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ABSTRACT 

The yeast gene CBPl produces two transcripts with different 3' ends. Carbon 

source reciprocally regulates production of the two transcripts. The level of the longer 

transcript decreases upon induction of respiration while that of the shorter transcript 

increases; the total level of CBPl transcripts remains constant. This result was 

unexpected since the longer transcript encodes an essential respiratory protein, while no 

protein translated from the short transcript was detected. To determine whether the short 

transcript has an essential respiratory function, production of the short transcript was 

abolished by mutagenesis, resulting in a constant level of the long transcript upon 

induction of respiration. A concomitant increase in the level of mitochondrial COB 

mRNA, which accumulates through the action of Cbpl, was also observed. Therefore, 

Cbpl is limiting for the accumulation of COB mRNA; the function of short CBPl 

transcript production is to downregulate the long transcript level upon induction of 

respiration. 

The mechanisms of formation and regulation of the short CBPl transcripts are 

unknown. Measurement of the half-lives of the two CBPl transcripts revealed that 

differential mRNA stability is not responsible for their reciprocal regulation. Deletion of 

the gene encoding the transcription elongation factor TFIIS did not alter the ratio of long 

to short transcripts. Therefore, carbon source-regulated alternative 3' end formation is the 

most plausible explanation for the reciprocal regulation of the two CBPl transcripts. 

I considered whether other truncated transcripts are also regulated by carbon 
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source. The steady-state levels of the shortest AEP2/ATP13 and RNA14 transcripts and 

the 2.3 kb truncated SIRl transcript increase upon mduction of respiration, while those of 

the longest transcripts of all three genes and the 1.5 kb truncated RNA14 transcript 

decrease. Mapping the 3' ends of the shortest transcripts of RNA14, SIRI, CBPI, and 

AEP2/ATP13, and also the 1.5 kb RNAI4 transcript, revealed multiple 3' ends for each 

short transcript. Comparison of the sequences surrounding the 3' ends of all five short 

transcripts failed to reveal conserved motifs; however, putative 3' end formation signals 

for each short transcript were identified. I conclude that carbon source regulates mRNA 

3' end formation in yeast. 
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The focus of this dissertation is the function, formation, and regulation of the short 

CBPI (cytochrome b processing) transcripts in the budding yeast Saccharomyces 

cerevisiae. Experiments designed to address these questions led to the question of 

whether short transcripts produced by other genes are regulated by carbon source in the 

same way as the short CBPI transcripts. In turn, examination of carbon source effects on 

the levels of other short transcripts led us to propose that alternative mRNA 3' end 

formation in yeast is regulated during the induction of respiration. 

Chapter One of this dissertation is a general introduction to the experiments 

presented here. This chapter contains descriptions of the regulation of mitochondrially-

encoded cytochrome b (COB) expression by Cbpl, the process of glucose repression in S. 

cerevisiae, the regulation of CBPI gene expression by carbon source, general mechanisms 

of mRNA 3' end formation in eukaryotes and specifically in yeast, and examples of 

alternative 3' end formation. Chapter Two details the materials and methods used in the 

course of the studies described here. 

Chapters Three, Four, and Five describe the experiments done to study further the 

short CBPI transcripts and to address carbon source-dependent mRNA 3' end formation 

in yeast. Chapter Three addresses the question of the function of the short CBPI 

transcripts via genetic approaches and molecular analyses. Chapter Four begins to address 

the question of the mechanisms by which the two types of CBPI transcripts are made and 



differentially regulated by carbon source. Parts of Chapters Three and Four were 

published in Molecular and Cellular Biology in 1997. Chapter Five addresses the 

question of carbon source-dependent regulation of several truncated transcripts in yeast 

and will be submitted for publication. 

Chapter Sbc is a general summary of the experiments described in Chapters Three, 

Four, and Five. This final chapter also describes approaches which can be taken in the 

future to continue the studies described here. Finally, a list of references is given. 
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CHAPTER ONE 

INTRODUCTION 

A previous dissertation project described the carbon source-regulated production 

of two classes of transcripts from the nuclear gene CBPI (cytochrome b processing) in the 

yeast Saccharomyces cerevisiae (Mayer, 1990). Many questions were left unanswered at 

the end of that project. These questions include the biological purpose of regulated 

production of short transcripts from which no stable protein can be detected, and the 

mechanisms of production and regulation of the two types of CBPI transcripts. In 

addition, it was possible that production of other truncated transcripts might also be 

regulated by carbon source. These questions are addressed in this dissertation. 

The function of CBPI in promoting cytochrome b (COB) RNA processing and 

stability. 

Cytochrome b is the only mitochondrially-encoded subunit of ubiquinol-

cytochrome c reductase (complex HI) (Tzagoloff, Macino, and Sebald, 1979), a 

component of the mitochondrial electron transport chain. The other components of 

complex in are encoded by nuclear genes. Thus, the regulation of COB gene expression 

by nuclearly-encoded proteins provides a good model system for studying the 

coordination of nuclear and mitochondrial gene expression. 

The mitochondrial genome in yeast is very small, encoding only seven components 

of the respiratory chain (cytochrome 6; subunits I, n, and HI of cytochrome c oxidase; and 
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subunits 6, 8, and 9 of ATP synthase) and the Varl protein, which is a component of 

mitochondrial ribosomes (Dieckmann and Staples, 1994; Pon and Schatz, 1991). AH 

other proteins [more than 200 (Dieckmann and Staples, 1994)] required to make a 

functional organelle are encoded in the nuclear genome, translated on cytoplasmic 

ribosomes, and imported into mitochondria (Pon and Schatz, 1991). The nuclearly-

encoded mitochondrial proteins are encoded by a class of genes called PET genes, to 

denote the small (petite) colony size of respiratory-deficient yeast mutants when grown on 

a fermentable carbon source such as glucose (Tzagoloflf and Dieckmann, 1990). (Since S. 

cerevisiae is a facultative anaerobe, respiratory-deficient mutants can still obtain energy by 

fermentation.) CBPl is a PET gene involved in the processing and stability of COB 

mRNA 

COB, like most mitochondrial RNAs, is synthesized as a polycistronic precursor 

(Pon and Schatz, 1991; Dieckmann and Staples, 1994). COB is co-transcribed with the 

upstream tRNA°'" fi'om a common promoter at -1561 (relative to the AUG of COB at +1) 

(Figure 1.1) (Christianson and Rabinowitz, 1983; Christiansen et al., 1983). The tRNA is 

removed fi-om the primary transcript by two cleavage reactions, one at -1170 by 

mitochondrial RNase P (Hollingsworth and Martin, 1986; Martin et al., 1985) and another 

at -1099 by tRNA 3'-endonuclease (Chen and Martin, 1988). These two reactions 

generate the fi-ee tRNA and COB precursor RNA with a 5' end at -1098. The COB pre-

RNA is then processed further to generate the stable, mature mRNA with a 5' end at -955 

or -954 in a step which requires the nuclearly-encoded protein Cbpl (Staples and 
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Figure 1.1. The tRNA°'"-COB transcription unit in the yeast mitocondrial genome. The 

arrow at the 5' end of the transcription unit represents the promoter. See text for details. 
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Dieckmann, 1993; Mittelmeier and Dieckmann, 1993; Mittelmeier and Dieckmann, 1990; 

Dieckmann and Mittelmeier, 1987; Dieckmann, Koemer, and Tzagolofl^ 1984; Chen and 

Dieckmann, 1994). There are two (non-exclusive) models to explain the action of Cbpl in 

the accumulation of stable, mature COB mRNA (Dieckmann and Mittelmeier, 1987). 

First, Cbpl might be the nuclease that produces the mature 5' end of COB mRNA, 

allowing the mRNA to fold into a stable structure that is resistant to nucleases. Second, 

Cbpl could bind to COB RNA (both precursor and mature) and physically protect the 

RNA from degradation. 

Many experiments have been performed to try to elucidate the function of Cbpl. 

It was shown that Cbpl is a 66 kilodalton (kDa) protein that is imported into 

mitochondria (Weber and Dieckmann, 1990). Additional biochemical evidence is lacking 

since Cbpl is a rare, inner membrane-associated protein that aggregates when 

overexpressed (Weber and Dieckmann, 1990; D. G. Roberts and C. L. Dieckmann, 

unpublished data). However, many genetic studies have shown that Cbpl is required for 

positioning the cleavage that produces the mature COB 5' end as well as for the stability of 

both the precursor and the mature RNAs (Staples and Dieckmann, 1993; Nfittehneier and 

Dieckmann, 1993; Mittelmeier and Dieckmann, 1990; Dieckmaim and Mittelmeier, 1987; 

Dieckmann, Koemer, and Tzagoloff, 1984; Chen and Dieckmann, 1994). These studies 

will be summarized here. 

CBPl was originally identified through recovery of a respiratory-deficient nuclear 

mutant lacking complex HI activity, cytochrome b spectral absorbance, and 
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apocytochrome b protein (Dieckmann, Pape, and TzagoloflE^ 1982). Northern analysis 

showed that no mature COB mRNA was produced, and COB pre-mRNA was present at 

reduced levels (Dieckmann, Koemer, and Tzagolofl^ 1984; Dieckmann, Pape, and 

Tzagolofi^ 1982). The efifect of the cbpl mutation was shown to be specific to COB, 

since the mature mitochondrial COXl, C0X2, and COX3 mRNAs were still produced 

(Dieckmann, Pape, and Tzagolofif, 1982); also, tRNA®" was produced at wildtype levels 

in the cbpl mutant (Dieckmann, Koemer, and Tzagolofif, 1984). A spontaneous 

mitochondrial suppressor of cbpl was found to make a novel COB transcript, in which the 

5' UTR of the mitochondrial ATP9 (formerly called olil) mRNA had been fused to COB 

at -28 to form the olil-cob hybrid, relieving the requirement for Cbpl (Dieckmann, 

Koemer, and Tzagolofif, 1984). The nature of the suppressor was indicative that the 

function of Cbpl involves the 5' UTR of COB. A second hybrid gene, the cob-olil-cob 

tribrid, contains COB sequence upstream of -696 fused to the olil-cob hybrid gene in 

place of the distal third of xhtATP9 5' UTR; the production of the mature tribrid mRNA 

was now dependent on Cbpl function, indicative that Cbpl acts in the most distal 400 

nucleotides of the COB pre-RNA (Dieckmann and Mittelmeier, 1987). In a third hybrid 

gene, cob-olil, COB sequence upstream of -696 was fused to the proximal two-thirds of 

the .47P9 5' UTR, coding sequence, and 3' UTR, again rendering the hybrid mRNA 

sensitive to Cbpl function (Mittelmeier and Dieckmann, 1990). Collectively, the 

properties of the three hybrid genes are suggestive that Cbpl requires only COB sequence 

between -1098 and -696 to stabilize or process COB mRNA. 
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Further studies narrowed the site of action of Cbpl and helped to define its 

function. An extensive deletion series of COB sequence between -1098 and -707 revealed 

that the region between -961 and -898 is suflBcient for Cbpl-dependent respiratory 

growth, mature COB mRNA accumulation, and positioning of the 5' cleavage (Mittelmeier 

and Dieckmann, 1993). In the deletion mutants, the level of COB precursor RNA was 

lower in a cbpl mutant strain than in a wildtype CBPI strain while the mature mRNA was 

undetectable; these results are suggestive that Cbpl is required for the stability of COB 

pre-mRNA as well as for accumulation of the mature mRNA (Mittelmeier and Dieckmann, 

1993). Analysis of temperature-sensitive cbpl mutants revealed greatly decreased 

amounts of COB pre-RNA at the permissive temperature in glucose or glycerol and at the 

restrictive temperature in glucose (Staples and Dieckmann, 1993), suggestive that Cbpl 

function is required for COB mRNA stability during both fermentation and respiration. 

However, mature COB mRNA was undetectable at the restrictive temperature in glucose, 

suggestive that the temperature-sensitive mutations in CBPI had a greater effect on the 

mature mRNA than on the pre-RNA (Staples and Dieckmann, 1993). These results can 

be explained by a model in which Cbpl binds to the pre-RNA to stabilize it and also to 

position the cleavage that produces the mature mRNA (Staples and Dieckmann, 1993); in 

the mutant strains, COB pre-RNA would be less stable and the mature mRNA would 

never be produced. 

Deletion of COB sequence between -1099 (the 3' end of tRNA^^ and -955 (the 

mature 5' end of COB mRNA) to produce strain TG955 allowed production of the mature 
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mRNA by the activity of the tRNA 3'-endonuclease at -955 (Chen and Dieckmann, 1994). 

In a CBPl wildtype strain, a second COB transcript was observed with a 5' end at -954; 

this 5' end could only have been produced by the enzyme which cleaves COB pre-RNA to 

produce the mature mRNA (Chen and Dieckmann, 1994). However, a cbpl mutant strain 

with the TG955 deletion only produced COB mRNA with a 5' end at -955; the level of 

this COB mRNA was reduced to 20% of the wildtype level (Chen and Dieckmann, 1994). 

