ski6-2 
skiSA 

n/d n/d 33' 33' 60% 35% 

at 30° 

Wild Type 
sKi2A 
ski3A 
ski6-2 
skiSA 5' 25' >60' >60' 81% 72% 

at ay- Wild Type 
ski6-100 

3' 19' 10' 10' 49% 24% at ay- Wild Type 
ski6-100 3' 19' >60' V

 
o

>
 

o
 

56% 35% 

TABLE 2.1 mRNA Decay Phenotypes of skl2 , ski3 , skl6 and skl8 mutants. The laQle gives the 
phenotypes of wild type (yRP840), skiS \ (yRP1195). ski3 i (yRP1196), skiS -100 (yRP1204). ski6 -2 
(yRP1203) and skiB i (yRP1197) strains for 6 characteristics: the half-lives of full length MFA2pG and PGKIpG. 
the half-lives of the poly(G) -> 3' end fragment from the MFA2pG and PGKIpG transcripts, and the amount of 
poly(G)->3' end fragment present at steady state as a percentage of full length ^ polylG)->3' end (ragment. 
Fragment half-lives were determined by transcriptional repression in the presence of cycloheximide (see Materials 
and methods) nyd. not determined. Half-lives of greater than 60' indicate that at the end of the 60' time course, 
mRNA levels had not reached 50% of the initial value. All values are averages of at least two independent time 
courses 
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In wild-type cells the poly(G)->3' end fragment of either the MFAlpG or 

PGKlpG transcripts decayed with a half-life of approximately 15' at 30°C (Figure 

2.4 & Table 2.1). In contrast, in the skilA, ski3\ and skiSA strains the same 

intermediates decayed with half-lives of greater than 60'. Moreover, the 

phenotype of a skilA ski3A skiSA triple mutant was similar, consistent with these 

mutations all affecting the same decay mechanism (data not shown). The ski6-2 

mutation also stabilized the poly(G) fragment, albeit to a lesser extent (Table 2.1), 

presumably because this allele is a partial loss of function. Similar results are 

seen with the temperature sensitive s/c/6-100 allele, although the rates of 

degradation were slightly faster due to the higher temperatures (Table 2.1). 

These observations argued that the skiZA, ski3A, ski6/rrp41 and skiSA mutants are 

defective in the 3' to 5' mechanism of mRNA decay. 

Additional evidence that these mutations were inhibiting 3' to 5' 

degradation was provided by analysis of the fragments from the MFAZpG 

(Figure 2.5) and PGKlpG (similar results not shown) mRNAs accumulating in 

the skil, ski3, ski6/rrp41, and ski8 mutant strains on polyacrylamide northern 

gels. All of these mutant strains accumulated higher levels of the poly(G)->3' end 

fragment from the MFAZpG transcript (Figure 2.5; standardized to levels of the 

7S RNA) and failed to produce the poly(G) 'stub' seen in wild type (based on 

longer exposures not shown). In addition, a number of smaller RNA species also 

accumulated (Figure 2.5). Utilizing different probes, we determined that these 

new mRNA fragments were shortened by different amounts from the 3' end of 
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FIGURE 2.4: Decay of the poly(G)->3' end fragment in wild type and ski 

mutant strains. This figure shows a representative transcriptional repression 

experiment in (A) wild type (yRP840) and (B) ski2^ (yRP1195) strains in which 

dextrose (to inhibit h:anscription) and cycloheximide (to inhibit decapping) were 

added at zero time. Similar results were obtained for ski3A, ski8\, and ski6/rrp41-

100 strains (see Table 2.2). The numbers above each lane indicate minutes after 

addition of glucose and cycloheximide. The full length and poly(G)->3' end 

fragment species are indicated with cartoons on the left. The probe for this 

experiment was oRP141 (see Figure 2.2 legend). 
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FIGURE 2.5: Accumulation of 3' trimmed RNA fragments in ski2, skiS, 

ski6/rrp41, ski8, and rrp4^ mutants. This figure shows polyacrylamide northerns 

of the AlFA2pG transcripts using the oligonucleotide probe that hybridizes just 3' 

of the poly(G) tract in the Mf A2pG sequence (oRP140,14). All strains in (A) were 

grown and harvested at 30°C, with the exception of sfc/6-100, which was grown at 

30°C and shifted to 37°C for 2 hours prior to harvest. All strains in (B) were 

grown at 24°C and shifted to 37°C for the time indicated above each lane prior to 

harvest. One and two hour shifts of wild type to 37°C were identical (data not 

shown). The identity of the various RNA species is indicated with cartoons at the 

left. The strains are: wild type(yRP840); skilJS. (yRP1195), ski3^. (yRP1196), 

ski6/rrpil-l (yRP1203), ski8^ (yRP1197), sit/6/rrp41-100 (yRP1204), and rrp4-l 

(yRP1223). 
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the mRNA. For example, when the blots were probed with an oligonucleotide 

that hybridizes near the 3' end of the transcript, the smaller species were no 

longer detectable (data not shown). Therefore, some residual 3' to 5' degradation 

was occurring in the ski2, skiS, ski6/rrp41, and ski8 mutants, although at a 

significantly reduced rate. These results argued that the proteins encoded by the 

SKI2, SKIS, SK16/RRP41, and SKIS genes were required for efficient 3' to 5' 

degradation of mRNAs. 

RRP4 mutations also disrupt 3' to 5' mRNA degradation 

SKI6/RRP41 is a component of a multi-protein complex called the 

exosome, which is required for correct 3' to 5' processing of the 5.8S rRNA (see 

Introduction; 60). Since ski6/rrp41 mutants were found to be defective in 3' to 5' 

mRNA decay, we were interested in determining if other exosome components 

were also required for this process. To investigate this, we examined the 

accumulation of 3' trimmed decay intermediates of the poly(G) -> 3' end 

fragment in a temperature sensitive rrp4-l strain (61). As shown in Figure 2.5B, 

the rrp4-l mutant also accumulated 3' trimmed fragments after a shift to the 

restrictive temperature, similarly to the ski6-\00 mutant. (No such fragments 

were observed at the permissive temperature (data not shown).) This observation 

argued that RRP4 is also required for normal rates of 3' to 5' mRNA degradation. 

Additionally, this observation implied that the exosome may be the functional 

uriit of nucleolytic activity for the 3' to 5' mRNA degradation process. 
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The skiZA, ski3A, skiSA. lesions do not affect processing of the 5.8 S ribosomal RNA 

An important goal is determining how the SKI2, SKI3, SKI6/RRP41, SKIS 

and RRP4 gene products function to promote 3' to 5' mRNA degradation. The 

rRNA processing role of the exosome components Ski6/Rrp41p and Rrp4p 

raised the possibility that a defect in 5.8S processing might indirectly affect 3' to 

5' mRNA degradation. If decreased 3' to 5' degradation of mRNA was an indirect 

consequence of a defect in rRNA processing, then all of these mutants would be 

expected to affect 5.8S RNA processing. In order to explore this possibility we 

examined the processing of the 5.8S RNA in the skilA, ski3A, ski6/ rrp41-2, 

ski6/rrp41-l00, skiSA, and rrp4-l strains on polyacrylamide northern blots using a 

probe hybridizing to sequences just 3' of the mature 5.8S RNA and therefore 

specific for the 3' processed sequences (probe b, 61). Consistent with the work of 

Mitchell et al. (61), both ski6/rrp41 and rrp4 show a defect in 5.8S processing 

(Figure 2.6). However, the skiZA, ski3A, and skiSA strains showed no such defect 

(Figure 2.6). This observation argued that the effect of the skiZA, ski3A, and skiSA 

mutations was specific for 3' to 5' decay of mRNA and was not due to a defect in 

5.8S rRNA processing. Given this result, it is likely that Ski2p, Ski3p, 

Ski6/Rrp41p, Ski8p, and Rrp4p affect 3" to 5' degradation of mRNA in a more 

direct manner (see Discussion). 
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FIGURE 2.6: Processing of the 5.8S rRNA in ski2, ski3, ski6/rrp41, skiS, 

and rrp4 mutants. This figure shows polyaaylamide northern blots of total RNA 

from wild type (yRP840), skil/S. (yRP1195), ski3^. (yRP1196), ski6/rrp41-2 

(yRP1203), ski8^ (yRP1197), ski6/rrp41-m{yRPl204l and rrp4-l (yRP1223). 