The levels of tRNA®" were similar to wildtype levels regardless of Cbpl activity (Chen 

and Dieckmann, 1994). These data are suggestive that Cbpl is required for the stability of 

the mature COB transcript after the 5' cleavage at -955 or -954 (Chen and Dieckmann, 

1994). In summary, genetic evidence is suggestive that Cbpl is required to stabilize both 

the COB pre-RNA and the mature mRNA, and also to position the cleavage at -955 or 

-954 that generates the mature 5' end. 

Glucose repression in S. cerevisiae. 

Since Cbpl is essential for respu-ation, it was expected that CBPI gene expression 

would be induced during the switch from fermentation to respiration, as are many other 

respiratory genes. In order to understand how this regulation occurs, we must first 

understand the importance of glucose repression in yeast metabolism. S. cerevisiae is a 

facultative organism, capable of obtainmg energy by both fermentation and respiration 

(Tzagoloflf and Dieckmann, 1990; Pon and Schatz, 1991). While respiration generates 

more energy (in the form of ATP), yeast prefer to ferment because they can convert all 

available glucose to ethanol quickly and outcompete other organisms that carmot 



metabolize ethanol (Romie, 1995). Once all of the glucose is depleted, yeast then 

metabolize the ethanol produced by fermentation by switching to the Krebs cycle; the 

hexose phosphates needed for biosynthetic reactions then are made by gluconeogenesis 

(Ronne, 1995). 

Therefore, in order to prevent a futile cycle of glycolysis and gluconeogenesis, the 

expression of the genes that encode gluconeogenic and respiratory proteins is tightly 

regulated during growth on fermentable carbon sources such as glucose, as are the genes 

necessary for metabolizing other carbon sources such as galactose and sucrose (Ronne, 

1995). Unlike bacteria, in which carbon catabolite repression occurs through reduced 

levels of cAMP, the signal for repression in yeast is thought to be glucose phosphorylation 

since the catalytic activity of the major hexokinase in yeast, Hxk2, is requu-ed for glucose 

repression (Gancedo, 1992; Ronne, 1995). Phosphorylation is rapid enough to account 

for the fast kinetics of glucose repression. However, glucose-6-phosphate isomerase is 

also required for glucose repression, suggestive that glycolytic flux and not a glycolytic 

intermediate is responsible for glucose repression (Ronne, 1995). 

Regardless of the exact signal for glucose repression, the signal transduction 

pathway has been characterized genetically. Regulation of gene expression by growth on 

glucose generally occurs by repression of transcription initiation from the promoters of 

genes encoding respiratory and gluconeogenic proteins. It was found that the protein 

kinase encoded by SNFI is required for activation of all glucose-repressed genes; snfl 

mutants are only able to grow on media containing glucose (Gancedo, 1992; Ronne, 



1995). Snfl acts by relieving the repression of gene expression mediated by the protein 

encoded byMIGl (Figure 1.2A) (Ronne, 1995). Migl is a zinc-finger protein that binds 

to GC-boxes, elements that are present in the promoters of many glucose-repressed genes 

(Ronne, 1995), to repress transcription of these genes (Gancedo, 1992). In addition to 

utilizing glucose, migl snfl double mutants are able to grow on media containing 

galactose or sucrose (Ronne, 1995). Migl is thought to recruit a repressing complex 

containing the proteins encoded by TUPl and SSN6 to glucose-repressed promoters, 

thereby inhibiting transcription initiation (Ronne, 1995). The glucose repression pathway 

branches at this point, as gluconeogenic and respiratory genes are repressed differently. 

Only the repression of respiratory genes will be described here since the focus of this 

dissertation is the respiratory-specific gene CBPl. 

Activation of genes that encode proteins necessary for respiration requires a 

complex that contains the proteins encoded by HAP2, HAP3, and HAP4 (Figure 1.2B) 

(Rorme, 1995; Gancedo, 1992); mutations in any of these three genes prevent growth of 

yeast cells on nonfermentable carbon sources, indicative that the mutants are unable to 

respire (Schneider and Guarente, 1991). Hap2 is responsible for binding to CCAAT 

boxes in the promoters of respiratory genes (Ronne, 1995; (jancedo, 1992); CBPl 

contains the sequence CAAAT at -208 (Dieckmann, Homison, and Tzagolofif, 1984) but 

there is no evidence that Hap2 binds to that element. Hap3 binds tightly to Hap2, even in 

the absence of DNA (Gancedo, 1992) and is thought to bridge Hap2 and Hap4 (Forsburg 

and Guarente, 1989). Hap4 contains an acidic domain that is necessary for transcriptional 



Figure 1.2. Transcriptional regulation of genes required for respiration. (A), The general 

glucose repression pathway. The Migl/Tupl/Ssn6 complex represses transcription in 

response to glucose, while Snfl relieves this repression. The arrow in the transcription 

unit represents the site of transcription initiation. See text for details. This figure is based 

on a review by Ronne (1995). (B), Activation of genes required for respiration. Hapl 

binding to DNA is activated by heme, while Hap2/3/4 binding is repressed by glucose. 

See text for details. This figure is based on a review by Forsburg and Guarente (1989). 
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activation of respiratory genes (Gancedo, 1992). The expression of HAP4 is repressed by 

glucose, partly through the action of Migl and partly by another, as yet unidentified 

protein; repression of HAP4 thus indirectly represses respiratory genes (Ronne, 1995). 

Thus, the Hap2/3/4 complex responds mainly to carbon source, while the transcriptional 

activator encoded by HAPl responds mainly to heme levels (Figure 1.2B) (Forsburg and 

Guarente, 1989). Hapl binds independently of Hap2/3/4 to a different DNA sequence in 

the upstream regions of genes that are transcriptionally activated in response to oxygen 

levels, with heme acting as the signal for oxygen levels (Schneider and Guarente, 1991; 

Forsburg and Guarente, 1989); hapl mutants are thus able to grow on nonfermentable 

carbon sources (Schneider and Guarente, 1991). Therefore, respiratory genes can be 

independently activated by Hapl and Hap2/3/4 in response to differences in the 

environment (Forsburg and Guarente, 1989). 

Regulation of CBPl expression. 

Since CBPl is an essential gene for respiration, it was expected that CBPl would 

be transcriptionally induced upon induction of respiration by one of the pathways 

described above. However, it was found that the total level of CBPl transcripts remains 

constant upon induction of respiration (Mayer and Dieckmann, 1989). Interestingly, in 

examining the regulation of CBPl expression, it was found that two size classes of 

transcripts are produced fi-om the CBPl template (Mayer and Dieckmarm, 1989). The 

longer transcripts are 2.2 kilobase pairs (kb) in length and encode the mitochondrially-

localized Cbpl protein that is necessary for mitochondrial COB RNA processing and 



stability (Staples and Dieckmann, 1993; Mjttelmeier and Dieckmann, 1993; Mittelmeier 

and Dieckmann, 1990; Dieckmann and Mittelmeier, 1987; Dieckmann, Koemer, and 

Tzagolofl^ 1984; Chen and Dieckmann, 1994; Weber and Dieckmann, 1990; Mayer and 

Dieckmann, 1989). The shorter transcripts are 1.2 kb in length and share a common 5' 

end with the longer transcripts but have 3' ends within the coding sequence of the longer 

transcripts (Mayer and Dieckmann, 1991; Mayer and Dieckmann, 1989). Surprisingly, the 

production of the two types of CBPl transcripts is reciprocally regulated during the 

switch to respiratory growth (Mayer and Dieckmann, 1989). When yeast cells are induced 

to respire by growth on a nonfermentable carbon source such as glycerol, the steady-state 

level of the long transcripts decreases while that of the short transcripts increases (Mayer 

and Dieckmann, 1989). This regulation was the opposite of what was expected since the 

protein encoded by the long transcripts is essential for respiration. 

Several lines of evidence are suggestive that production of the two types of CBPI 

transcripts is regulated in response to changes in carbon source at the point of short 

transcript 3' end formation. First, overexpression of CBPl from the inducible GAL 10 

promoter resulted in the production of both long and short CBPl transcripts, indicative 

that the CBPl promoter is not necessary for short transcript production (Mayer and 

Dieckmann, 1989). Second, deletion of sequences surrounding the 3' ends of the short 

transcripts abolished short transcript production and allowed higher levels of the long 

transcripts to be formed, indicative that strains that are unable to make short transcripts 

must make long transcripts by default (Mayer and Dieckmann, 1991). Third, insertion of a 
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146 base pair (bp) fragment of CBPl surrounding the 3' ends of the short transcripts into a 

reporter gene {URA3) resulted in carbon-source-regulated production of a new, shorter 

transcript (Mayer and Dieckmann, 1991). Taken together, these results provide strong 

evidence that the reciprocal regulation of the two types of CBPl transcripts occurs at the 

level of short transcript 3' end formation. CBPl was the first example of regulated 

alternative mRNA 3' end formation in yeast. 

It is unclear why yeast would downregulate the level of the long CBPl transcripts 

upon induction of respiration since the protein encoded by the long transcripts is essential 

for respiration (Mayer and Dieckmann, 1989). Since the level of the short transcripts is 

upregulated upon induction of respiration, it was possible that the short transcripts might 

have some function that is also necessary for respiration, even though no stable protein is 

translated from the short transcripts (Mayer, 1990; Sparks, Mayer, and Dieckmann, 1997). 

Several experiments are described in Chapter Three to try to elucidate the function of 

regulated short CBPl transcript production. However, before the question of regulated 3' 

end formation can be addressed, the general process of 3' end formation must be 

described. 

The general mechanism of mRNA 3' end formation in eukaryotes. 

The formation of the 3* ends of nuclearly-encoded mRNAs in eukaryotes is a two-

step process (Wahle and Keller, 1996). RNA polymerase transcribes past the mature 3' 

end of the RNA, sometimes by thousands of nucleotides (Nevins and Darnell, 1978; 

Wahle and Keller, 1992). The nascent transcript is cleaved at a specific site by a complex 
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that recognizes a signal in the RNA. The newly cleaved 3' end is then polyadenylated by a 

poly(A) polymerase in physical association with the specificity factors that recognize the 3' 

end formation signal. 

Much of the early work on eukaryotic mRNA 3' end formation was done in 

mammalian cells. Later work in yeast cells revealed vastly different 3' end formation 

signals and led researchers to expect that the necessary proteins in yeast would also be 

different fi-om the mammalian 3' end formation proteins. However, recent work has 

revealed that the yeast and mammalian proteins are more highly conserved than are the 

c/5-acting signal sequence. A brief description of 3' end formation in animal cells serves as 

both an introduction to the yeast system and as a contrast between the yeast and 

mammalian systems. 

The signal sequence directing 3' end formation in animal cells consists of several 

distinct elements (Figure 1.3). The first element, AAUAAA, is located 10-30 bp upstream 

of the cleavage site and is required for both cleavage and polyadenylation (Manley and 

Takagaki, 1996; Wahle and Keller, 1992; Wahle, 1995). The AAUAAA sequence is 

completely conserved in 90% of all mRNAs in vertebrates (Wahle, 1995); of the remaining 

10%, most contain a variant of AAUAAA, usually AUUAAA (Wahle, 1995; Wahle and 

Keller, 1992). In some cases, most of which involve alternative 3' end formation, no 

AAUAAA element can be found (Wahle, 1995; Wahle and Keller, 1992). The second 

element is much more degenerate, both in sequence and in location. The second element, 

a GU-rich or U-rich sequence with no apparent consensus, is located less than 50 



Figure 1.3. Signals directing mRNA cleavage and polyadenylation in animal cells and 

yeast. The top panel represents the signals in animal cells, while the bottom panel 

represents the signals in yeast cells. See text for details. 
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nucleotides downstream of the cleavage site and is required only for efficient cleavage 

(Manley and Takagaki, 1996; Wahle, 1995). A third element, located upstream of 

AAUAAA, is sometimes present and acts as an enhancer of 3' end formation (Guo and 

Sherman, 1996; Wahle and Keller, 1992). Finally, the poly(A) addition site is often a CA 

dinucleotide (Wahle, 1995; Guo and Sherman, 1996). 

The proteins required for 3' end formation m animal cells have been characterized 

biochemically (Wahle and Keller, 1992; Humphrey and Proudfoot, 1988; Wahle and 

Keller, 1996; Manley and Takagaki, 1996). The AAUAAA signal is recognized by the 

cleavage and polyadenylation specificity factor (CPSF), which is required for both 

cleavage and polyadenylation (Wahle, 1995; Manley and Takagaki, 1996; Wahle and 

Keller, 1996). CPSF is composed of four proteins with molecular weights of 160 kDa, 

100 kDa, 73 kDa, and 30 kDa (Wahle and Keller, 1996; Wahle, 1995; Wahle and KeUer, 

1992). CPSF-160K binds AAUAAA (Wahle, 1995; Wahle and KeUer, 1996); CPSF-30K 

also binds RNA and may increase the binding specificity of CPSF-160K (Barabino et al., 

1997). The GU-rich or U-rich element is bound by the cleavage stimulation factor (CstF) 

(Takagaki and Manley, 1997; MacDonald, Wilusz, and Shenk, 1994). CstF consists of 

three proteins: a 64 kDa subunit which binds the RNA signal, a 50 kDa subunit of 

unknown function, and a 77 kDa subunit that bridges the other two subunits (Takagaki 

and Manley, 1997). Binding of either CPSF or CstF to the respective RNA signals is 

weak, but cooperative interactions between CPSF-160K, CstF-77K, and poly(A) 
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polymerase (PAP) strengthen binding (Wahle, 1995; Wahle and Keller, 1996; Manley and 

Takagaki, 1996). Two less well-characterized cleavage factors, CF I„ and CF are also 

required for cleavage (Wahle and Keller, 1996; Manley and Takagaki, 1996). CF 

consists of three proteins with molecular weights of 68 kDa, 59 kDa, and 25 kDa; all three 

subunits can bind RNA (Wahle and Keller, 1996). The components of CF II„ have not yet 

been purified (Wahle and Keller, 1996). 

The final protein required for 3' end formation is poly(A) polymerase (PAP). PAP 

is a single, 83 kDa protein and is required for both cleavage and polyadenylation, thus 

coupling the two reactions (Wahle and Keller, 1996; Wahle and Keller, 1992), PAP alone 

is only weakly active and nonspecific; specific polyadenylation of an AAUAAA-containing 

RNA requires CPSF (Wahle and Keller, 1992). Polyadenylation in vitro is biphasic. 

Addition of the first ten A nucleotides is slow, distributive, and AAUAAA-dependent 

while addition of the remaining approximately 250 A nucleotides proceeds quickly, 

processively, and independently of AAUAAA; after approximately 250 A residues have 

been added, the reaction again becomes distributive (Wahle and Keller, 1992). The 

processive elongation phase of polyadenylation is stimulated by the binding of poly(A)-

binding protein (PABII) to the newly-made A,o tail; PABII also inhibits elongation once 

the tail reaches 250 A residues (Wahle and Keller, 1992). Thus, the poly(A) tail itself is 

required for the fast phase of polyadenylation. 

3' end formation of yeast mRNAs. 

In contrast to the very highly conserved AAUAAA of animal cells, yeast 3' end 
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formation signals are quite degenerate and often redundant (Wahle, 1995; Wahle and 

Keller, 1996; Wahle and Keller, 1992). Yeast 3' end formation signals are proposed to 

consist of three sequence elements: an efficiency element, a positioning element, and the 

poIy(A) addition site itself (Figure 1.3) (Guo and Sherman, 1996). The eflBciency element 

is located a variable distance upstream of the poly(A) addition site and the positioning 

element, and serves to increase the frequency of use of a given site (Guo and Sherman, 

1996). The eflBciency element is usually a UA-rich sequence related to the sequence 

UAUAUA (for example, UAG... UAUGUA or UUUUUAUA), although other 

sequences are tolerated (Guo and Sherman, 1996). The positioning element is located 13-

27 bp upstream of the poly(A) addition site and specifies the position of the poly(A) 

addition site (Guo and Sherman, 1996). Positioning elements are usually A-rich with 

AAAAAA or AAUAAA being most favored, although again variations can be tolerated 

(Guo and Sherman, 1996). The poly(A) site is usually C(A)n or U(A)„, although other 

sequences are also tolerated (Guo, and Sherman, 1996). 

Since yeast 3' end formation signals show little similarity to those of vertebrates, it 

was surprising that several mammalian 3' end formation proteins have homologs in yeast 

(Manley and Takagaki, 1996). In yeast, 3' end formation is catalyzed by four 

chromatographically separable factors: cleavage factors I and II (CFI and CFII, which 

are unrelated to mammalian CF I„ and CF n^, polyadenylation factor I (PF I), and 

poly(A) polymerase (PAP) (Table 1.1) (Chen and Moore, 1992). Cleavage in vitro 

requires CF I and CF 0, while polyadenylation of precleaved substrates in vitro requires 
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Yeast factor Yeast protein Mammalian homolog Function 

CFIA 

Rnal4 

Pcfll 

CstF-77K 

none 

cleavage and 
polyadenylaton 

Pabl PABH binds poIy(A) tail 

Clpl unknown 

Rnal5 CstF-64K binds U-rich RNA 

CFIB 73K unknown cleavage and 
polyadenylation 

CFH 

Cftl 

Cft2 

BrrSmhl 

90K 

CPSF-160K 

CPSF-IOOK 

CPSF-73K 

unknown 

cleavage 

PFI 

Ythl 

Fipl 

BrrSAf-shl 

Cftl 

CPSF-30K 

CPSF-160K? 

CPSF-73K 

CPSF-160K 

polyadenylation 

PAP Papl PAPl poIy(A) polymerase 
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CF I, PF I, and PAP (Chen and Moore, 1992). The hnpure PAP fraction can be replaced 

by purified Papl, suggestive that no other proteins in this fraction are essential for 

polyadenylation (Chen and Moore, 1992). The amino-terminal two-thirds of yeast Papl 

show a high degree of sequence similarity to the mammalian poly(A) polymerase, while 

the carboxyl-terminal portion shows no homology (Lingner, Kellermann, and Keller, 

1991). Like mammalian PABII (Wahle and Keller, 1992), the yeast poIy(A) binding 

protein (Pabl) has recently been shown to control poly(A) tail length during elongation 

(Minvielle-Sebastia et al., 1997; Amrani et al., 1997a). 

Since CF I is the only factor that is required for both steps of 3' end formation in 

vitro, it is thought to recognize the 3' end formation signals in the RNA (Chen and Moore, 

1992). CF I can be further fractionated into CF lA and CF IB (Kessler, Zhao, and Moore, 

1996). CF lA consists of five subunits (Minvielle-Sebastia et al., 1997; Kessler, Zhao, and 

Moore, 1996): a 76 kDa protein encoded hy RNA 14 (Minvielle-Sebastia, Preker, and 

Keller, 1994; Minvielle-Sebastia et al., 1991), two 70 kDa proteins encoded hyPCFll 

(Amrani et al., 1997b) and PABI (Minvielle-Sebastia et al., 1997), a 50 kDa protein 

encoded by CLPl (Minvielle-Sebastia et al., 1997), and a 37 kDa protein encoded by 

RNAI5 (Minvielle-Sebastia, Preker, and Keller, 1994; Minvielle-Sebastia et al., 1991). 

Pabl is probably only loosely associated with CF I and not a true subunit since Pabl is not 

required for cleavage (Minvielle-Sebastia et al., 1997). CF IB contains a single, 73 kDa 

protein for which the gene has not been identified (Kessler, Zhao, and Moore, 1996). 

Rnal4 shows sequence similarity to the 77 kDa subunit of the mammalian factor CstF 
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(Takagaki and Manley, 1994; Minvielle-Sebastia et al., 1991), while the RNA-binding 

domain of RnalS shows sequence similarity to that of CstF-64K (the protein that binds to 

the GU-rich or U-rich element) (Takagaki and Manley, 1994; Minvielle-Sebastia et al., 

1991). RnalS is probably a functional homolog of CstF-64K as well, since RnalS was 

shown to bind specifically to an RNA sequence that resembles an eflBciency element 

(Takagaki and Manley, 1997) and is the only subunit of CFI that can be cross-linked to 

RNA (Kessler, Zhao, and Moore, 1996). Pcfl 1 has no apparent homology to any known 

proteins (Amrani et al., 1997b). 

CF n consists of four subunits (Zhao, Kessler, and Moore, 1997): a ISO kDa 

protein encoded by CFTI (Zhao, Kessler, and Moore, 1997; Stumpf and Domdey, 1996), 

a 105 kDa protein encoded by CFT2 (Zhao, Kessler, and Moore, 1997), a 100 kDa 

protein encoded by BRR5/YSH1 (Zhao, Kessler, and Moore, 1997; Jenny et al., 1996; 

Chanfi-eau, Noble, and Guthrie, 1996), and a 90 kDa protein for which the gene has yet 

not been identified. Cftl shows sequence similarity to the 160 kDa subunit of the 

mammalian factor CPSF (Stumpf and Domdey, 1996). This finding was surprising since 

CPSF-160K is the protein that binds the highly conserved AAUAAA element in animal 

cell mRNAs (Wahle and Keller, 1996; Keller, 199S); yeast lack such a highly conserved 

sequence (Guo and Sherman, 1996). Cft2 shows sequence similarity to CPSF-IOOK and 

can bind to specific RNA sequences resembling a yeast eflSciency element in the presence 

of ATP, consistent with the requirement of ATP for cleavage (Zhao, Kessler, and Moore, 

1997). This finding was also surprising since CPSF-IOOK has not been shown to bind 
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RNA. BrrSA^shl shows sequence similarity to the 73 kDa subunit of CPSF (Jenny et al., 

1996; Chanfreau, Noble, and Guthrie, 1996). 

In addition, four subunits of PFI have been identified. The protein encoded by 

YTHl shows sequence similarity to the remaining 30 kDa subunit of CPSF (Barabino et 

al., 1997). The protein encoded by FIPl shows limited similarity to CPSF-160K and has 

been shown to bind both Rnal4 and Papl (Murthy and Manley, 1995; Preker et al., 1995). 

Perhaps Fipl provides cooperativity in the binding of the 3' end formation complexes to 

each other to strengthen RNA binding, as is the case for CPSF-160K (Murthy and 

Manley, 1995). Interestingly, Brr5A^shl and Cftl, which are components of CFII, have 

also been shown to be required for polyadenylation; both proteins copurify with Fipl as 

well as with CF n (Zhao, Kessler, and Moore, 1997; Barabino et al., 1997). Perhaps CF 

n and PF I interact in vivo, even though CF n is only required for cleavage and PF I is 

only required for polyadenylation in vitro. 

It is somewhat surprising that some of the yeast homologs of the vertebrate CPSF 

subunits (Cftl, Cft2, BrrS/Yshl, and Ythl) are themselves subunits of two 

chromatographically separable factors. It is also surprising that Cftl, the apparent yeast 

homolog of the AAUAAA-binding protein, is not a subunit of CF I, the complex that 

recognizes the 3' end formation signal and seemingly the functional homolog of CPSF. 

However, it has been suggested that CF II might bind to the positioning element, which 

might be the yeast homolog of AAUAAA (Manley and Takagaki, 1996). It is clear that 

much work remains to be done in characterizing the proteins involved in 3' end formation 
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in yeast and in higher eukaryotes before more meaningflil comparisons can be made. 

Alternative 3' end formation. 

In addition to the general 3' end formation pathway, there are several known 

examples of regulated alternative 3' end formation, both in mammals and in yeast. One 

example is that of the immunoglobulin (Ig) |i heavy chain gene in B-cell development 

(Galli et al., 1987). During the early stages of B-cell development, two types of ji heavy 

chains can be made from the same gene: the secreted form of the n protein produced by 

the m RNA and the membrane-bound form produced by the |i„ RNA. When B cells 

differentiate into plasma cells, only |i, RNA and thus only the secreted |j. protein are 

produced. The m and RNAs are produced by alternative 3' end formation, with the 

poly(A) site of the n, RNA located upstream of the |i„ poly(A) site. The distance between 

the two sites is important for production of the shorter |i, transcript because the use of the 

m poly(A) site is less efficient than that of |i„ (Galli et al., 1987). It was suggested that 

the choice of poly(A) site use is regulated by a competition of the two sites for a common 

limiting factor; the concentration of this factor would then change upon B-cell 

differentiation into plasma cells (Galli et al., 1987). 

A second example of alternative 3' end formation also involves a mammalian 

immunoglobulin gene. The mouse Ig y2b gene, like the Ig n gene, produces both a 

secreted protein and a membrane-bound protein (Edwalds-Gilbert and Milcarek, 1995). 

The pattern of accumulation of the sec RNA (encoding the secreted protein) and the mb 
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RNA (encoding the membrane-bound protein) during B-ceil development is similar to that 

of Ig |i described above. In the case of Ig y2b, it was found that an increase in binding 

activity of the 64 kDa subunit of the general 3' end formation factor CstF during plasma 

cell differentiation results in an increase in use of the weaker, upstream (sec) poIy(A) site 

(Edwalds-Gilbert and Milcarek, 1995). CstF-64K has been shown to bind to the GU-rich 

or U-rich element of the mammalian 3' end formation signal (Takagaki and Manley, 1997; 

MacDonald, Wilusz, and Shenk, 1994). 