Strains were assayed at the temperature indicated above each lane; strains 

assayed at 37°C were grown at 24°C and shifted to 37°C for one hour prior to 

harvest. The blot was probed with an oligonucleotide specific to sequences 3' of 

the 3' end of the mature 5.8S rRNA (probe b, 61). 
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Cells lacking 5' to 3' and 3' to 5' mRNA decay pathways are inviable 

Since both stable and unstable branscrlpts can be degraded by the 3' to 5' 

pathway we hypothesized that this was a general mechanisnn of mRNA tiimover 

able to work on many transcripts. This view explains the observation that 

mutations in the skiZ and skiS genes are synthetically lethal with deletions of 

XRNl (47), because of the disruption of both 5' to 3' and 3' to 5' mRNA decay. In 

this model, it is predicted that any mutation that inactivates the 5' to 3' pathway, 

such as the dcplA or the xmlA, would be synthetically lethal with any mutation 

that inactivates the 3' to 5' decay mechanism. We tested this prediction in a series 

of genetic crosses and found that the following double mutants were inviable; 

rfcpM & skilA, dcplA & skiSA, dcplA & skiSA, xmlA & skilA, xrnlA &c ski3A, xrnlA 

& skiSA (see Experimental Procedures). Thus, any double mutant that contained a 

block to the 5' decay pathway {xmlA or dcplA) with a block to the 3' decay 

pathway {ski2A, ski3A, or skiSA) was synthetically lethal. 

In order to confirm that the failure to recover double mutants in these 

crosses was due to synthetic lethality, and not to failure of the double mutants to 

germinate, a skiSA strain was crossed to a dcplA strain carrying a plasmid with 

the temperature sensitive dqpl-1 allele. When dissected spores were germinated 

at the restrictive temperature, the double mutant was not recovered. However, 

when the spores were germinated at the permissive temperature, it was possible 

to recover the dqpl-l skiSA double mutant, which was subsequently shown to be 

unable to grow at higher temperatures (Figure 2.7). 
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FIGURE 2.7: Conditional synthetic lethality of the dqjl-1 and skiSts. 

alleles. YEPD Plates grown at 24°C (permissive for dcpl-2) and 30°C (restrictive 

for dcpl-2) are shown. Strains are wild type(yRP840), skiSA (yRP1197), dcpl-2 

(yRP1205), and dcpl-2 skiSA (yRP1202) 
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dcpl-2{ts) ski8^ double mutants have a severe defect in mRNA decay 

The hypothesis that mutations that disrupt both decay mechanisms will 

be synthetically lethal due to a lack of mRNA decay strongly predicts that double 

mutants will be more defective for noRNA decay than either single mutant. In 

order to test this hypothesis, we examined the degradation of several n:\RNAs in 

wild type, skiSA, dcpl-2{ts), and dcpl-2{ts) skiSA strains. The strains were grown at 

24°C, where the double mutant is viable, and mRNA decay was assayed at 37°C, 

where the temperature sensitive dcpl-2 allele behaves like a strong loss of 

function allele. A key result was that the decay of the full length MFAZpG 

mRNA was greatly slowed in the dcpl-2 skiSA double mutant (Figure 2.8). For 

example, in wild type and skiSA strains, the MFAIpG mRNA had a half-life of 3', 

which was increased to 8' in the dcpl-2 strain. [This was a faster rate of decay 

than is seen for the MFAIpG mRNA in dcplA mutants at 30°C and was 

presumably due to the higher temperature where decay is generally faster (38).] 

In contrast, in the dcpl-2 skiSA double mutant the ̂ IFAlpG half-life was at least 

60' and the mRNA became heterogeneous in size at late time points. Similar 

results were seen with the PGKlpG, GALIO, GALl and GAL7 mRNAs, which also 

showed extremely slow rates of mRNA degradation in the double mutant (Table 

2.2). The very slow mRNA decay rates seen in the double mutant argued that we 

have identified the two major pathways of mRNA decay in yeast, and suggested 

efficient mRNA turnover by one of these mechanisms was required for viability 

(see Discussion). It should be noted that the heterogeneous size distribution of 

the mRNA at late time points suggested that there was still some residual mRNA 
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degradation occurring in the double mutant, although at a greatly reduced rate 

and therefore not likely to be of substantial significance. 

DISCUSSION 

3' to 5' degradation of the mRNA body is a general pathway of mRNA decay in 

yeast 

Several observations now indicate that 3' to 5' nucleolytic degradation of 

the transcript body is a general mechanism of mRNA turnover in yeast, capable 

of acting on many mRNAs. This evidence includes the analysis of mRNA decay 

when decapping and 5' to 3' degradation are blocked, which indicated that both 

the stable PGKl mRNA (66), and the unstable MFA2 mRNA were degraded 3' to 

5' (Figure 2.1). Similarly, mRNA fragments, which were protected from 5' to 3' 

decay by strong RNA secondary structures, were also ultimately degraded 3' to 

5' (Figures 2.2, 2.3). In addition, the extreme stability of the MFAZpG, PGKlpG, 

GALl, GAL7, and GALIO mRNAs observed in strains defective for both 5' to 3' 

and 3' to 5' decay mechanisms indicated that these mRNAs were all substrates 

for 3' to 5' degradation (Table 2.2). These observations suggest that there are two 

general mechaiusms for degrading the mRNA body in yeast, decapping leading 

to 5' to 3' degradation, or 3' to 5' degradation. Moreover, since transcripts were 

extremely long-lived in the absence of these two mechaiusms of degradation 

(Figure 2.8 & Table 2.2), there are unlikely to be other major nucleolytic activities 

that can act to degrade mRNAs at a reasonable rate. 
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FIGURE 2.8: The MFA2pG mRNA is extremely stable in dcpl-2 skiSA 

double mutants. Polyacrylamide northerns analyzing the decay of the MFAlpG 

transcript following transcriptional repression for wild type (yRP840), skiSA 

(yRP1197), dcpl-2 (yRP1205), and dcpl-2 skiSA (yRP1202) are shown. Strains were 

grown in YEP medium with 2% galactose at 24°C. At mid-log phase, cultures 

were shifted to 37°C. After 1 hour, transcription of the reporter mRNAs was 

repressed by the addition of dextrose to a final concentration of 2%. RNA was 

prepared from samples taken at various times after this repression. The minutes 

above indicate minutes after repression of transcription. These blots were probed 

as in Figure 2.2A. 
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mRNA Decay is Essential 

The generality of the 3' to 5' decay mechanism is strengthened by the 

synthetic lethal interactions between mutations that inactivate the 5' to 3' decay 

pathway and mutations that inactivate the 3' to 5' pathway (see Results). This 

observaHon argues that efficient mRNA degradation, by either one of these 

pathways, is essential for viability. Thus, mRNA turnover is a redundant and 

essential process in yeast. Moreover, several of the proteins required for these 

mRNA decay mechanisms, including XRNl, SKI2, SKI6/RRP41, and RRP4 have 

homologs in other eukaryotic cells, including mammals (3,25, 49,60). The 

existence of these homologs argues that these pathways of mRNA turnover occur 

in all eukaryotic cells and are likely to be the two general mechanisms of mRNA 

decay. 

Relative Roles of the 3' to 5' and 5' to 3' Decay Pathways 

An interesting issue is the relationship between 5' to 3' degradation and 3' 

to 5' degradation of mRNA and their respective roles in eukaryotic cells. 

Currently, the available evidence suggests that the major mechanism of mRNA 

decay in Saccharomyces cerevisiae is by decapping and 5' to 3' degradation (6,26, 

43,64,66). However, the 3' to 5' mecharusm of degradation is likely to have 

unique functions. For example, it is likely that particular mRNAs are 

preferentially degraded by the 3' to 5' mechanism even in wild type cells. This 

possibility is suggested by the observation that the GAL7 mRNA shows a small 

but reproducible, increase in half-life in ski8 mutants (Table 2.2). Similarly, since 
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Strain MFA2dG PGKloG GAL1 GAL7 GAL10 
wild type 3' 15' 6' 2' 6' 

skiSA 3' 15' 4' 5' 6.5' 
dcpl-2 8' 20' 8' 7' 9' 

dcp1-2 skiSA 6 0 '  1 1 0 '  5 0 '  5 0 '  6 5 '  

TABLE 2.2; mRNA Half-Lives in Strains Mutant for mRNA Decay. This table gives the half-
lives of various mRNAs in the wild type (yRP840), skid A (yRP1197), dcpl -2 (yRP1205), 
and dcpl -2 ski8 \ (yRP1202) strains. Transcriptional repression experiments were 
performed as in Figure 8. Some half-lives are shorter than previously described due to half-
lives being assayed at 37°C. mRNAs were detected on Nortern blots by probing with 
oligonucleotides specific for each mRNA. 
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the pathways of mRNA degradation have only been examined under an 

extremely limited set of growth conditions, there may be specific conditions 

where the 3' to 5' mechanism is primary. In addition, the 3' to 5' mechanism of 

degradation may play an antiviral role by reducing expression from viral 

poly(A)' transcripts (54). Finally, it should be considered that in other eukaryotes 

the relative importance of these two mechanisms may be different. For example, 

in oat seedlings the phytochrome A mRNA appears to be degraded by both 5' to 

3' and 3' to 5' decay mechanisms at similar rates (39). 

The SKI2, SKI3, SKI6/RRP41, SK18, and RRP4 gene products are required for 3' to 

5' degradation of the transcript body 

Two observations demonstrated that the SK12, SKI3, SKI6/RRP41, SKIS, 

and RRP4 proteins were required for the 3' to 5' decay pathway. First, an mRNA 

fragment known to be degraded 3' to 5' was no longer degraded efficiently in 

these mutants and additional fragments trimmed at the 3' end accumulated 

(Figure 2.5). Second, the 3' to 5' decay of full length mRNAs observed in the dcpl-

2 mutant is blocked in the cicpl-2 skiS/^ double mutant (Figure 2.8). An important 

question is how these proteins fimction to promote 3' to 5' mRNA degradation. 