Similarly, a decrease in the activity of CstF was shown to be responsible for the 

decreased use of the upstream LI poly(A) site in the adenovirus major late transcript 

(Mann, Weiss, and Nevins, 1993). The major late transcript has five different poly(A) 

addition sites. During the early phase of adenoviral infection, the promoter-proximal LI 

site is used three times as often as the more distal L3 site; during late infection, there is a 

shift to using the downstream L3 site three times more often than the LI site (Mann, 

Weiss, and Nevins, 1993). The L3 site has a stronger GU-rich element than the LI site 

and thus L3 is able to bind CstF more strongly than LI in vitro. Therefore, the decrease in 

the binding activity of CstF (specifically, the 64 kDa subunit) during late adenoviral 

infection favors the use of the stronger, downstream L3 site over the weaker, upstream LI 

site during late infection (Mann, Weiss, and Nevins, 1993). In summary, in two different 

cases, the use of two alternative poIy(A) addition sites of different strengths was shown to 

be regulated by changes in the activity of the general 3' end formation factor CstF 

(specifically, its 64 kDa subunit). 
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The most well-studied example of regulated alternative 3' end formation in yeast is 

that of CBPl. As described above, the levels of the two types of CBPl transcripts is 

regulated reciprocally during the induction of respiration (Mayer and Dieckmann, 1989). 

Previous studies were suggestive that the production of the two types of CBPl transcripts 

is regulated by short transcript 3' end formation in a carbon source-dependent manner 

(Mayer and Dieckmann, 1991; Mayer and Dieckmann, 1989). Chapter Four describes 

several experiments that were aimed at discovering the mechanisms of short transcript 

formation and carbon source-dependent regulation of the levels of the two types of 

transcripts. 

In addition, there are several other yeast nuclear genes that encode multiple 

transcripts with different 3' ends. Several examples are URA2 (Buckholz and Cooper, 

1983), MCMl (Passmore et al., 1988; Elble and Tye, 1991), SUA7 (B. C. Hoopes, 

personal communication), GALl (St.John and Davis, 1981), ALG7 (Kukuruzinska and 

Robbins, 1987), A/0D5 (Najarian et al., 1987), 7^ (Minvielle-Sebastia et al., 1991), 

SIRI (Stone et al., 1991), znAAEP2/ATPI3 (Finnegan et al., 1991). Of these genes, 

RNAI4, SIRI, AEP2/ATPI3, and CBPl produce short transcripts that have 3' ends within 

the coding sequence of the protein encoded by the longer transcripts (Mayer and 

Dieckmann, 1989; Finnegan et al., 1991; Stone et al.l991; Minvielle-Sebastia et al., 1991). 

RNAI4 produces a flill-length, 2.2 kb transcript that encodes a protein necessary for 

general mRNA 3' end formation (Minvielle-Sebastia, Preker, and Keller, 1994; 

Minvielle-Sebastia et al., 1991), as well as two truncated transcripts of 1.5 kb and 1.1 kb. 
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SIR! produces a full-length, 2.4 kb transcript that encodes a protein necessary for 

repression of silent mating-type genes, as well as a truncated 1.7 kb transcript (Stone et 

al.,1991). AEP2/ATP13 produces a full-length, 2.1 kb transcript that encodes a protein 

necessary for the production of the mitochondrially-encoded y47P9 mRNA at a post-

transcriptional step, as well as a truncated 0.6 kb transcript (Finnegan et al., 1991). 

Since AEP2/ATP13 is required for respiration, it would not be surprising if the 

production of the two AEP2/ATP13 transcripts is regulated by carbon source in the same 

way as the two CBPl transcripts; if so, one could predict the existence of a carbon 

source-regulated 3' end formation pathway for respiratory genes. SIRl and RNA14, on 

the other hand, have no known respiratory function; thus, they would not be expected to 

be regulated by carbon source at any level. If the production of the short transcripts of 

SIR J and RNAI4 is also regulated by carbon source in the same way as the short CBPl 

transcripts, one could alternatively predict a more general mechanism in which some 

component of the general 3' end formation machinery is regulated by carbon source during 

respiration. Chapter Five addresses the question of whether other truncated transcripts in 

yeast are regulated by carbon source in a similar manner to that of the CBPl short 

transcripts. 
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CHAPTER TWO 

MATERIALS AND METHODS 

Strains and media 

The Saccharomyces cerevisiae and Escherichia coli strains and plasmids used in 

this study are listed in Tables 2.1 and 2.2. Except where indicated otherwise, yeast strains 

were grown in the following media [all percentages for media are w/v]: YPD (1% yeast 

extract, 2% peptone, 2% glucose), YPG (1% yeast extract, 2% peptone, 3% glycerol), 

and WO (0.67% yeast nitrogen base without amino acids, 2% glucose) (Rose, Winston, 

and Hieter,1990). The necessary amino acids, uracil, and adenine were added to WO to 

the suggested final concentrations (Rose, Wmston, and Hieter, 1990). Minimal 

galactose/sucrose medium was the same as WO, with 2% galactose and 2% sucrose 

instead of 2% glucose. To repress respiration, the strains were grown to a low density in 

minimal salts medium (0.3% yeast extract, 1.2% NH4SO4, 0.7% MgS04, 1% KH2PO4, 

0.5% NaCl, 0.4% CaCy (Koemer et al., 1987) containing 10% glucose overnight without 

agitation; to induce respiration, the strains were grown in minimal salts medium containing 

5% glycerol with vigorous agitation. Copper resistance was tested on gal-trp plates 

(0.67% yeast nitrogen base without amino acids, 2% galactose, supplemented with 

everything except tryptophan) containing various concentrations of copper sulfate. The 

strains used in the co-culture experiment were grown in gly-ura medium (0.67% yeast 

nitrogen base without amino acids, 3% glycerol, supplemented with everything except 

uracil). £. coli strains were grown in LB medium (Sambrook, Fritsch, and Maniatis, 
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Table 2.1. Yeast and E. coli strains. 

Strain Genotype Source or reference 

Yeast strains 

S150-2B MAT^k. ura3-52 his3A leu2-3,112 trp 1-289 

S150/PL S150-2B with LEU2 inserted at the Pstl site 
ofCBPl 

this study 

MMH2 S150-2B with multiple mutations between 
+913 and +1092 ofCBPl (see Figure 3.2), 
and HISS inserted at the BcanYQ. site of 
NUCl 

this study 

S150/HNUC S150-2B with an insertion of HISS at the 
BamYO. site ofNUCI 

this study 

yRP693 MATfx uraS-52 Ieu2-S, 112 rpbl-1 Hatfield et al., 1996 

14 MATa cup 1 A:\URAS leu2 uraS trpl lys2 
ode GAL+ 

Lesser and Guthrie, 
1993 

DSIO MATiL uraS-52 hisS-11,15 leu2-3,112 lys2 
bdrpl GAL2* 

APPR2 S150-2B with an insertion of the Salmonella 
hisG gene in PPR2 

this study 

N5-26/LA1 MATa cbpl-1 adel Ieu2-S,112 Mayer and 
Dieckmann, 1989 

T3I N5-26/LAI transformed with pG60/T31 Mayer and 
Dieckmann, 1989 

E. coli strains 

RRl F- hsdS20{i^ m®) ca'a-14 proA2 lacYl galK2 
rpsL20(StVc{) xyl-5 mtl-1 supE441 recAl 
endAl gyrA96 thi hsdR17{j^vt\ '̂) relAl lac 
[FproAB lacT^TJymS lxilO(tet)] 

Bolivar et al., 1977 
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Table 2.2. Yeast and E. coli plasmids. 

Plasmid Description Source or reference 

Yeast plasmids 

•pRPlgg 

*pCXR 

*pCXL 

'p^iCXR 

•p^iCXL 

pG60/T10 

PG60/T3I 

pRS306 

p2^iMMH2 

pRP22 

CEN plasmid containing an in-frame fusion 
of the first 525 nucleotides of PGKl and 
the coding sequence (without an ATG) of 
CUP I, separated by mXhol site and driven 
bytheG4Z/UAS 

insertion of CBPl sequence between +913 
and +1092 at the A%oI site of pRP188 in 
the sense orientation 

insertion of CBPl sequence between +913 
and +1092 at the Xhol site of pRPl88 m 
the antisense orientation 

pCXR with mutagenized CBPl insert (see 
Fig. 3.6) 

pCXL with mutagenized CBPl insert (see 
Fig. 3.6) 

2|i plasmid containing a 6.7 kb Sau3A 
fragment of chromosome X, including 
CBPl 

same as pG60/TI0 with a 2.4 kb insert 

2n shuttle vector with URAJ (yeast) and 
Amp*^ (£1 co/i) markers and a multiple 
cloning site 

pRP306 containing the MMH2 allele of 
CBPl as well as half of the upstream gene 
PEX2 and the downstream gene NUCl 

CEN plasmid containing the GALl UAS 

R. Parker 

this study 

this study 

this study 

this study 

Dieckmann, 
Homison, and 

Tzagolofi^ 1984 

Dieckmaim, 
Homison, and 

Tzagolofl^ 1984 

Sikorski and 
Meter, 1989 

this study 

R. Parker 
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Plasmid Description Source or reference 

P-81CBP1 

P-81MMH2 

pGen 

pVec 

pG95/ST3-2 

E. coli plasmids 

Bluescript 
KS+ 

pBS+ 

pBSl-2 

pBSl-3.5 

pMMf 

pRP22 containing the wildtype CBPl gene 
starting at -81 

same as p-81CBPl except containing the 
MMH2 aUele oiCBPl 

2\i plasmid containing the Neo*^ gene 
between the GPDl promoter and the 3' 
UTR oiPGKl, with TRPl and URA3 
selectable markers 

pGen lacking the Neo'^ gene (vector 
control) 

YEp352 containing a 4 kb Xbal fragment 
which includes AEP2/ATP13 

T3 and T7 RNA polymerase promoters 
flank the multiple cloning site in the KS 
orientation, with the fl origin in the + 
orientation 

T3 and T7 RNA polymerase promoters 
flank the multiple cloning site, with the fl 
origin in the + orientation 

pBS+ with the 700 bp Bcan}S.-Hindni 
fragment of CBPl inserted 

pBS+ with the 800 bp Hindni-Clal 
fragment of CBPl inserted 

Bluescript KS+ with a mutagenized CBPl 
insert (see Fig. 3.6) at the A%oI site 

this study 

this study 

this study 

this study 

S. Ackerman 

Stratagene 

Stratagene 

Mayer and 
Dieckmann, 1989 

Mayer and 
Dieckmann, 1989 

this study 
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Plasmid Description Source or reference 

pKimSR BcanY{l-Bgni fragment of the CBPl-NUCl 
region with an insertion of HIS3* at BamHL 
of NUCl. 5jarHII and Ncol sites were 
added to CBPI at +914-919 and +1085-
1090 respectively. The fragment was 
inserted at BarriHl and Smal of pBS+ 

this study 

HCH-NN/His Hpal-Ncol fragment of the CBPL-NUCI 
region of pKim3R containing the 
mutagenized CBPI fragment (see Fig. 3.6), 
inserted between Smal and Xhol of 
Bluescript KS+ 

this study 

pKS/ACXr Bluescript KS+ containing the 
approximately 600 bp Clal fragment of 
ACTl 

Staples and 
Dieckmann, 1993 

pRP597 pGEM3Z containing a BamHi-Kpnl 
fragment q^PGKI 

R. Parker 

pKS/GIu insertion of the Bcml^L-Taql fragment 
(-1350 to -1115 relative to COB ATG at 
+1) of the COB-tRNA°'" cotranscribed 
region between the BamHl and C/al sites 
of Bluescript KS+ 

this study 

pKS/COB-BT Bluescript KS+ containing a PCR-amplified 
fragment of COB (-324 to +105) at the 
EcoKL site 

this study 

pLP75 Bluescript KS+ containing a 2.9 kb Smal-
Hindni fragment which includes SIRI 

E. Stone 

pLM4 pUCl9 containing a/f/wdin fragment 
which includes the coding sequence of 
RNA14 

E. Mandart 

'These plasmids were in strain 14 or DSIO. Strain and plasmid names are identical except 

that plasmid names begin with "p," while strains begin with "F' (for 14) or'T)" (for DSIO). 
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1989); ampicillin was added to a final concentration of 100 |ig/ml where required. Solid 

media contained 2% agar. 

Plasmid construction and DNA manipulation 

All en2ymes and restriction endonucleases were purchased fi-om Boehringer 

Mannheim (Indianapolis, Indiana), except ^j^HII and Ncol which were purchased from 

New England Biolabs (Beverly, Massachusetts). Plasmids were constructed using 

standard techniques (Sambrook, Fritsch, and Maniatis, 1989). All oligonucleotides were 

synthesized by the Arizona Research Laboratory Biotechnology Facility (University of 

Arizona), except for the RACE primers, which were synthesized by National Biosciences, 

Incorporated (Plymouth, Minnesota). 

To abolish short CBPl transcript formation, the 180 bp 3' end formation element 

(nucleotides +913 to +1092, relative to the ATG at +1) was synthesized in vitro as 3 pairs 

of complementary oligonucleotides (Table 2.3) with as many A and T residues as possible 

changed to C and G residues without altering the coding sequence of Cbpl. ATroI linkers 

were included on the 5' end of the 5' pair and the 3' end of the 3' pair. Each pair of 

oligonucleotides was ligated to appropriately restricted Bluescript KS+ (Stratagene, La 

Jolla, California) and the inserts were sequenced with the Sequenase Version 2.0 DNA 

sequencing kit (United States Biochemical Corp., Cleveland, Ohio) using T3 and T7 

primers. The three inserts were then removed and ligated together in Bluescript KS+ to 

create pMMf Proper construction of pMMf was verified by sequence analysis. The 

CBPI insert of pMMf then was excised with ^jjHII and Ncol, which lie immediately 
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Name Sequence Description 

scRl 

PGKl 

CUPJ 

MMIS 

MMIA 

MM2S 

MM2A 

MM3S 

MM3A 

+Ncol 

GTCTAGCCGCGAGGAAGG 

AACACCGTCATCATTGG 

TTGCAGCTACCACATTGGCAT 

TCGAGAGCGCGCACGACAGCAGGATCATCTACA 
AGGTCTTCAAGA.TCTGCACCCACAACCGGGCCT 
ACCGAT 

CGATCGGTAGGCCCGGTTGTGGGTGCAGATCTT 
GAAGACCTTGTAGATGATCCTGCTGTCGTGCGC 
GCTC 

CGATCTGCAGCGAGATGTTCTGGCAGCTGACCC 
CCGAGTACTACTGCAACAACCCACTGATCCTGC 
CGGCG 

AATTCGCCGGCAGGATCAGTGGGTTGTTGCAGT 
AGTACTCGGGGGTCAGCTGCCAGAACATCTCGC 
TGCAGAT 

GATCCGCCGGCCATCATCGACTTCATCACCAAG 
CAGGACAGCCTCACCATGGCCC 

TCGAGGGCCATGGTGAGGCTGTCCTGCTTGGTG 
ATGAAGTCGATGATGGCCGGCG 

CTCTTTAACCATGGCCAAG 

Normalization probe 

PGKJ +1384 to + 1400 

CUP I antisense from -54 
to-34 

MMH2 allele oiCBPl 
from +913 to +979 with a 
Xhol site added to the 5' 
end and a Clal site added 
to the 3' end (sense strand) 

Antisense of MMIS 

MMH2 aUele ofCBPl 
from +980 to +1049 with a 
Clal site added to the 5' 
end and an EcdBl site 
added to the 3' end (sense 
strand) 

Antisense of MM2S 

MMH2 aUele of C5Py 
from +1044 to +1092 with 
a BcariBl site added to the 
5' end and a Xhol site 
added to the 3' end (sense 
strand) 

Antisense of MM3S 

CEP I +1077 to +1095 with 
a Ncol site added 
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Name 

+BssHn 

3' cDNA 

PCR adaptor 

C5P/+700 

ATPI3+1%0 

57/?y+1395 

SIR1+\621 

RNA14+193 

RNA 14+^19 

RNA14-\-\m 

Sequence 

CACTATGTTTCCATTAGCGCGCATGATTCCAGA. 
AT 

GCGTCGACTCTAGAGAATTC(T) „ 

GCGTCGACTCTAGAGAATTC 

AAGGCCCTCGGCTTAAGTAATG 

GGTATACCTATAGATGTTCACA 

GGGGTACCGGAAGACCTTTTGATTACTCT 

TATCAAGATCCTATCCCG 

CGGGATCCCCACAACCAGGTACCTCAG 

GCTTAGTGAAGATATGCT 

CGGGATCCCTCAAACTTTACTATCGCAG 

RNA14+\2'&0 CGGGATCCCAGGACTATCCGCAGCAC 

T3 

T7 

ATTAACCCTCACTAAAG 

AATACGACTCACTATAG 

Description 

CBPl +898 to +932 with a 
site added 

First strand cDNA 
synthesis primer 

PCR adaptor primer (3') 

CBPl +700 to +720 

ATP13 +280 to +301 

SIRl +1395 to+1415 with 
a Kpnl site added to the 5' 
end 

SIRl +1627 to +1644 

RNA14 +793 to +811 with 
a BcanhS. site added to the 
5' end 

RNA14 +879 to +896 

+1127 to+1146 
with a BamYH site added to 
the 5' end 

RNA14 +1280 to +1297 
with a BarnHL site added to 
the 5' end 

T3 promoter primer 

T7 promoter primer 

All oligonucleotides are listed 5' to 3'. 
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adjacent to the Xhol sites within the mutated CBPI sequence. The CBPI fragment was 

ligated to the full-length CBP/ gene in plasmid pKim3R in place of the wildtype sequence 

(which had a BjsHII site at +914 to +919 and a JVcoI site at +1085 to +1090 added by 

site-directed mutagenesis). The resulting plasmid (nCH-NN/FBs) also contains NUCl, 

which lies immediately 3' of CBPI in the genome (Liu and Dieckmann, 1989), interrupted 

with HISS* to allow for selection for integration of the CBPI-NUCl construct into the 

genome. 

Transfonnation of yeast and E. coli 

Yeast (Gietz and Schiestl, 1991) and E. coli (Hanahan, 1985) strains were 

transformed as described previously. nCH-NN/His was integrated into the genome of 

S150/PL, which hs&^LEU2* insertion in CBPI and a wildtype copy of NUCl, by a one-

step gene replacement as follows: 200 |ig of plasmid was digested with Apal and Xbal to 

liberate the CBPI-NUCI construct, phenol extracted, chloroform extracted, ethanol 

precipitated, and transformed du^ectly into S150/PL. The cells were plated onto WO 

plates supplemented with leucine, tryptophan, and uracil to select for His* transformants. 

His* transformants were replica-plated onto WO plates supplemented with uracil and 

tryptophan to ensure that they were Leu*, and were also replica-plated onto YPG plates to 

screen for respiratory competency. MMH2 was one of many His*, Leu' transformants, all 

of which were respiratory competent. 

Random PCR mutagenesis 

The 180 bp CBPI insert of pCXR was amplified by mutagenic PCR in the 
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presence of Mn"^ as described (Staples and Dieckmann, 1993), using primers homologous 

to sequences in PGKl and CUP 1. One microgram of the PGR products was transformed 

directly into 14 as described previously (Muhlrad, Hunter, and Parker, 1992), along with 

one microgram of pCXR linearized with Xhol. Transformants were selected for the 

presence of the plasmid and then screened for increases in Cu^ resistance relative to the 

strain transformed with the wildtype plasmid pCXR. Twenty-two transformants were 

chosen that were able to grow on plates containing higher levels of Cu"^ than ICXR but 

lower levels than the strain containing only the vector pRP188. The plasmids were 

isolated from each strain, amplified in and isolated from E. coli, and sequenced using the 

Sequenase version 2.0 DNA sequencing kit with the PGKl primer. 

Yeast DNA isolation and Southern blot analysis. 

Total yeast DNA was isolated essentially as described (Elion and Warner, 1986), 

with the following minor changes: lysis was done at 37°C, the potassium acetate 

precipitation lasted 30 minutes, and the precipitate was removed by centrifugation for 15 

minutes at 9000 rpm (Sorvall SA600 rotor). Southern blot analysis was performed as 

described (Mittelmeier and Dieckmann, 1990), with the following modifications: DNA 

was crosslinked to the Nytran membrane in a Stratalinker (Stratagene, La Jolla, 

California), the blot was washed in 250 ml 5X SSG for 20 minutes at 45°C prior to 

hybridization, and the blot was washed following hybridization for 15 minutes at room 

temperature in 250 ml 2X SSC + 1% SDS followed by four 5-minute washes at room 

temperature in 5 mM Tris-HCl pH 8.0. 



RNA isolation and Northern blot analysis 

Total RNA from aliquots of strains MMH2 and SI50-2B frozen at each time point 

of the induction, or from mid-Iogarithmically growing cultures of 14 or DSIO containing 

the wildtype and mutagenized pCXR plasmids, was isolated by the hot phenol method as 

described previously (Kohrer and Domdey, 1991), with several modifications. The 

aliquots were resuspended in 25 ml Buflfer A (50 mM sodium acetate, 10 mM EDTA, pH 

5.0) per liter of culture followed by the addition of 2.5 ml 10% SDS (w/v) and 25 ml 

Buflfer A-equilibrated phenol. The samples were incubated at 65°C for 4 minutes with 

agitation and occasional vortexing to keep the phases mixed. The phases were separated 

by a 3-minute centrifijgation at 3600 x g, and the aqueous phases were removed to new 

tubes. An equal volume of phenol was added, and samples were again incubated at 65°C 

and centrifiiged as above. The aqueous phases were extracted with an equal volume of 

Buflfer A-equilibrated phenol/chloroform (1:1, v/v) followed by extraction with an equal 

volume of chloroform. The RNA was precipitated at -20°C for >1 hour using 1/12.5 

volume 3M sodium acetate and 2 volumes 100% ethanol, washed with 70% ethanol (v/v), 

and resuspended in diethylpyrocarbonate (DEPC)-treated water. RNA concentration was 

determined by measurement of the Ajg,,. 

Poly(A)^ RNA was enriched from total RNA by batch purification using oligo(dT)-

cellulose (Pharmacia, Piscataway, New Jersey). RNA samples (suspended in 1 ml DEPC-

treated HjO) were denatured at 70°C for 5 minutes, placed on ice, diluted with an equal 

volume of 2X loading buflfer (IX loading buflfer is 0.02 mM TrisCl [pH 7.5], 0.5 MNaCl), 



added to the oIigo(dT)-celluIose (prepared by washing oligo(dT)-celIuIose 3 times with 2 

ml IX loading buflfer), and vortexed. The samples were aimealed to the matrix overnight 

at room temperature on a Labquake Shaker (Labindustries, Inc., Berkeley, California). 

The RNA-annealed matrices were washed 3 times with 5 ml loading buffer. Poly(A)'^ 

RNA was eluted from the matrices by incubating 6 times on a Labquake Shaker for 0.5-2 

hours each with 2 ml 0.01 M TrisCl (pH 7.5) at 42°C. The eluted fractions were pooled 

and ethanol-precipitated at -20°C overnight. Precipitated RNA was pelleted by 

centrifiigation at 7100 x g for 30 minutes, washed with 70% ethanol (v/v), air-dried, and 

resuspended in DEPC-treated HjO. RNA concentration was determined as described 

above. 

RNA was separated by electrophoresis on vertical agarose gels (containing 10 mM 

methylmercuric hydroxide (Johnson Matthey Electronics, Ward ECU, Massachusetts) if 

indicated m the figure legend). The gels were soaked in 50 mM sodium hydroxide 

(containing 0.1% 2-mercaptoethanoI (v/v) if the gel contained methylmercuric hydroxide), 

stained with ethidium bromide in TB (0.083 M Tris base, 0.089 M boric acid), and 

destained in TB. Northern blot analysis was performed as described previously 

(Mittelmeier and Dieckmaim, 1990), except that, following hybridization with riboprobes 

or random-primed probes, the blots were washed for 1 hour in 2X SSC (IX SSC is 150 

mM NaCl, 15 mM trisodium citrate), 0.5% SDS (w/v) at 45°C and then washed for 1 hour 

in 0. IX SSC, 0.5% SDS (w/v) at 65''C. Blots hybridized with the scRl oligonucleotide 

probe (see Table 2.3) were washed in 6X SSC, 0.1% SDS three times for 5 minutes each 
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at room temperature followed by a 20 minute wash at 45°C. 

Determination of mRNA half-lives 

The rpbI-1 strain yRP693 (Hatfield et al., 1996) transformed with either p-

81CBP1 or P-81MMH2 was used to determine the half-lives of the wildtype and mutant 

long CBPl transcripts by the galactose-driven transcriptional pulse-chase method as 

previously described (Decker and Parker, 1993). Cells were grown overnight in the 

neutral carbon source rafSnose at the permissive temperature and a pulse of transcription 

was induced by incubating the cells in galactose at the permissive temperature for 10 

minutes. Transcription was repressed by the addition of glucose and a rapid shift to the 

restrictive temperature. Total RNA was isolated fi-om aliquots quick-fi-ozen at 2-minute 

intervals after repression of transcription and Northern analysis was performed on 5 |ig of 

each sample as described above. 

The carbon source dependence of the half-lives of the CBPl transcripts was 

measured using yRP693 transformed with either pG60/T10 (wildtype) or p2nMMH2 

(mutant). The strams were grown overnight without shaking at the permissive 

temperature in minimal salts medium containing 10% glucose to repress respiration, to a 

low density. The cells were harvested and half of each culture was resuspended in the 

same medium and incubated at the permissive temperature without shaking for 8 hours. 

The other half of each culture was resuspended in minimal salts medium containing 5% 

glycerol and incubated at the permissive temperature with vigorous agitation to mid-log 

phase. The cells were harvested and resuspended in 10 mL of the same medium, and 



58 

incubated at the permissive temperature with agitation for 10 minutes to allow 

transcription of the CBPl mRNAs. The cultures were rapidly shifted to the restrictive 

temperature and diluted with an equal volume of prewarmed medium. Aliquots were 

harvested and frozen at 3 minute intervals after the temperature shift. Total RNA was 

prepared from each aliquot and Northern analysis of 10 ^g of each sample was performed 

as described above. 