Several observations lead to a model wherein the exosome could be the 

complex performing the exonudeolytic degradation. First, mutations in both 

SKI6/RRP41 and RRP4 have sinular phenotypes with regard to 3' to 5' mRNA 

degradation. Both of these proteins have 3' to 5' exoribonudease activity when 

recombinant protein is isolated from E. coli (60). Additionally, in mammalian 

cells, this complex has been localized to the cytoplasm as well as the nudeus (60). 
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However, we cannot rule out the formal possiblity that the exosome has an 

indirect effect on mRNA degradation. 

What are the roles of the SKI2, SKIS, and SKIS proteins? Mutations in these 

genes have other phenotypes that are consistent with a defect in 3' to 5' 

degradation of poly(A)" mRNAs. For example, the overexpression of the mRNAs 

from the double stranded RNA killer virus could be due to a stabilization of the 

poly(A)' viral mRNAs (55). In addition, poly(A)' mRNAs introduced into yeast 

by electroporation showed a longer functional stability in ski2A and skiSA. strains 

as compared to wild type (55). Interestingly, the skilA and skiSA strains also 

showed increased initial rates of protein production from electroporated poly(A)" 

transcripts (55). This observation was interpreted to indicate that these proteins 

function to repress translation of poly(A)" mRNAs due to an alteration in the 

biogenesis of the 60S ribosomal subunit and that the longer functional mRNA 

stability was a consequence of differences in translation rates (55). However, 

several observations now suggest that the SKI2, SKI3 and SKIS proteins affect 3' 

to 5' mRNA degradation more directly. First, polysome profiles in skilA, ski3A, 

and skiSA mutants are identical to wild-type (54) and our examination of 5.8S 

processing indicated that at least this aspect of rRNA processing was normal in 

these mutants (Figure 2.6). Second, since the ski2, ski3, ski6/rrp41, skiS, and rrp4 

mutants affected the 3' to 5' degradation of the poly(G)->3' end fragments (Figure 

2.5 and Table 2.1), which are mRNA 3' UTR fragments that are not being 

franslated, it is unlikely that an increase in translation rate in the mutant strains 

could be indirectly protecting the RNA from 3' to 5' degradation. Given this. 
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there are two possible explanations for the results with electroporated mRNAs. 

First, if there is a competition between 3' to 5' degradation and translation 

initiation for electroporated mRNAs, when the RNAs are first introduced into 

cells, more transcripts would be getting translated, but at the same initiation rate, 

in the mutant strains. Alternatively, the SK12, SKI3, and SKIS proteins might 

function in remodeling mRNP structure, perhaps by promoting the 

disassodation of proteins from the 3' UTR, which might decrease the translation 

rate and also make the 3' end more accessible to the exosome. 

A simpler model is that the SKI2, SKB and SKIS proteins function to 

adapt, or recruit, the exosome to mRNA substrates. This is a particularly 

appealing model for the Ski2p, which is a member of the DEVH box family of 

proteins and thus a putative RNA helicase, because some 3' to 5' exonuclease 

complexes have been shown to have associated RNA helicases of this type (54, 

76). In this view, other proteins would serve as "adapters" for other exosome 

substrates, such as the 5.8S pre-rRNA. This hypothesis would explain why the 

sfa'2A, ski3A, and skiSA mutations do not affect 5.8S processing (Figure 2.6). 

Strikingly, mutations in another DEVH protein closely related to Ski2p, Doblp, 

show a defect in processing of the 5.8S pre-rRNA (27). This observation suggests 

that the Doblp might serve as the exosome "adapter" for 5.8S pre-rRNA. This 

view makes the testable predictions that Ski2p, and perhaps SkiSp and SkiSp, 

will show interactions with the exosome and will directly affect its ability to 

degrade mRNA substrates. 
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MATERIALS AND METHODS 

Plasmids and Strains 

The genotypes of the strains used in this study can be found in Table 2.3. 

All strains with yRP numbers are isogenic, with the exception of yRP1223, which 

is a spore from a cross between yRP841 and P54 (61). 

The ski6/rrp41::URA3 disruption strain was constructed by PCR 

amplification of the regions flanking the SKI6/RRP41 gene from genomic DNA. 

The PCR products were subcloned (using sites introduced in the PCR primers) 

on either side of the LIRA3 gene in a pBluescript vector, and the resulting 

ski6/rrp41::URA3 construct was gel purified and used to transform a wild type 

diploid (yRP840 crossed with yRP841). Heterozygous transformants were 

identified using genomic Southern blots, and the lethality of the 

ski6/ rrp41::LIRA3 disruption was determined by dissection. 

To isolate conditional ski6/rrp41 alleles, the coding region of the 

SKI6/RRP41 gene was PCR amplified and subcloned downstream of the GALl 

UAS (using sites introduced in the PCR primers), on a TRPl cloning vector (34). 

This GAL-SKI6/RRP41{TRP1) construct was transformed into the 

ski6/rrp4V.-.URA3/SK16/RRP41 heterozygote, and a ski6/rrp41::URA3 [GAL-

SKI6/RRP41{TRP1)] strain was recovered by dissection. The ski6/rrp41 

conditional allele was generated by PCR mutagenesis of the wild type 

SK16/RRP41 open reading frame (63). The mutagenized PCR product was 
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co-transformed with a gapped LYS2 cloning vector (80) into the ski6/rrp41::URA3 

[GAL-SKI6/RRP41(TRP1)] strain, and transformants were selected on Lys' plates 

at 24°C. The transformants were then screened at 37°C in order to identify 

transformants carrying temperature-sensitive alleles and lacking the GAL-

SK16/RRP41 plasmid. Recovering the SKI6/RRP41 plasmid in £. coli and 

retransformation into the skiS/rrp41::LlRA3 [GAL-SKI6/RRP41] strain, 

demonstrated that the temperature-ser\sitivity was due to a mutated ski6lrrp41 

gene on the plasmid. Subsequent experiments demonstrated that this allele gave 

a wild type phenotype at the permissive temperature (data not shown). The ski6-

2 allele was isolated by PGR amplification of genomic DNA from the original 

isolate (77). The PGR product was then co-transformed into yeast with a gapped 

LYS2 vector, as described above. 

RNA procedures 

RNA preparation, blotting, and quantitation: RNA samples were 

prepared and isolated as previously described (13). Half-lives were determined 

by quantitation of blots using a Molecular Dynamics phosphorimager. Loading 

corrections for quantitation were determined by stripping blots and re-

hybridizing with an oligonucleotide probe to the 7S RNA, a RNA polymerase IE 

transcript that is part of the SRP (13). 

Determining precursor-product relationships: Approach to steady state 

transcriptional induction experiments were performed by growing strains in YEP 

with 2% raffinose. Transcription was induced by addition of galactose to a final 

concentration of 2%, and samples taken at various times after the addition of 
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galactose allowed a determination of precursor-product relationships among the 

mRNA decay products. 

Measurement of poly(G)->3' end fragment decay rates: These 

experiments were performed by blocking transcription by addition of dextrose to 

a final concentration of 4%, and inhibiting decapping by addition of 

cycloheximide to a final concentration of 0.1 mg/ml (4). Analysis of RNA 

prepared from samples taken after the addition of dextrose and cycloheximide 

allowed a determination of the decay kinetics of the poly(G)->3' end fragments. 

Synthetic Lethal Crosses 

ski2 xml and ski3 xml synthetic lethality. In order to confirm that the 

synthetic lethality oiskil and xrnl (47) could be observed in our strains, yRP1198 

(skilA) was crossed to yRP1199 {xrnlA). Dissection of the diploid gave 66.25% 

viability, and no ski2::LEU2 xrnl::L[RA3 segregants in over 20 tetrads. To confirm 

the synthetic lethality of sfa'3 and xml, xml was disrupted by IIRA3 insertion in 

the diploid generated by the cross of yRP1193 {ski3A::TRPl) and yRP840. The 

resulting double heterozygote was dissected, which gave a viability of 61.4% and 

no ski3::TRPl xml::LIRA3 segregants in over 10 tetrads. In both crosses, control 

dissections had viabilities of over 95%. 

ski8 xml synthetic lethality. In order to determine if sA:/8 and xml were 

synthetically lethal, yRP1199 {xmlA::URA3) was crossed to yRP1197 

{ski8A::URA3), and the resulting diploid was dissected. Since both disruptions 

were marked with the URA3 gene, it was not possible to directly determine if 

double mutants were recovered. However, viability was 81.25% (control >90%), 



73 

no 2:2 Ura^rUra" tetrads were recovered, and all 4:0 live:dead tetrads were also 

4:0 Ura*':Ura". We concluded that these results were consistent with the synthetic 

lethality of ski8::URA3 xml::URA3 haploids. 

dcpl ski2 synthetic lethality. In order to determine if ski2 and dcpl were 

synthetically lethal, yRP1192 (ski2A::LEU2) was crossed to yRP1200 

{dcplA::iIRA3) and the resulting diploid was sporulated and dissected. Viability 

was 72.2% (control 97.6%) and no ski2::LEU2 dcpl::URA3 haploids were 

recovered in over 45 tetrads. We conclude that ski2 is synthetically lethal with 

dcpl. 

dcpl ski3 synthetic lethality. To determine if dcpl and ski3 were 

synthetically lethal, dcpl was disrupted with the URA3 gene in the diploid 

generated by crossing yPlP1193 {ski3A.::TRPl) and yRP840. The resulting double 

heterozygote was sporulated and dissected with a viability of 72.1% (control 

100%). The failure to recover dcpl::URA3 ski3::TRPl spores in over 120 tetrads 

lead to the conclusion that dcpl is synthetically lethal with ski3 

dcpl ski8 synthetic lethality. In order to determine if ski8 and dcpl were 

synthetically lethal, yRP1201 {dcplA) was crossed to yRP1194 {skiSA), and the 

resulting diploid was dissected. Since both disruptions were marked with the 

11RA3 gene, it was not possible to directly determine if double mutants were 

recovered. However, viability was 64.5% (control >90%), no 2:2 Ura'':Ura' tetrads 

were recovered, and all 4:0 live:dead tetrads were also 4:0 Ura'^:Ura". 

Additionally, we determined that ski8::URA3 dcpl::URA3 strains could be 

recovered, but only in the presence of a plasmid carrying a copy of DCPl. When 
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the dcpl allele on the plasmid was temperature ser\sitive {dcpl-2), the double 

mutant strain was unable to grow at temperatures restrictive for Dcplp activity 

(see Figure 2.7). Based on these observations, we concluded that dcplA was 

synthetically lethal with skiSA. 
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CHAPTER 3. COMPUTATIONAL IDENTIHCATION OF CIS-ACTING 

ELEMENTS AFFECTING POST-TRANSCRIPTIONAL CONTROL OF GENE 

EXPRESSION IN SACCHAROMYCES CEREVISIAE 

SUMMARY 

Understanding the regulation of gene expression requires the 

identification of c/s-acting control elements that modulate gene function. The 

recent availability of complete genome sequences and profiles of mRNA 

expression has facilitated the development and utilization of computational 

methods to identify discrete regulatory elements. We have developed an 

oligomer counting method that idenhfies sequences that occur significantly more 

often in a group of interest, relative to other genes in the genome. The use of a 

second parameter, which measures the frequency of oligomers within the group 

of interest, allows the detection of false positive signals caused by very 

infrequent oligomers that would otherwise appear as significant. Applying this 

method to gene groups that have a common expression pattern or shared 

function should identify oligomers that comprise c/s-acting control elements. As 

a test of this method, we applied this approach to a set of intron-contairung yeast 

genes, where we easily identified the known splicing signals as control elements. 

We have used this traii\ing set to examine how this method is affected by the 

length of the oligomer examined, as well as the size and composition of the gene 

group. These simulations allowed us to identify rules for selecting groups of 

genes to analyze. Finally, application of this method to nuclear genes encoding 
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proteins targeted to the mitochondria identified a new putative c/s-acting 

sequence in the 3' UTR of this fan:uly of genes, which may play a role in mRNA 

localization or the regulation of mRNA stability or translation. 

INTRODUCTION 

The expression of genes at the transcriptional and post-transcriptional 

levels is often controlled by small c/s-acting sequence elements in or near the 

regulated gene. These elements may be recognized by DNA-binding proteins 

which modulate DNA metabolism (e.g., centromeres, teleomeres) or 

transcription (e.g., promoters), or by RNA-binding proteins which affect RNA 

processing, RNA localization, translation, or RNA degradation. The 

identification and functional characterization of such c/s-acting control elements 

will be a critical step in developing the tools to interpret and understand 

complete genomes. 

C/s-acting sequences have been identified by a variety of different 

experimental approaches. Historically, many c/s-acting sequences have been 

identified by mutational analysis of a target gene or suspected regulatory region. 

In addition, some c/s-acting elements have been delineated by the identification 

of a critical trans-acting regulatory protein, whose binding site is then 

subsequently determined. Alternatively, c/s-acting elements have been identified 

as shared sequence elements in groups of genes that are co-regulated or undergo 

similar processing steps. For example, the alignment of several mRNA sequences 

allowed the identification of a hexanucleotide sequence specifying 3' end 

formation and polyadenylation (74). The central logic of this latter approach is 
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that genes that share common regulation or processing should share cfs-acting 

elements that dictate those common events. The recent availability of complete 

genome sequences (20,87), and expression profiles of most or all of the mRNA 

species in a population of ceils (see, for example, 28,92), has greatly facilitated 

the use of these types of computational methods to identify c/s-acting elements. 

For example, by examirung elements common to a set of transcripts that are co-

regulated, c/s-acting transcriptional control elements have been identified (42, 

84). 

We are interested in developing computational methods that can be used 

to identify c/s-acting sequences that modulate post-transcriptional events, such as 

mRNA splicing, mRNA localization, translation, and mRNA degradation. 

Toward this end, we have developed a procedure that allows the identification of 

oligomers that are over-represented in a specific group of co-regulated genes. 

This approach does not focus exclusively on what sequences are shared in the 

group of putatively co-regulated genes, but instead identifies oligomers which 

distinguish the group from the rest of the genome. The results presented here 

indicate that this method readily detects c/s-acting signals involved in mRNA 

splicing when tested on Saccharomyces cerevisiae genes with coding region introns. 

Several additional experiments in which the composition of this group was 

varied to more acoirately simulate real world' experiments indicate that the 

method performs well even when non-optimal groups of genes are analyzed, 

indicating that the method should be adequate to identify candidate cis-acting 

elements in groups of genes which may be co-regulated based on common 
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function or expression pattern. We verified this by identifying a new candidate 

c/s-acting element in the 3' UTR of a group of Saccharomyces cerevisiae genes that 

encode proteins which are transported into the mitochondrion. 

RESULTS AND DISCUSSION 

General Method 

The approach we have used is an oligomer counting method, conceptually 

similar to a method first presented by Staden in 1989 (82), as well as to several 

other recent methods (24, 71, 88,89,94,95, reviewed in 97). The overall goal of 

this method is to examine the usage of all possible oligomers of a given length in 

a group of sequences and determine if any are over-represented in those 

sequences as compared to the oligomer usage in the rest of the genome. The 

essential steps in the process are as follows (see Figure 3.1). First, a specific set of 

genes is chosen to examine. In the test case first discussed below, we have chosen 

the subset of 225 yeast protein coding genes containing introns within the 

translated region. Second, for the chosen group of genes, the number of times 

each oligomer of a particular length occurs is tabulated. For example, for 

oligomers of 3 nucleotides, the number of occurrences of AAA would be 

counted, then AAC, and so on, up to and including TTT. Counting is done with 

overlap, so that, for example, the sequence ACGT is counted as one instance of 

ACG and one of CGT. Third, a similar oligomer cotmt is performed on the 

remainder of the genome; that is, all the genes not in the chosen group. Fourth, 

these oligomer counts are converted into representational scores, referred to as 
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FIGURE 3.1: Flowchart depicting oligomer counting method. Unshaded 

ovals indicate values obtained by observation or previously existing data (e.g., 

genome sequence); the unshaded diamond indicates a decision that must be 

made; unshaded squares indicate oligomer counting, processing, or calculation 

steps; shaded ovals indicate the output of the method. RS, representational score; 

GWO, genes with oligomer. See text for details. 
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RS. This representational score is the frequency of a given oligomer in the test 

group (number of occurrences of oligomer O/total number of oligomers of same 

length) divided by the frequency of the same oligomer in the rest of the genome. 

An RS value of 1.0 would indicate that the frequency of the oligomer in question 

is the same in the set of putatively co-regulated genes as it is in the rest of the 

genome. Since c/s-acting elements are expected to be more frequent in the genes 

where they function, they should have high RS values. To our knowledge, this is 

the first time a whole eukaryotic genome has been analyzed in this fashion, as 

opposed to using randomized or Markov model-generated sequences for the 

purpose of normalization. 

The number of genes that contain each oligomer at least once is also 

simultaneously tabulated. This number, referred to as GWO (genes with 

oligomer) gives a measure of how many of the genes in the group of interest 

contain a given oligomer. C/s-acting elements are predicted to be broadly (if not 

universally) distributed in the groups of genes they regulate, and should 

therefore have high scores for this metric also. Based on this method, strong 

candidates for c/s-acting elements within a group of co-regulated genes will be 

those oligomers that have both high RS and GWO values. On a two-dimensional 

scatter plot of these two values, oligomers that contain or that are contained in 

c/s-acting elements would then tend to be found in the upper right quadrant, 

allowing easy visual identification when results are displayed in this fashion. 

Use of the GWO score as well as the RS metric allows us to simultaneously 
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quantify oligomer frequency in the gene group of interest relative to all other 

genes and oligomer abundance within the group. 