Preparation of probes 

The CBPl cRNA probes CBPl-2 and CEP 1-3.5 (Mayer and Dieckmann, 1989), 

the ACTl cRNA probe pKS/ACTr (Staples and Dieckmann, 1993), the COB cRNA 

probe pKS/COB-BT, the tRNA°'" cRNA probe pKS/Glu, the SIRl cRNA probe 

pG95/ST3-2, and the PGKl cRNA probe pRP597 were radiolabeled with [a^^]UTP 

(ICN, Costa Mesa, California) by in vitro transcription using T3 {CBPl, ACTl, COB, 

tRNA°'^, and SIRl) or T7 (PGKl) RNA polymerase (Boehringer Mannheim) according to 

the manufacturer's instructions. The scRl RNA oligonucleotide probe was radiolabeled at 

the 5' end with [t^^JATP (ICN) using T4 polynucleotide kinase (Boehringer Mannheim) 

according to the manufacturer's instructions. A 520 bp EcoRl-Pstl fragment of pLM4 

(RNA14) and an 1100 bp BglTL-Scal fragment of pLP75 (AEP2/ATPI3) were gel purified 

and uniformly labeled with [a^^]dATP (ICN) using the Random Primed DNA Labeling 

Kit (Boehringer Maimheim) according to the manufacturer's instructions. Quantitation of 

RNA levels was performed using a Betascope Analyzer (Betagen, Waltham, 
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Massachusetts) or a Phosphorlmager (Molecular Dynamics, Sunnyvale, California). The 

numbers shown in Tables 3.3, 3.4, and 5.1 were derived by subtracting the background 

level from the signal for each transcript, and then dividing the corrected value by the level 

of scRl RNA (Table 3.4) or ACTI mRNA (Tables 3.3 and 5.1) for each lane of the gel. 

Transcript levels at the 0 hour time point in the wildtype strain were then set to 1.00, and 

the remaining values were adjusted accordingly. 

Co-culture experiment 

SISO/HNUC and MMH2 were transformed with pGen and pVec to generate 

strains S150/HNUC/pGen, S150/HNUC/pVec, MMH2/pGen, and MMH2/pVec. Sue 

transformants of each strain were used to inoculate individual 2 ml cultures of gly-ura 

medium; cultures were grown at 30°C with agitation to stationary phase and diluted 1:100 

into fresh 2 ml cultures, for three such passages. One transformant of each strain was 

chosen for co-culturing based on similar growth rates. Fresh 2 ml cultures were 

inoculated with each strain and incubated at 30°C with agitation to stationary phase (3 

days). Each culture was counted using a hemacytometer and fresh 2 ml cultures were 

inoculated to 2 10® cells/ml. Mukiple tubes of each co-culture (MMH2/pGen + 

S150/HNUC/pVec, and MMH2/pVec + S150/HNUC/pGen) were inoculated to 1 10® 

cells/ml for each strain. Three gly-ura plates containing different numbers of cells from 

each tube were plated immediately and incubated at 30°C until large colonies appeared (4-

6 days). The plates were then replica-plated onto fresh gly-ura plates and also onto YPD 

plates containing 0.1 mg/ml geneticin to score for the presence of pGm (to distinguish 
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between the strains). The liquid cultures were incubated at 30°C with agitation to 

stationary phase (3 days) and then diluted 1:100 in fresh medium; each culture was 

passaged 14 times in this manner. The cultures were plated on gly-ura plates after the 

seventh (second experiment) or tenth (first experiment) and fourteenth passages and then 

replica-plated as described above. 

Mapping of mRNA 3' ends 

cDNA clones containing the 3' ends of the short transcripts of CBPl, 

AEP2/ATP13, SIR J, and RNA14 were isolated as described in the RACE protocol 

(Frohman, Dush, and Martin, 1988), with a PGR annealing temperature of 54°C, using 

AMV reverse transcriptase and Taq polymerase from Boehringer Mannheim. The first-

strand cDNA synthesis (3') primer contained restriction sites for Sail, Xbal, and EcdSl 

and a run of 17 T residues. (The sequences of the oligonucleotides are listed in Table 

2.3.) The corresponding 3' PGR adaptor primer was identical except that it lacked the 

(T),7 extension. The CfiPZ-specific 5' primer CBP1+100 matched the sequence of CBPl 

starting at +700 relative to the ATG at +1. The AEP2/ATP13-s^QC\fLC 5' primer 

ATP13+2%0 matched the sequence of AEP2/ATP13 starting at +280. The 5ZR7-specific 5' 

primer SIRl+\395 matched the sequence of SIRl starting at +1395, with a f^nl site 

added at the 5' end. The /^-specific 1.1 kb-transcript 5' primer RNA14+793 matched 

the sequence of RNA14 starting at +793, with a BaniiS. site added at the 5' end. The 

/-/-specific 1.5 kb-transcript 5' primer 7^+1127 matched the sequence ofRNA14 

starting at +1127, with a BcariiS. site added at the 5' end. 



The PGR products were digested with £coRI (m the 3' primer) and the following 

restriction enzymes: CBPl, HirnSBl (starting at +793); AEP2/ATPI3, Xhol (starting at 

+321); SIR], Kpnl (in the 5' primer); and RNA14, BaniHl (in the 5' primer). The 

fragments were gel-purified and ligated to appropriately restricted Bluescript KS+. 

Miniprep DNA was sequenced using T7 and T3 primers and the Sequenase version 2.0 

DNA sequencing kit. Several RNAI4 1.1 kb-transcript clones were sequenced using the 

RNA14+%19 primer, several RNA14 1.5 kb-transcript clones were sequenced using the 

RNA14+\2%Q primer. Several SIRl clones were sequenced using the 57i?7+1627 primer. 
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CHAPTER THREE 

PREMATURE 3' END FORMATION OF CBPl mRNA RESULTS IN THE 

DOWNREGULATION OF CYTOCHROME b mRNA DURING THE 

INDUCTION OF RESPIRATION IN SACCHAROMYCES CEREVISJAE 

ABSTRACT 

The yeast mitochondrial genome encodes only seven major components of the 

respiratory chain and ATP synthase; more than 200 other mitochondrial proteins are 

encoded by nuclear genes. Thus, assembly of functional mitochondria requires coordinate 

expression of nuclear and mitochondrial genes. One example of coordinate regulation is 

the stabilization of mitochondrial COB (cytochrome b) mRNA by Cbpl, the product of 

the nuclear gene CBPl (cytochrome b processing). CBPl produces two types of 

transcripts with different 3' ends; full-length 2.2 kb transcripts and 1.2 kb transcripts 

truncated within the coding sequence of Cbpl. Upon induction of respiration, the steady-

state level of the long transcripts decreases while that of the short transcripts increases 

reciprocally, an unexpected result since the product of the long transcripts is required for 

COB mRNA stability and thus for respiration. Since a protein translated from the short 

transcripts was not detected by Western analysis (Sparks, Mayer, and Dieckmann, 1997), I 

tested the hypothesis that the short transcripts themselves are required for respiration. 

The signal for 3' end formation in yeast is not well defined. Strains containing random 

point mutations in the short transcript 3' end formation element were unsuccessfiil in 
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altering the ratio of long to short transcripts. Next, I made a mutant strain m which 

production of the short transcripts was abolished through more extensive mutagenesis. 

This strain showed wildtype growth properties, indicative that the short transcripts are not 

required for respiration. Due to mutation of the carbon-source responsive element, the 

long transcript level in the mutant strain did not decrease during induction of respiration. 

The mutant strain had increased levels of COB RNA, suggestive that production of short 

CBPI transcripts is a mechanism for downregulation of the levels of long CBPl 

transcripts, Cbpl, and COB mRNA during the induction of respiration. 

INTRODUCTION 

The yeast Saccharomyces cerevisiae is a facultative organism; it can obtain energy 

by either respiration or fermentation (for a review, see Tzagolofif and Dieckmann, 1990; 

Pon and Schatz, 1991). Since respiration is not essential, respiratory-deficient mutant 

strains can be isolated and maintained on a fermentable carbon source such as glucose. 

Nuclear mutations describe more than 200 genes required for mitochondrial fimction (for 

a review, see Tzagolofif and Dieckmarm, 1990). A subset of the nuclear gene products 

interacts with mitochondrial mRNAs to promote stability, processing, and translation (for 

a review, see Dieckmarm and Staples, 1994). One example of such an interaction is that 

between Cbpl and COB (cytochrome b) RNA. Cbpl is encoded by the nuclear gene 

CBPl (cytochrome b processing) and is imported into mitochondria, where it is necessary 

for the production of stable COB mRNA (Weber and Dieckmann, 1990; Staples and 



Dieckmann, 1993; Mittelmeier and Dieckmann, 1993; Dieckmann, Koemer, and 

Tzagolofl^ 1984; Chen and Dieckmann, 1994). 

The CBPI gene produces two types of transcripts that differ at the 3' end (Figure 

3.1; see Mayer and Dieckmann, 1989). The fiill-length transcripts are 2.2 kb in length; the 

shorter transcripts are 1.2 kb in length and have 3' ends within the coding sequence of 

Cbpl. Production of the 2.2 and 1.2 kb transcripts is differentially regulated by carbon 

source (Mayer and Dieckmann, 1991; Mayer and Dieckmann, 1989). When cells are 

switched from a fermentable carbon source (e.g., glucose) to one that requires respiration 

(e.g., glycerol), the steady-state level of the long transcripts decreases and that of the short 

transcripts increases (Mayer and Dieckmaim, 1989). The decrease in the level of the long 

transcripts was unexpected since disruption of the coding sequence 3' of the mapped ends 

of the short transcripts leads to respiratory deficiency (Mayer and Dieckmann, 1989). 

This respiratory deficiency is due to the truncation of fiill-length Cbpl, which has an 

apparent mature mass of 66 kDa on SDS-poIyacrylamide gels (Weber and Dieckmann, 

1990). The function of short transcript formation has remained a mystery. I hypothesized 

that, since the level of the short transcripts increases during the induction of mitochondrial 

function, a product of the short transcripts or the short transcripts themselves might also 

be required for respiration. 

Although the short CBPI transcripts are associated with actively translating 

polyribosomes, a protein translated fi-om these transcripts was not detected by Western 

blot analysis of whole-cell protein extracts (Mayer, 1990; Sparks, Mayer, and Dieckmarm, 
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1997). An in-frame fusion of the CBPl short transcript 3' end formation element to the 

reporter gene CUP I was used as an assay for point mutations that eradicate short 

transcript formation. However, this approach failed to produce mutants that lacked the 

short transcripts. Therefore, abolition of the production of the short CBPl transcripts 

through more extensive mutagenesis of the 3* end formation signal resulted in constitutive 

rather than decreased levels of long CBPl transcripts and a corresponding increase in the 

level of COB mRNA during the induction of respiration. Therefore, production of the 

short CBPl transcripts appears to be a mechanism for regulating the level of long 

transcripts and COB mRNA during induction of mitochondrial function. 

RESULTS 

Two types of polyadenylated RNAs are produced from the CBPl gene template 

(Figure 3.1; see Mayer and Dieckmann, 1989). The full-length, 2.2 kb RNAs encode a 

protein, Cbpl, that is imported into mitochondria where it is necessary for the 

accumulation of mature cytochrome b mRNA (Weber and Dieckmarm, 1990; Staples and 

Dieckmann, 1993; Mittehneier and Dieckmann, 1993; Dieckmann, Koemer, and 

Tzagolofi^ 1984; Chen and Dieckmaim, 1994). Truncated, 1.2 kb transcripts are also 

produced from the CBPl gene, sharing 5' ends with the full-length transcripts but having 

3' ends that map to several different positions within a 58 bp region in the middle of the 

Cbpl coding sequence (Mayer and Dieckmann, 1989) (see Figure 5.3). Since the steady-

state concentration of the 1.2 kb RNAs increases when yeast cells are induced to 
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Figure 3.1. The expression of the two CBPl transcripts is regulated by carbon source. 

CBPl produces two types of transcripts that share common 5' ends but differ at the 3' 

ends. The full-length transcripts are 2.2 kb long and encode a protein necessary for the 

accumulation of mature COB transcripts in mitochondria. The short transcripts are 1.2 kb 

long and have 3' ends within the coding sequence of the long transcripts. When wUdtype 

yeast strains are switched from a fermentable carbon source such as glucose to a 

nonfermentable carbon source such as glycerol, the steady-state level of the long 

transcripts decreases and the steady-state level of the short transcripts increases (Mayer 

and Dieckmann, 1989). 
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respire, and the steady-state concentration of the 2.2 kb RNAs decreases (see Figure 3.1), 

I hypothesized that the shorter transcripts may have a fimction that is necessary for 

respiration. 

Random point mutations within the short transcript 3' end formation element fail to 

eradicate short transcript formation. 

In order to determine the function of the short CBPl transcripts, I sought to 

determine whether undetectable levels of translation products from the short transcripts or 

the short transcripts themselves are necessary for respiration by mutating the mid-gene 3' 

end formation signal. Since the short CBPI transcripts do not produce a stable protein 

(Mayer, 1990; Sparks, Mayer, and Dieckmann, 1997), a plasmid-based assay for short 

transcript formation was developed (Figure 3.2). CUP I encodes a copper-binding 

metallothionein-like protein; the concentration of copper sulfate tolerated by yeast is 

directly proportional to the amount of Cupl produced (Fogel et al., 1983; Welch et al., 

1983; Hamer, Thiele, and Lemontt, 1985). Thus, I reasoned that insertion of the CBPl 

short transcript 3' end formation element upstream of the coding sequence of CUPl 

should result in 3' end formation upstream of CUPl and should decrease the concentration 

of Cu"^ that can be tolerated by the yeast strain, since the mid-gene 3' end formation 

element is not very efiBcient. As a negative control, the 3' end formation element was 

inserted into pRP188 in the antisense orientation, to create pCXL; the antisense 

orientation of the element introduces several stop codons upstream of the CUPl coding 

sequence. Mutagenesis of the 3' end formation element should allow increased 
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Figure 3.2. CUP I fusion plasmid used as an assay for short transcript formation. The 

plasmid pRP188 (pictured) contains an in-frame fusion of the first 525 bp of PGKl (to 

provide sequences for translation initiation) to the coding sequence of CUP I, separated by 

a unique Xhol site. The fusion construct is driven by the GALl UAS, which is 

transcriptionally induced by growth on medium containing galactose. The wildtype and 

mutant 180 bp CBPI short transcript 3' end formation elements were ligated to ih&Xhol 

site (using linkers) in both the sense and antisense orientations to form the plasmids pCXR 

(wildtype, sense), pfiCXR (mutant, sense), pCXL (wildtype, antisense), and p^CXL 

(mutant, antisense). The wildtype plasmid pCXR was randomly mutagenized to create the 

point mutants described in Figure 3.3 and Table 3.1. 
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readthrough into the CUPl gene and thus the mutants should be able to tolerate higher 

concentrations of Cu^ than the wildtype strain. 

The 180 bp short transcript 3' end formation element (Mayer, and Dieckmann, 

1991) was fused in-frame between the first 525 nucleotides of PGKl and the coding 

sequence of the reporter gene CUPl to create plasmid pCXR; the entire construct was 

driven by the GALl UAS (Figure 3.2) and transformed into 14, a yeast strain with a 

disruption of the genomic CUPl gene (Lesser and Guthrie, 1993). The short transcript 3' 

end formation element in pCXR was mutagenized by randomly mutagenic PCR in the 

presence of manganese using primers complementary to sequences in PGKl and CUPl. 

Mutants were screened for increased Cu"^ resistance relative to the strain containing the 

wildtype plasmid pCXR (ICXR) but lower than that of the strain containing only the 

vector pRP188 (IRP188). The CBPl inserts of twenty-two mutagenized plasmids with 

increased Cu"^ resistance were sequenced (Figure 3.3); Table 3.1 shows the location of 

the mutation in each plasmid and the maximum Cu"^ concentration tolerated by 14 

transformed with each plasmid. Sbc of the mutants had wildtype CBPl inserts (and 

presumably mutations elsewhere) while two mutants had inserts that were unrelated to 

either CBPl or CUPl. These eight mutants were not studied further. The remaining 

fourteen mutants comprised twelve classes, each having a single point mutation ui the 

CBPl insert. 

The increased level of Cu^ tolerance of each of the twelve classes of mutants 

relative to ICXR was suggestive that the mutations had caused a decrease in 3' end 
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Figure 3.3. Location of mutations in twelve mutagenized fusion plasmids. The wildtype 

sequence of the CBPI insert is shown on the numbered lines, with the location of each 

point mutation marked below the wildtype sequence. The overlined sequences represent 

possible efBciency elements and the double underlined sequences represent possible 

positioning elements of yeast 3' end formation signals. Letters in boldface represent 

the polyadenylation sites. Numbers represent nucleotide positions relative to the ATG at 

+1. 



+ 913 TCT GCA CAT GAT TCC AGA ATC ATT TAT AAA 

+ 943 GTC TTC AAG ATT TGT ACC CAT AAT AGA GCC 
I I 
C G 

+973 TAT AGA TCT ATA TGT AGC GAA ATG TTT TGG 
I I I 
C G G 

+ 1003 CAA TTA ACT CCA GAG TAC TAT TGT AAT AAC 
I I I I I 
G G G C G 

+ 1033 CCT TTG ATA TTA CCG GCA ATT ATT GAC TTC 
I I 
C C 

+ 1063 ATT ACA AAG CAA GAC TCT TTA ACA ATG GCC 



Table 3.1. Mutations and copper resistance of mutagenized fusion plasmids. 
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Strain CBPI insert [Cu*"]^ 

14 no plasmid 0.05 

IRP188 no insert 0.5 

rcxR wildtype, sense 0.075 

ICXL wildtype, antisense 0.05 

11-6 TIOSSC 0.3 

11-23 wildtype' 0.15 

12-17 A952G 0.15 

12-18 A1009G 0.2 

12-21 T973C 0.3 

12-33 unrelated sequence 0.15 

12-35 same as 2-33 0.15 

14-22 wildtype® 0.15 

15-7 A992G 0.25 

15-12 A1028G 0.2 

15-15 wildtype® 0.15 

15-17 wildtype® 0.15 

15-22 wildtype® 0.15 

17-2 T1061C 0.2 

17-24 A1019G 0.3 

17-30 T946C 0.2 

17-32 wildtype® 0.2 

17-37 A1022G 0.2 



Strain CBPI insert [Cu^]' 

18-1 A976G 0.3 

19-7 T1024C 0.25 

19-15 A992G (same as 15-7) 0.25 

19-26 T1055C (same as 11-6) 0.3 

"Maximum concentration of copper sulfate, in mmol/L, in solid medium on which the 

strain was able to grow. 

'T^omenclature of the mutants is as follows: wildtype base, nucleotide position of 

mutation, mutant base. 

®No mutations were found in the CBPI insert. The sequence of the remainder of the 

construct was not determined. 
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formation in the CBPI element, allowing increased readthrough of the CUP I gene and 

thus allowing increased production of Cup 1. To test this prediction, total RNA was 

prepared from each strain and analyzed by Northern blot to determine whether the level of 

short transcripts had decreased in the mutants relative to ICXR (Figure 3.4). In spite of 

the increase in copper tolerance, all twelve mutant strains still produced short fusion 

transcripts. All 12 mutants had the same ratio of long to short fusion transcripts as the 

wildtype ICXR as judged by visual inspection of the Northern, indicative that the 

mutations did not have major effects on short transcript formation. However, all 12 

mutants showed increased levels of both fusion transcripts relative to ICXR, suggestive 

that the mutations affected mRNA production or turnover rather than 3' end formation. 

It is possible that the increased level of the two types of fusion transcripts and the 

concomitant increase in Cu^ resistance of the twelve mutant strains is due to increased 

plasmid copy number relative to the wildtype strain ICXR To determine plasmid copy 

number in the twelve mutant strains, total DNA was isolated from the wildtype and twelve 

mutant strains and analyzed by Southern blot (Figure 3.5). Plasmid copy number was 

determined by comparing the level of the fusion gene encoded by the plasmid to the signal 

arising from the single-copy genomic CBPI gene. None of the mutants had a significant 

increase in plasmid copy number relative to the wildtype strain ICXR Therefore, the 

increase in Cu^ resistance and fusion transcript abundance of the mutants was not due to 

an increase in plasmid templates. These data are suggestive that the growth and RNA 

phenotypes of the mutant strains were caused by an increase in mRNA production or 
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Figure 3.4. Northern blot analysis of twelve random point mutants reveals that production 

of the short transcripts was not abolished. Strains 14, IRP188, ICXR, and the twelve 

mutant strains were grown in minimal galactose/sucrose medium to mid-logarithmic phase 

and total RNA was isolated from each strain. Approximately 3 |ig of RNA from each 

strain was separated by nondenaturing electrophoresis, transferred to Nytran, and 

hybridized to a uniformly-labeled CBPl-3.5 riboprobe. The endogenous CBPI transcripts 

are expressed at a low level and are not detectable on this blot. The sizes of the bands 

were estimated by comparison to RNA size standards run on the same gel. This figure 

was made using Adobe Photoshop version 3.0. 
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Figure 3.5. Southern blot analysis of the twelve mutant strains reveals no increase in 

plasmid copy number relative to the wildtype strain ICXR. Total DNA was isolated from 

the strains described in Table 3.1. Approximately 10 ng of DNA from each strain was 

digested with EcdKS. and BcmiHL, separated by electrophoresis on a 0.8% agarose gel, and 

transferred to Nytran. The blot was hybridized to a uniformly-labeled CBPl-3.5 probe (so 

that the vector control pRP188 was not detected), exposed to X-ray film, and quantitated 

on a Betascope Analyzer to determine plasmid copy number. The values for the plasmid 

fragment were multiplied by 4.5 to account for the smaller fragment (compared to the 

genomic fragment) that was able to hybridize with the probe. The sizes of the bands were 

estimated by comparison to DNA size standards run on the same gel. This figure was 

made using Adobe Photoshop version 3.0. 
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stability rather than a decrease in short transcript production as was intended. 

More extensive mutagenesis abolishes short transcript formation from both the 

plasmid construct and the genome. 

The collection of random, single, point mutations within the regulatory element for 

short transcript 3' end formation described above failed to eradicate short transcript 

production. Therefore, a more extensive mutagenesis strategy was designed to abolish 

production of the short transcripts by mutating the 3' end formation signal without altering 

the coding sequence of the long transcripts. Unlike pre-mRNAs from animal cells which 

require the conserved hexanucleotide AAUAAA and a GU/U-rich sequence for cleavage 

and polyadenylation (for a review, see Keller, 1995), yeast pre-mRNAs lack a single 

consensus sequence for 3' end formation; 3* end formation signals in yeast appear to be 

degenerate and redundant (for a review, see Guo and Sherman, 1996). 

While general A+T-richness is not suflBcient to direct 3' end formation, most 

proposed 3' end formation signals are A+T-rich (Guo and Sherman, 1996). Therefore, 50 

A and T residues within the 180 bp regulatory element were changed to C and G residues 

without altering the coding sequence of the long transcripts (Figure 3.6), and the altered 

sequence was introduced into the wildtype plasmid pCXR to create the mutant plasmid 

pp-CXR. Replacement of the wildtype sequence with the mutated sequence was 

confirmed by sequencing the insert of ppiCXR. The antisense control piaCXL was also 

made and sequenced; fortuitously, the mutations changed the stop codons in the antisense 

sequence to sense codons. The plasmids were transformed into 14 and the copper 



Figure 3.6. Sequence of the wildtype and mutagenized regulatory element for CBPl short 

transcript formation. CBPl sequence between +913 and +1092, which encompasses the 3' 

ends of the short transcripts, was shown previously to be necessary and suflBcient for 

carbon source-dependent production of the short transcripts (Mayer and Dieckmaim, 

1991). The wildtype sequence (upper rows, plain type) contains a perfect match to the 

bipartite signal TAG.. TATGTA proposed to be an efiBciency element of a 3' end 

formation signal and another sequence with one mismatch to another efiBciency element 

consensus sequence, TATATA (overlined) (Quo and Sherman, 1996). Five possible 

positioning elements (Quo and Sherman, 1996) (double underlined") all contain at least one 

mismatch to the proposed consensus sequences (TT)AAGAA(C) or AATAAA. The short 

transcript has eleven diflferent polyadenylation sites (bold) (Mayer and Dieckmann, 1991; 

Figure 5.3), sbc of which are of the consensus type Py(A)„ (where Py represents a 

pyrimidine) (Guo and Sherman, 1996). The mutagenized form (lower rows, italicized 

type) present in MMH2 and p|iCXR contains 50 silent changes from the wildtype 

sequence (marked with vertical lines). 
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+ 913 TCT GCA CAT GAT TCC AGA ATC ATT TAT AAA S150 
I  I  I  I  I  I  I  I  I  I I I  
AGC GCG CAC GAC AGC AGG ATC ATC TAC AAG MMH2 

+ 943 GTC TTC AAG ATT TGT ACC CAT AAT AGA GCC S150 
I I  I  I  I  I  

GTC TTC AAG ATC TGC ACC CAC AAC CGG GCC MMH2 

+ 973 TAT AGA TCT ATA TGT AGC GAA ATG TTT TGG S150 
I I  I I I  I  I  

TAC CGA TCG ATC TGC AGC GAG ATG TTC TGG MMH2 

+ 1003 CAA TTA ACT CCA GAG TAC TAT TGT AAT AAC S150 
I  I  I  I  I  I I I  

CAG CTG ACC CCC GAG TAC TAC TGC AAC AAC MMH2 

+ 1033 CCT TTG ATA TTA CCG GCA ATT ATT GAC TTC SI50 
I I  I I I  I I I  

CCA CTG ATC CTG CCG GCC ATC ATC GAC TTC MMH2 

+ 1063 ATT ACA AAG CAA GAC TCT TTA ACA ATG GCC SI50 
I  I  I  I  I  I  I  I  I  

ATC ACC AAG CAG GAC AGC CTC ACC ATG GCC MMH2 



resistance of each strain was determined (see legend to Figure 3.7). Surprisingly, I^iCXR 

exhibits the same copper resistance as the wildtype strain ICXR, suggestive that the 

mutations had not abolished 3' end formation in the CBPJ insert upstream of CUP J. 