The statistical significance of the representational scores is determined by 

a variation of the permutation or re-sampling statistics often used in quantitative 

trait mapping (30). Briefly, a large number of random gene groups of the same 

approximate size as the group of interest (same number of genes, 80-120% 

number of base pairs) are chosen from the entire set of genes in the genome, and 

then counted and scored. The high score from each random trial is recorded. 

When the high scores from a large number of trials are sorted in ascending order, 

cutoffs for different levels of significance are found. For example, if the above 

procedure is used for 1000 random trials, the 950th score (when scores are sorted 

in a lowest to highest order), would define the p=0.05 significance level cutoff. 

Initial results (data not shown) demonstrated that rare oligomers (those 

with high GC content, for example) were a source of considerable noise when the 

above method was utilized to determine statistical significance. Since these rare 

oligomers will, by definition, have low GWO values, we developed a GWO 

value-based binning strategy, so that RS values were only compared between 

oligomers that occur in a similar number of genes. Briefly, after the group of 

genes of interest is counted and scored for oligomers of a particular length, the 

observed range of GWO values is used to define a number of GWO value bins 

{e.g., 1-10 genes with oligomer, 11-20, etc.) When the subsequent statistical 

sampling is carried out, the high scores in each bin are recorded and used to 

determine significance as described above. 
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While the primary purpose of the binning of representational scores is to 

mask the 'noise' caused by rare oligomers, the birming also allows a qualitative 

finer granularity at the high end of the GWO value scale. For example, given a 

group of 150 genes, it would be unexpected (and qmte likely sigruficant) to find a 

seven nucleotide oligomer that was present in 145 of these genes. This oligomer 

could still be interesting, even if it had a low RS value (relative to other oligomers 

with lower GWO scores). Without some kind of birming step in the method, 

potentially significant oligomers such as these would be overlooked. We choose 

to use a variable number of bins of a fixed size, so that the range of bin sizes was 

always based on the number of genes within the gene group of interest. For 

example, if the range of GWO scores observed in the experimental sample was 1 

to 27 genes, and bin size had been set at 5 genes per bin, the bin sizes used would 

be 1 to 5 genes, 6 to 10 genes, 11 to 15 genes, 16 to 20 genes, 21 to 25 genes, and 26 

to 30 genes (see Methods for details). Experiments (see below) demonstrated that 

selection of bin size {i.e., 5 genes per bin, 10 genes per bin, and so on) was not a 

major factor in the results obtained with our training set. Additionally, before 

results were plotted, bin boundaries were divided by the number of genes in the 

group of interest, so that the percentage of genes in a group that contain a 

particular oligomer could be more easily deternuned. 

Sequence Selection 

When searching for czs-acting elements, the choice of which region of the 

genomic sequence to examine is important. Because of our interest in post-

transcriptional gene regulation, we chose to focus on sequences likely to be 
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found in niRNAs, which we further subdivided into tfiree groups: 5' UTR 

sequences, arbitrarily defined as reaching from -100 to -1 nucleotides relative to 

the ATG of each mRNA; coding region sequences, from (and including) the 

translation start codon to stop codon of each mRNA; and 3' UTR sequences, 

arbitrarily defined as reaching from +1 to +150 nucleotides, relative to the stop 

codon of each mRNA. It should be emphasized that these choices reflect our 

particular interests. The method presented here should work equally well on any 

sequences, provided that the same region of sequence is used for all genes 

examined, and provided an entire genome sequence is available. Partial genome 

sequences may be sufficient, although using an incomplete genome sequence 

means that care must be taken to obtain a proper representative sample of genes. 

Splicing Signals are Effectively Detected 

In order to determine the effectiveness of this method, we constructed a 

training group consisting of the genes containing annotated coding-region 

introns from a recent version of the Saccharomyces Genome Database (20; see 

Methods for details; gene names available at 

http://www.mcb.arizona.edu/Parker). The sequences between and including 

the ATG and stop codons (including introns) of these 225 genes were compared 

to the coding regions of the remainder of the -6000 yeast genes and the RS and 

GWO values for all possible six nucleotide oligomers were calculated and plotted 

(Figure 3.2B). In this and all other calculations discussed below, 1000 random sets 

of similar size were also generated and scored for statistical calculation (see 

above and Methods). In this calculation, three oligomers particularly stood out 

http://www.mcb.arizona.edu/Parker
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FIGURE 3.2: Application of method to 225 genes with introns. As 

described in the text, oligomers were counted and analyzed in the coding region 

(including introns) of 225 genes containing introns. The coding regions of the 

genes without introns were used for normalization. 1000 random trials were 

used to determine significance levels; see text for details. Diamonds, insignificant 

oligomers; Triangles, oligomers significant at p=0.05; Squares, oligomers 

significant at p=0.01. Dark line, p=0.05 significance cutoff in each bin; lighter line, 

p=0.01 cutoff. Text and arrows indicate the sequence of pertinent over-

represented oligomers; lighter backgrounds indicate oligomers comprising or 

containing the TACTAAC, while darker backgrounds indicate the GTATGT 5' 

splice site consensus. RS, representational score; 7oGWO, percent of genes in 

group with oligomer. %GWO is obtained by dividing GWO values by the 

number of genes in the group, 225 in this case. (A) Values from analysis of 5 

nucleotide oligomers. (B) Values from analysis of 6 nucleotide oligomers. (C) 

Values from analysis of 7 nucleotide oligomers. (D) Values from analysis of 8 

nucleotide oligomers. 
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on the basis of both RS and GWO values: TACTAA, ACTAAC, and GTATGT 

(Figtire 3.2B). The first two sequences are the six nucleotide oligomers 

comprising the core of the branch site consensus sequence (TACTAAC) and the 

third is the consensus 5' splice site sequence. Two other high scoring oligomers 

were composed of portions of the TACTAAC branchpoint sequence, with 

different bases of the less-well conserved flanking regions (e.g., CTAACA, 

TTACTA). Additionally, 777777 also detected at a significant level, 

consistent with the observation that homouridine runs are involved in the 

selection of the 3' splice site (70). Thus, the application of this methodology to a 

group of genes encoding introns easily and accurately identified the known 

splicing signals. 

Although not as striking as the known splicing signals discussed above, 

several other oligomers were also detected as being over-represented in this 

group of genes (shown as boxes (p<0.01) in Figure 3.2B). At least one oligomer 

that was detected as statistically significant (GGTAAG) is not part of any known 

splicing signal. This oligomer also has a significant representational score when 

oligomers are counted in coding regions with introns removed (data not shown), 

so it is likely to be some coding region feature that is over-represented in this set 

of genes. Examination of the location of the occurrences of this oligomer relative 

to the start and stop codons and the intron-exon junctions did not show any 

obvious pattern, although >95% of these oligomers are in-firame (data not 

shown), encoding Gly-Lys. The over-representation of this oligomer, as well as 

the high number of other statistically significant oligomers, relative to other gene 
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groups {e.g., compare Figures 3.2B and 3.7B) may be due to other biases in this 

subset of the genes with introns. For example, this intron-containing family of 

genes is enriched in ribosomal proteins (90/225 genes, or 40%), which are 

generally highly basic and have a high codon bias, which may explain the 

difference in oligomer distribution. 

Effects of Examining Different Oligomer Lengths 

We anticipated that the oligomer lengths that were examined would be a 

critical variable in the results obtained with this method. In order to investigate 

this issue, we examined oligomers from three to eight nucleotides long in 

unspliced coding region sequences of the same group of genes with introns as 

above. 

The oligomer length examined affected the results in a variety of manners. 

First, and as intuitively expected, at oligomer lengths of 3 and 4 nucleotides, the 

components of the splicing signals did not have exceptionally high RS values 

(data not shown). Second, at an oligomer length of 5 nucleotides, the components 

of the TACTAAC, TTTTTT run and GTATGT (e.g. GTATG & TATGT) elements 

began to stand out with higher RS and GWO values (Figure 3.2A). At an 

oligomer length of 6 nucleotides, the RS value of these elements continued to 

increase (Figure 3.2B). At oligomer lengths of 7 and 8 nucleotides, the RS values 

continued to increase, and variants of these elements begin to appear that 

included more weakly conserved components of an extended splicing signal. For 

example, at an oligomer length of 7 nucleotides, the over-represented oligomers 

containing the GTATGT 5' splice site included AGTATGT, GGTATGT, 
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GTATGTT, and CTATCTA. Similarly, at oligomer lengths of 8 nucleotides, the 

over-represented oligomers containing the TACTAAC sequence included 

TACTAACT, TACTAACA ACTAACAT, ACTAACAA, ATACTAAC, 

TTACTAAC, and TTTACTAA. 

Based on these types of results, we note two related pieces of data that can 

be inferred from an observation of different oligomer lengths. First, the 'core', or 

highly conserved portion of a cis-acting sequence, can be identified. This is 

because the components of over-represented oligomers are themselves over-

represented (usually to a lesser extent). In practical terms, at oligomer lengths 

shorter than the core element, overlapping oligomers offset by a single 

nucleotide will be detected. The composite sequence formed by these 

overlapping oligomers will define the 'core' element. For example, GTATG and 

TATGT are both significant 5 nucleotide oligomers (Figure 3.2A); TACTAA and 

ACT A AC are both significantly over-represented in the 6 nucleotide oligomers 

(Figure 3.2B). Thus, a "core" element will be observed as when overlapping over-

represented oligomers of length N-1 coalesce into a single over-represented 

oligomer of length N. 

In addition, information about partially conserved flaiiking sequences can 

be found by examining oligomers that are longer than the 'core' element. If there 

is no bias in the flanking sequence, all the 'core' element-containing oligomers 

should be approximately over-represented. Conversely, if there are additional 

partially conserved nucleotides that flank the 'core' sequence, one will observe 

the appearance of multiple over-represented oligomers, which represent the 
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additional partially conserved nucleotides. For example, the highly over-

represented oligomers that contain TACTAAC are TACTAACT, TACTAACA, 

ACTAACAT, ACTAACAA, ATACTAAC, TTACTAAC, and TTTACTAA, 

which is highly cor\sistent with the results of a recent hidden Markov model-

based analysis of Saccharomyces cerevisiae introns, which defined a 

WWTACTAACWW extended branchpoint consensus sequence, where W is A or 

T (Figure 3.2D and Figure 4 in 81). Similarly, the over-represented 7 nucleohde 

oligomers containing GTATGT are AGTATGT, GGTATGT, GTATGTA, and 

GTATGTT, consistent with the RGTATGTW (where R is A or G and W is A or 

T) extended 5' splice site consensus found by the hidden Markov model (Figure 

3.2C and Figure 4 in ref. 81). 

Oligomer distribution bin size affects significance of results 

A second parameter that could impact the results obtained with our 

method is the size of the bins used in the random trials to determine the 

significance of over-represented oligomers. In order to determine the effect of 

this variable, we compared the effects of different bin sizes on the statistical 

significance in an experiment using six nucleotide oligomers in the same training 

gene group as above. Bin sizes of 1,2,5,10,25,50, and 100 genes/bin were 

examined (Figure 3.3 and data not shown). In each case, 1000 independent 

random sets were generated for each bin size. The smaller bin sizes (1 to 25 

genes/bin. Figure 3.3A, 3.3B, and data not shown) did not have an impact on the 

significance of the results, as can be seen by the position of the marginally 

significant TATGTA oligomer (part of the 5' splice site with one less well 
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FIGURE 3.3: Effect of bin size on significant element detection in genes 

with introns. As described in the text, 225 genes with introns were analyzed 

using different GWO bin sizes. Plots and experiments are as in Figure 3.2; the 

position of an element with differing significance with the different bin sizes is 

indicated. All data presented is from analysis of six nucleotide oligomers. (A) 

Values from analysis with 1 gene/bin. (B) Values from analysis with 10 

genes/bin. (C) Values from analysis with 100 genes/bin. 
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conserved 3' flanking nucleotide) (Figure 3.3A, 3.3B). With larger bin sizes, this 

oligomer is no longer detected as significant (data not shown and Figure 3.3C). 

The increased resolution of very small bins (1 or 2 genes/bin) was offset by the 

observation that their calculation required more computer memory. Subsequent 

experiments with gene groups of different sizes (see below and data not shown) 

demonstrated that a bin size that balanced memory usage and statistical 

resolution was typically one-tenth to one-fifth the number of genes in the group 

of interest, or 10 genes, whichever was smaller. 

Variables Affecting the Choice of the Gene Group to Examine 

A critical step in our approach to the identification of c/s-acting elements is 

the choice of the genes in the group that is examined for over-represented 

oligomers. Critical variables include the size of the selected group, as well as 

where to draw the distinction between the selected group and the remainder of 

the genome. For example, consider a case where a number of mRNAs have been 

identified as increasing in level in response to a particular condition. Is it better 

to examine a large group containing all the genes encoding the mRNAs that 

change their level, or is it more effective to select a smaller group of genes that 

undergo larger changes in expression, knowing that some co-regxUated genes are 

likely to be left in the genome control? In order to address these types of issues 

we manipulated the set of intron-containing genes in various manners and 

determined the effects on the detection of the splicing signals as over-represented 

oligomers. 
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Effect of the Size of the Selected Gene Group 

One issue is the number of genes in the selected gene group. In order to 

examine the effects of group size on the calculation, randomly selected genes 

with introns were removed from the genome (and hence from the gene group). 

Six nucleotide oligomers were then counted in unspliced coding region 

sequences of the remaining genes with introns. Ten independent trials of groups 

with 112, 56,22, and 10 genes (40 trials total) were conducted, and results were 

averaged across all trials of a particular size. Averages as well as individual trials 

were examined for effects on RS and GWO values. 

As shown in Figure 3.4, the average RS values are largely unchanged as 

the size of the selected gene group decreased. However, the RS values required 

for a given statistical significance increased substantially as the gene group 

decreased in size. The smaller gene groups were expected to have a greater 

number of biased oligomers because of random effects, which would lead to 

higher significance thresholds, due to the underlying mechanism of our method 

and statistical calculations. The binning of scores based on oligomer distribution, 

which normally ameliorates this effect, was not expected to be effective because 

of the small range of bins available. The results of the small group simulations 

(Figure 3.4) showed that the sigiuficance thresholds did display an inverse 

correlation with the number of genes per group, and that this resulted ii\ the 

splicing elements not being detected as significant in the smaller gene groups. 

Nevertheless, it should be noted that we could detect the splicing elements 

marginally at 10 genes per group and significantly at 22. Based on these 
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FIGURE 3.4; Effect of small groups on element detection in genes with 

introns. As described in the text, smaller groups of genes with introns were 

obtained by discarding randomly selected genes with introns. Plots and 

experiments are as in Figure 3.2, with the exception that %GWO is determined 

by dividing by the appropriate number of genes for each experiment. Sequences 

are indicated for pertinent oligomers with text and arrows. Error bars indicate 

standard deviations from ten independent experiments. All data presented is 

from analysis of six nucleotide oligomers. (A) Average values from analysis of 

groups of 112 genes with introns. (B) Representative single experiment with a 

112 gene group. (C) Average values from analysis of groups of 56 genes with 

introns. (D) Representative single experiment with a 56 gene group. (E) Average 

values from analysis of groups of 22 genes with introns. (F) Representative single 

experiment with a 22 gene group. (G) Average values from analysis of groups of 

10 genes with introns. (H) Representative single experiment with a 10 gene 

group. 
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simulations, we conclude that this method can effectively detect elements 

present as few as 20 times in a genome, albeit at a lower sigiuficance. 

Effects of Inappropriate Genes in the Selected Subgroup 

Another key component of the selected group of genes is its homogeneity 

with regard to the common function or regulation being considered. In our test 

case of genes containing intron sequences, all of the genes in the test group were 

known to contain introns. This is an ideal case but will often not be met by 

available data. For example, consider the case of examining all the genes that 

encode mRNAs that change level in response to an alteration in a mRNA binding 

protein that regulates mRNA stability. The population of genes encoding 

mRNAs that change will include those that are directly affected by the mRNA 

binding protein under investigation, but will also include genes encoding 

mRNAs whose levels change in response to the alterations in the directly 

affected genes. In order to simulate this type of regulatory cascade, we added 

randomly chosen genes without introns to the training group of genes with 

introns. In this simulation, the genes with introns represent the primary genes, 

while the genes without introns represent the secondary, downstream targets of 

these genes. 

Groups of genes were created that contained the original 225 genes with 

introns combined with either 225 (50% introns final), 675 (25% introns final), or 

2025 (10% introns final) non-intron containing genes. Ten independent trials of 

each of the groups totaling 450,900, and 2250 genes were conducted, where in 

each trial the additional genes were chosen at random. For each trial, six 
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nucleotide oligomers were counted and scored in unspliced coding region 

sequences. Results for experimental groups were averaged across all trials of a 

given size, as were the significance thresholds determined from the random 

trials. The averaged results as well as results from individual trials were 

examined. 

Increases in the group size led to a reduction in the RS value for the 

oligomers containing the splicing signals (compare Figure 3.5A, 3.5B and 3.5C). 

However, the oligomers corresponding to the splicing signals were still easily 

detected as statistically significant in populations where the intron containing 

genes were 50% or 25 % of the total mix (Figure 3.5A, 3.5B), and marginally 

detected even when they constituted 10% of the total genes in the mix (Figure 

3.5C). It should be noted that this largest group consisted of nearly 40% of the 

genes in the genome. It is difficult to envision a biologically relevant application 

of this method where a group with that large a fraction of the genome could not 

be further sub-divided, based on additional criteria. Thus, we conclude that this 

approach is sensitive to detect cis-acting elements even in mixed populations 

where the group of primary targets is as few as 25% of the total mix. 

Effects of Gene Mixing Between the Selected and Control Groups 

Since the distribution of the putative cis-acting element(s) is unknown 

when this method is used, the odds of an imperfect gene group selection are 

quite high. As discussed above, one type of common incorrect selection involves 

including genes that lack the element of interest, perhaps because they are 

affected by secondary effects. A second type of incorrect selection could occur if 
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FIGURE 3.5: Effect of regulatory cascade simulation in groups with 

some intron-containing genes. As described in the text, regulatory cascades 

were simulated by addition of random numbers of genes without introns to the 

225 genes with introns. Plots and experiments are as in Figure 3.2, with the 

exception that %GWO is determined by dividing by the appropriate number of 

genes for each experiment. Sequences are indicated for pertinent oligomers with 

text and arrows. Error bars indicate standard deviations from ten independent 

experiments. All data presented is from analysis of six nucleotide oligomers. (A) 

Average values from analysis of groups with 450 genes (225 [50%] with introns). 

(B) Average values from analysis of groups with 900 genes (225 [25%] with 

introns). (C) Average values from analysis of groups with 2250 genes (225 [10%] 

with introns). 
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some element-containing genes were not placed in the gene group. The third, 

and potentially most detrimental type of potential incorrect gene group selection 

is a combination of the first and second type, so that the selected gene group 

contains genes with and without elements, as does the remainder of the genome, 

which is used for normalization. In order to simulate this situation we randomly 

swapped genes with introns (from the training gene group) and genes without 

introns (from the rest of the genome). In independent experiments, 56,112, and 

168 genes were swapped between the groups. In these cases the final selected 

group of 225 genes contained 75%, 50%, and 25% genes with inhrons respectively. 

The swapped genes were all selected before any genes were exchanged, so no 

back-swapping occurred. Ten tirials of each kind were carried out. In each trial, 

six nucleotide oligomers were counted and scored in unspliced coding region 

sequences. All scores and significance thresholds were averaged across all trials 

of a particular size, and the results of both the averaged and individual tirials 

were examined. 

Since this type of mixing both decreases the numerator and increases the 

denominator of the ratio leading to the RS value, we anticipated that this type of 

group selection would have a stirong effect on the ability to detect the splicing 

signals as significant. The effect was predicted to be similar to that observed in 

the regulation cascade experiment (above), but more severe. As shown in Figure 

3.6, a reduction in representational score did occur that correlated with the 

number of genes that had been swapped. However, the splidng signals were still 

statistically significant when the selected group contained 75% or 50% introns. 
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FIGURE 3.6: Effect of group mis-selection simulation in groups with 

some intron-cohtaining genes. As described in the text, selection of 

inappropriate gene groups was simulated by swapping of random numbers of 

genes without introns with genes with introns. Plots and experiments are as in 

Figure 3.2. Sequences are indicated for pertinent oligomers with text and arrows 

Error bars indicate standard deviations from ten independent experiments. All 

data presented is from analysis of six nucleotide oligomers in groups of 225 

genes. (A) Average values from analysis of groups with 167 genes with introns 

and 58 without introns (75% introns in set). (B) Average values from analysis of 

groups with 113 genes with introns and 112 without introns (50% introns in set). 

(C) Average values from analysis of groups with 57 genes with introns and 168 

without introns (25% introns in set). 
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This suggests that the effectiveness of this method is dependent on having at 

least half of the instances of a given element in the gene group. This, of course, 

may vary depending on several factors, such as gene group size and element size 

and distribution. In general, having more instances of a particular element in the 

group of interest will produce better results. 

Implications for Gene Group Selection 

The results detailed above and summarized in Table 3.1 suggest a strategy 

for selecting gene groups from the results of an expression profiling experiment. 

First, since large groups of genes do not appear to impair element detection, at 

least up to a biologically relevant ceiling value, inclusion of extraneous (element-

lacking) genes is not a primary concern. Furthermore, small groups can have a 

negative effect on element detection, and failing to include element-containing 

genes in the group does have a large detrimental impact. This suggests that an 

effective strategy would be to analyze the group consisting of those genes having 

and potentially having the expression profile of interest. If this results in a group 

that is too large, genes that fit the profile most poorly should be excluded, until 

the group is of a suitable size. 

Since the issue of gene group selection is of paramount importance in 

using this method, we have chosen to present a hypothetical situation, and 

explain how the strategy described above could be applied. While we have 

chosen an example that involves selecting genes from an expression profile, it 

should be emphasized that these guidelines are also applicable to other 

situations as well {e.g., selection based on function). Consider an expression 
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profile comparing a wild type population of yeast cells to a population 

containing a mutation in an RNA-binding protein that is known to stimulate the 

degradation of some, but not all mRNAs. Obviously, the population of mutant 

cells is predicted to have increased levels of some messages. Further, some of the 

mRNAs with increased levels are predicted to share a sequence element that 

directs the degradation. Following the strategy outlined above, one approach in 

this case would be to split the genes into three sets: significantly increased (>2 

fold), possibly increased (1.5 to 2 fold), and the unaffected genes. The initial gene 

group would be composed of both significantly and possibly increased genes. If 

that resulted in a gene group that was too large, the genes with the lowest 

increases could be removed from the gene group. A second approach would be 

to group the significantly affected genes for analysis, and use only the unaffected 

genes for normalizatton purposes, rather than the whole genome. Once putative 

elements were identified from the significantly affected genes, the possibly 

affected genes could be searched for instances of the putative elements. A 

positive correlation between element distribution and/or consensus and the 

amount of mRNA level increase would be a strong indication that the element 

had a role in the mRNA degradation process being studied. 

Identification of a putative c/s-acting element in the 3' UTR of nuclear genes 

encoding mitochondrial proteins 

To determine if the method described and characterized above would be 

effective at identifying unknown potential sequence elements, we performed 

several experiments on a group of 281 nuclear genes that encode mitochondrial 
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proteins, which were obtained by querying the Yeast Protein Database (41). 

These genes are of interest because there is experimental data suggesting that the 

3' UTR of these mRNAs may function to target the mRNA to the surface of the 

mitochondria and thereby facilitate import of the protein into this organelle (50, 

51,72,73,98). Examination of the distributions of oligomers from five to eight 

nucleotides long in the 5' untranslated regions and coding region sequences 

(spliced and unspliced) of this group failed to identify any candidate elements 

(data not shown). However, when the 3' untranslated region sequences (+1 to 

+150 relative to the stop codon) of these genes were examined for the 

distribution of six nucleotide oligomers, a number of partially overlapping 

sequences were identified as significant (Figure 3.7B). Further examination 

revealed that the components of this composite sequence (CYTGTAAATA, 

where Y is C or T) also had high RS and GWO values in the five, seven, and eight 

nucleotide oligomer distributions (Figure 3.7), making this sequence a strong 

candidate for being a c/s-acting element affecting the function of this class of 

mRNAs. Additionally, analysis at different oligomer lengths suggests that this 10 

nucleotide sequence is the 'core' of this element, in terms of detection of 

overlapping oligomers offset by a single nucleotide. We were not able to detect 

any significant partially conserved flariking sequence, possibly due to the fact 

that longer (>8 nucleotide) oligomers were not examined. 

The CYTGTAAATA sequence occiirs 169 times in the -14 megabase yeast 

genome, with 58 of these occurrences being in the ~1 megabase that we termed 3' 

untranslated region sequences (+1 to +150 of each stop codon). When the list of 
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FIGURE 3.7: Application of method to 281 genes encoding 

mitochondrially localized proteins. As described in the text, oligomers were 

counted and analyzed in the 3' untranslated region of 281 genes encoding 

mitochondrial proteins. Plots and experiments are as in Figure 3.2, with the 

exception that %GWO values were determined by dividing by 281, to reflect the 

change in gene group size, and that oligomers backgrounds are not color coded. 

(A) Values from analysis of 5 nucleotide oligomers. (B) Values from analysis of 6 

nucleotide oligomers. (C) Values from analysis of 7 nucleotide oligomers. (D) 

Values from analysis of 8 nucleotide oligomers. 
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genes containing this sequence is examined, a biased distribution can clearly be 

detected. The 58 3' UTR occurrences correspond to 58 genes. Of these 58, 38 are 

known to have functions in mitochondrial metabolism, and 4 others have 

sequence features suggestive of such a role (Table 3.2). Fifteen of the remaining 

genes have unknown functions. The or\ly gene with a known non-mitochondrial 

function is CAF17, a component of the CCR4 transcription factor complex (C. 

Denis, personal communication). Interestingly, mutations of this gene lead to 

loss of mitochondrial function suggesting there is indeed some functional link to 

mitochondrial fimction for this gene as well (C. Denis, personal communication). 

Of the 45 genes with known or putative mitochondrial functions, 35 (77.7%) are 

involved in post-franscriptional steps of mitochondrial gene expression 

(primarily translation, but also RNA splicing and degradation, and protein 

complex assembly). Of the 58 genes, only 32 (55.1%) were present in the original 

selected gene group in this experiment, and these 32 comprised only 11.4% of the 

group of genes analyzed. 

We hypothesized that if this element was bipartite, or composed of two 

conserved regions separated by a non-conserved region, we would detect the 

second half of the element as a series of highly sigruficantly over-represented 

oligomers when the 58 genes were analyzed as a group. However, no new 

significantly over-represented oligomers were found (data not shown) when 

oligomer representation in the 3' untranslated region sequences of the 58 genes 

was examined, suggesting that this is not a bipartite element. Possible functions 

for this element include the coordination of gene expression of this family of 
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genes and/or functioning in the localization of these mRNAs to the 

mitochondrial surface. 

These results support several conclusions. First, relying solely on 

functional armotations in sequence databases is unlikely to isolate all known 

genes of a particular functional subclass, meaning that additional care must be 

taken when assembling gene groups based on gene function. Second, the above 

results indicate that the performance of our method is quite robust, as predicted 

by the experiments performed with the genes with introns gene group (see above 

and Figures 3.4, 3.5, and 3.6). Finally, once a putative element has been identified 

with our method, listing all the genes in the genome that contain it can be a 

useful check on the "correctness" of the candidate element. Additionally, finding 

a putative element in a gene with no known function may provide hints as to 

what processes the encoded protein participates in in the cell. 

Future Improvements 

There are several potential improvements that could be made to our 

method. The Perl source code for the oligomer counting and scoring in this 

manuscript is available (http://www.mcb.arizona.edu/Parker/), and has been 

released under the GNU Public License (GPL, 

http://www.gnu.org/copyleft/gpl.html), which will enable these 

improvements and other modifications to be made by members of the 

commuruty as well as our lab. 

One improvement would be to use a more accurate set of sequences with 

regards to mRNA structure. Ideally, whole mRNA or promoter sequences 

http://www.mcb.arizona.edu/Parker/
http://www.gnu.org/copyleft/gpl.html
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(depending on the interests of the researchers) of each gene would be used, to 

maximize the biological relevance of the search. Unfortimately, given the number 

of mapped 5' and 3' mRNA ends in S. cerevisiae, it is currently easier to check the 

locations of putative elements versus mapped ends after the putative element 

has been identified. Another improvement in biological relevance could be 

achieved by incorporating the results of a wild type expression profile, so that 

only the genes being expressed in the relevant transcriptome are searched. 

The core oligomer counting algorithm in our method is quite fast. On a 

modem desktop workstation, the six nucleotide oligomers in a set of 100 genes 

can be counted in well under a minute. However, repeatedly perforrrung that 

counting step, selecting appropriate random sets for statistical purposes and 

counting multiple oligomer lengths means that the entire experiment can take six 

hours or more. Reducing this time is a prerequisite if an interactive web-based 

version of this method is to be deployed. A potentially productive strategy 

would be to identify several stereotypical gene group sizes (e.g., 50, 100, and 150 

genes) and pre-calculate the significance cut-offs for them. This would allow very 

rapid 'prototyping' of gene groups. Those elements identified in this inihal step 

could then be counted with more rigorous statistical methods, which would also 

be faster since orily certain oligomers would need to be counted. Additionally, 

passing the output oligomers through a contig assembly program could facilitate 

detection of the longest shared overlapping sequences from a given group of 

genes. Finally, we would be remiss if we did not acknowledge that many 

elements are recognized on the basis of secondary structure (e.g., stem-loops). It 



114 

should be relatively easy to modify the oligomer counting section of our method 

to instead look for potential stem-forming regions, the distribution of which can 

then be examined in a fashion analogous to that described here for oligomers. 

METHODS 

Sequence Files 

Chromosome sequences, a FASTA file containing all the spliced coding 

region sequences, and a table listing gene names and functions, chromosome 

position, number of introns, and exon boundaries were downloaded from the 

Saccharomyces Genome Database (20) on 17 May 1999. A number of repetitive 

elements were removed from the FASTA file and gene table. These consisted of 

genes encoded in Ty retro hransposon elements and several highly similar 

proteins encoded in the sub-telomeric regions. Preliminary experiments (data not 

shown) had indicated some bias might occur if these repeated sequences were 

not excluded. Mitochondrially-encoded genes were also removed. 

Based on data parsed from the gene table file, FASTA files containing the 

5' untranslated region (-100 to -1 nucleotides), 3' untranslated region (+1 to +150 

nucleotides), and unspliced coding region sequences were extracted from the 

chromosome FASTA files. These files, as well as the Perl source code for the 

scripts used to extract them, are available at 

http://www.mcb.arizona.edu/Parker. 

http://www.mcb.arizona.edu/Parker
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Gene Group Selection 

The gene group containing genes with intror\s was obtained by parsing 

the gene table file (see above). Genes with a non-zero entry in the introns column 

were added to the list. The mitochondrial gene group was obtained by a query of 

the Yeast Protein Database (41). The complex query form was used to retrieve 

proteins armotated as localized to the mitochondria. Mitochondrially encoded 

genes were removed by hand, and the resulting 281 gene list (available at 

http://www.mcb.arizona.edu/Parker/) was used for the oligomer counting 

described here. 

Oligomer Counting Method 

Complete source code implementing the algorithm described below in 

Perl is available under the terms of the GNU Public License (GPL, 

http://www.gnu.org/copyleft/gpl.html) at 

http: / / www.mcb.arizona.edu/ Parker /. 

The oligomer counting method we have described here is dependent on 

some genome-wide pre-calculation steps (for reasons of computational time 

reduction). For the purpose of the following description, "genome" indicates a set 

of genes from a single organism. The gene group of interest is a proper subset of 

the genome set. The genome may consist of all the genes in an organism (e.g., the 

Saccharomyces cerevisiae genome), or orUy a portion of the genes in an organism 

(e.g., the genes contained on an oligonucleotide array chip). 

The pre-calculation step requires a PASTA file containing the sequences 

from the region of interest (e.g., 3' untranslated region) for every gene in the 

http://www.mcb.arizona.edu/Parker/
http://www.gnu.org/copyleft/gpl.html
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genome, and a list of every oligomer of a given length (e.g., AAAAA to XTTTT 

for lengths of 5 nucleotides). Two genome reference arrays are determined from 

this starting point: one which contains the number of times each oligomer is 

found in the genome, and a second which contains the number of different genes 

each oligomer is found in. Note that the total number of oligomers (used in later 

steps) can be determined by summing the first array. These two arrays are then 

written to files, which are then used in all subsequent analyses. This step is 

somewhat time-consuming, but only needs to be performed once for each 

sequence region of interest in the genome. 

Once the pre-calculation step is complete, the gene group(s) of interest is 

scored. The sequence region of interest of the genes in the group are counted just 

as the whole genome was (see above). This generates two arrays specific for the 

gene group. By subtracting each oligomer from the same oligomer in the whole 

genome arrays, the two arrays specific for all genes not in the group of interest 

are obtained. These will be used in the subsequent normalization step. 

The representational score RS for a particular oligomer O is calculated as: 

RS = 
oligomers O \ 

\{r(iup oligomers O, remainder 

total oligomers, remainder J total oligomersJ ^ 

where "remainder" indicates the set of all genes not in the group of interest (i.e., 

"remainder" = whole genome - group of interest). 

This measure represents how frequently an oligomer occurs in the gene 

group relative to how frequently it occurs in the genes not in the group. 
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For subsequent steps, the range of GWO values in the gene group is used 

to construct a bin series, containing a variable number of fixed size bins. If the 

range is (low)...(high), the first bin would be [low - (1/2 bin size)] and the last 

would be [high +(1/2 bin size)]. (When the low number would have been <1 

gene, it was automatically set to 1 gene.) The representational scores are sorted in 

these bins. A number (typically 1000) of random gene groups are selected. After 

ensuring that a similar (+/- 20%) amount of sequence has been chosen (in order 

to ensure that a similar number of total oligomers are counted), each random 

group is counted, as above. After the representational scores are sorted into bins, 

the highest score from each bin is saved in a statistical sigruficance array. If no 

scores for a particular bin are obtained, a value of 0 is placed in the significance 

array for that bin in that trial. After the trials are complete, the scores in each bin 

of the significance array are sorted in ascending order. By checking the 

appropriate row of the sorted array, significance cutoff values are obtained for 

each bin. The scores from the gene group of interest are then screened for 

significant oligomers, using the thresholds determined from the random trials. 

Results are output into text files, imported into Microsoft Excel 98 for post

processing, and finally plotted using DeltaGraph 4.5. 

Rare Element Simulations 

In order to simulate rare elements, it was necessary to remove a number of 

randomly selected genes from the genome for each trial. In order to remove the 

need to re-calculate the genomic reference arrays many times, a modified 

counting procedure was used. First, a number of genes were randomly selected. 
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Oligomer and genes with oligomer counts were determined for this subset of 

genes, and these values were subtracted from the genome reference arrays to 

generate the 'genome' reference arrays for the reduced genome for that particular 

trial. Results were then calciilated as described above. 

Incorrect gene group selection simulations 

In order to simulate incorrectly selected gene groups, it was necessary to 

swap a number of randomly chosen genes from the group of genes with introns 

for an equal number of randonrUy chosen genes without introns (i.e., genes not in 

the training group). For each experiment, the two sets were chosen and then 

swapped, eliminating any potential back-swapping. Results were then calculated 

as described above. 
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