However, subsequent experiments detailed below indicate that this interpretation was 

premature. 

The plasmids then were transformed into DSIO, which allows greater induction 

from the GALl UAS. Northern analysis of total RNA prepared from the resulting strains 

revealed that the short transcripts produced by DCXR are missing from DjiCXR (Figure 

3.7). This result is suggestive that the mutations did indeed abolish short transcript 

formation and also that the Cu^ resistance of the strains is not directly proportional to the 

amount of long transcripts produced (since the level of long transcripts should increase in 

the absence of short transcripts). Interestingly, Northern analysis also showed that the 

antisense control DCXL produces mostly short transcripts, suggestive that the 3' end 

formation element is much more efficient in the antisense orientation, and that the mutated 

antisense control DfiCXL produces only long transcripts, indicative that the multiple 

mutations also abolished the function of the 3' end formation element in the antisense 

orientation. 

While the results with the CUPl fusion plasmids were indicative that the 

mutagenesis strategy abolished short transcript formation, they also showed that the Cu^ 

resistance assay was not a reliable indicator of short transcript formation. The plasmids 

also did not allow determination of a phenotype caused by loss of the short transcripts. 
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Figure 3.7 Northern blot analysis reveals that the extensively mutagenized plasmid 

pixCXR does not produce short transcripts. The strains DSIO, DCXR, DjxCXR, DCXL, 

and D|aCXL were grown as described in Fig. 3.4. Approximately 10 |ig of total RNA was 

separated by denaturing electrophoresis, transferred to Nytran, and hybridized to a 

uniformly-labeled PGKl riboprobe. Transcript levels were quantitated on a Betascope 

Analyzer. Fusion transcript levels were normalized to those of the endogenous PGKl 

mRNA. The highest concentrations of copper sulfate (in mM) tolerated by the 

corresponding 14 strains were as follows: 14=0.05, IRPI88=0.5, ICXR=0.075, 

I^CXR=0.075, ICXL=0.05, I|iCXL=0.3. 
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Therefore, the altered sequence was introduced into the genome of wildtype strain S150-

2B to create the mutant strain MMH2. Transformants were selected for integration of 

HISS into the adjacent gene NUCl in such a way that there was no selection either for or 

against respiratory competency (see Chapter Two). Replacement of the wildtype 

sequence with the mutant regulatory element in the genomic copy of CBPl was confirmed 

by Southern blot analysis (data not shown). The mutant strain MMH2 had a growth rate 

similar to that of the wildtype strain S150-2B in liquid medium containing glycerol (Figure 

3.8), which requires mitochondrial function for use as a carbon source. Therefore, 

abolition of short CBPl transcript production had no gross effect on the growth rate of 

the mutant strain MMH2 upon induction of respiration. 

I hypothesized that, since short transcript levels are regiJated during respiration, 

short transcript production should give yeast cells an evolutionary advantage. Therefore, I 

designed a co-culture experiment to allow direct competition between the mutant strain 

MMH2 and the wildtype strain S150-2B to look for more subtle differences in growth rate 

due to the loss of the short CBPl transcripts. A derivative of S150-2B that is isogenic to 

MMH2 except for the mutations in CBPl, called S150/HNUC, was created by using the 

HIS3 gene to disrupt the genomic copy of NUCl (in the same way that MMH2 was 

made). To distinguish between the two strains, which are identical except for the 

mutations in CBPl, each strain was transformed with a plasmid conferring resistance to 

the antibiotic geneticin to create the strains MMH2/pGen and S150/HNUC/pGen. As a 

control for possible slowed growth due to plasmid maintenance and also to allow growth 
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Figure 3.8. Growth curves of MMH2 and S150-2B during the induction of respiration 

indicate that there is no difference in growth rate between the two strains. The two strains 

were grown overnight without agitation in medium containing 10% glucose to repress 

respiration. Half of each culture was frozen at -SOX, while the other half was 

resuspended in medium containing 5% glycerol and incubated with vigorous agitation to 

induce respiration. Aliquots were frozen at 4, 8, and 12 hours following induction. The 

cell density was determined at each time point using a hemacytometer and was plotted 

against time, in hours, after induction of respiration. Each point represents the average of 

9 (0,4, and 8 hour time points) or 6 (12 hour time point) experiments. The standard 

deviation at each time point is shown as an error bar at each point on the graph. Note that 

the y-axis is a logarithmic scale. 
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of the strains in minimal medium to select for the auxotrophic marker on the plasmid, each 

strain was also transformed with the empty vector to create the strains MMH2/pVec and 

S150/HNUC/pVec. 

Several replicates of liquid cultures containing both MMH2/pGen and 

S150/HNUC/pVec were grown in minimal glycerol medium, and several replicates of 

separate cultures were grown that contained both MMH2/pVec and S150/HNUC/pGen, 

for a total of eleven cultures. Approximately equal numbers of cells of each strain were 

used to inoculate the original cultures. To determine the exact ratios of the two strains in 

each co-culture, the cultures were immediately plated on minimal glycerol medium and 

then replica-plated to geneticin plates to select for fiuiction of the pGen plasmid and allow 

dififerentiation between the two strains. To allow for direct competition of the two strains 

without limiting nutrients during respiration, cultures were grown to stationary phase 

(approximately 7 generations) and then diluted one hundredfold in fresh medium. After 

ten and fourteen passages (first experiment) or seven and fourteen passages (second 

experiment), the cultures were plated on minimal glycerol medium and then replica-plated 

to plates containing geneticin (Table 3.2). Of the eleven co-cultures, six were overtaken 

by wildtype cells and four were overtaken by mutant cells, regardless of the presence of 

the gene conferring geneticin resistance. The eleventh culture contained both strains after 

approximately 100 generations. These results are indicative of a random distribution of 

growth dominance, suggestive that neither strain has an evolutionary advantage when in 

direct competition during respiration. 



* Mut^ represents MMEi2/pGen (geneticin-resistant mutant). Mut^ represents 

MMH2/pVec (geneticin-sensitive mutant). Wt®^ represents S150/HNUC/pGen (geneticin-

resistant wildtype). Wt^ represents S150/HNUC/pVec (geneticin-sensitive wildtype). 

"Tercentage of colonies that grew on giy-ura (nonselective) plates that also grew on 

YEPD-geneticin (selective) plates. 

'Strain dominating the final culture (> 90%). 

••These cultures had shifted completely to one strain by the middle of the experiment and 

were not maintained further. 



Table 3.2. Results of two co-culture experiments. 
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% Geneticin 

resistant*" 

Culture' 0 Passages 7 or 10 Passages 14 Passages Winner' 

Expt. 1 

Mut^l 100% 100% 97% (Control) 

Mut^l 0% 0% 0.3% (Control) 

Wt^l 100% -100% 98% (Control) 

Wt^l 3% 0% 0% (Control) 

Mut^Wt®l-l 38% (6/16) 0% (0/760) d Wildtype 

Mut^ Wt^l-2 63% (10/16) 0.1% (1/860) d Wildtype 

Mut^ Wt^l-3 32% (7/22) 89% (362/407) 90% (148/165) Mutant 

Mut^ Wt^l-1 32% (6/19) 84% (272/322) 99% (101/102) Wildtype 

Mut^ Wt^l-2 48% (15/31) 34% (106/312) 1.4% (27/1080) Mutant 

Mut^ Wt^l-3 54% (15/28) 91% (182/200) 67% (20/30) No Winner 

Expt. 2 

Mut^2 84% 94% 86% (Control) 

Wt^2 0% 8% 0% (Control) 

Mut^Wt^2-l 14% (27/190) 65% (207/318) 99% (402/406) Mutant 

Mut^ Wt^2-2 14% (17/122) 79% (55/70) 96% (567/593) Mutant 

Mut^ Wt^2-3 25% (41/163) 43% (162/381) 0% (0/333) Wildtype 

Mut^ Wt^-4 15% (25/165) 5% (6/122) d WUdtype 

Mut^ Wt^2-5 21% (39/183) 3% (7/226) d Wildtype 
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It was shown previously that the level of short CBPI transcripts increases upon the 

induction of respiration of wildtype strains (Mayer and Dieckmann, 1989). In order to 

determine whether the mutant strain MMH2 produces short CBPI transcripts, strains 

MMH2 and S150-2B were induced to respire during an 8-hour time course on glycerol 

medium after a switch fi-om medium containing repressing levels of glucose. Poly(A)^ 

RNA isolated from aliquots of each strain 0,4, and 8 hours after the initiation of induction 

was analyzed by Northern blot with a CBPI cRNA probe, which can detect both 2.2 and 

1.2 kb transcripts (Figure 3.9). During induction of the wildtype strain S150-2B, the 

abundance of the long transcripts decreased while the abundance of the short transcripts 

increased, as had been seen previously (Mayer and Dieckmann, 1989). The mutant strain 

MMH2 produced no short transcripts under either repressing (0 hr) or inducing (4 and 8 

hr) conditions. Moreover, the abundance of the long transcripts in strain MMH2 did not 

decrease upon induction of respiration (Table 3.3); the level of long transcripts in strain 

MMH2 remained at approximately 65-70% of the wildtype repressed level throughout the 

induction, perhaps due to a slight reduction in mRNA stability. Thus, in the absence of a 

short transcript 3' end formation signal, carbon source has no effect on long transcript 

levels. 

Abolition of the short CBPI transcripts allows accumulation of increased levels of 

COB RNA. 

It had been shown previously that Cbpl is necessary for the accumulation 

of mature mitochondrial COB mRNA (Staples and Dieckmann, 1993; Mittelmeier and 
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Figure 3.9. Northern blot analysis reveals that the mutant strain MMH2 does not produce 

detectable levels of the short CBPl transcripts. MMH2 and S150-2B were grown as 

described in Fig. 3.7. PolyCA)"" RNA was prepared from aliquots harvested and frozen at 

0, 4, and 8 hours following induction. Approximately 15 (ig of RNA was separated by 

nondenaturing electrophoresis, transferred to Nytran, and hybridized to a uniformly-

labeled CBPl-2 cRNA probe. The blot was exposed to X-ray film, quantitated on a 

Phosphorlmager, and then hybridized to a uniformly-labeled ACTl cRNA probe. CBPl 

mRNA levels were normalized to those of ACTl mRNA (see Table 3.3). The sizes of the 

bands were estimated by comparison to RNA size standards run on the same gel (not 

shown). 
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Table 3.3. Levels of the long and short transcripts* of CBPl in wildtype and mutant 

strains during the induction of respiration. 

Strain 0 hour** 4 hom* 8 hour*" 

S150-2B 

Long 

Short 

MMH2 

Long 

Short 

'Adjusted for background and normalized to ACTl mRNA levels. The long transcript 

level at the 0 hour time point in S150-2B was set to 1.00, and the remaining transcript 

levels were adjusted accordingly. Units are arbitrary. 

"Hours after induction of respiration. 

The level of detection is estimated to be 1/10 the value of the long transcript in S150-2B 

at the 8 hour time point, or 0.06. 

1.00 

0.70 

0.63 

<0.06= 

0.50 

1.17 

0.70 

<0.06= 

0.56 

1.59 

0.65 

<0.06= 



Dieckmann, 1993; Dieckmaim, Koerner, and Tzagolofif, 1984; Chen and Dieckmann, 

1994). COB is co-transcribed from a common promoter with the upstream tRNA°'^ (see 

Figure 1.1) (Christianson et al., 1983). The tRNA is released from the primary transcript 

by mitochondrial RNase P and tRNA 3'-endonuclease to generate COB pre-mRNA 

(Martin et al., 1985; Hollingsworth. and Martin, 1986; Chen and Martin, 1988), which is 

then processed at the 5' end to produce the stable, mature COB mRNA in a Cbpl-

dependent manner. In strains with temperature-sensitive alleles of CBPl, reduced levels 

of CBPI mRNA led to a decrease in COB mRNA abundance (R. R. Staples and C. L. 

Dieckmann, unpublished data). These data are indicative that Cbpl is rate-limiting for 

COB mRNA stability. I hypothesized that, in strain MMH2, the constant level of long 

CBPI transcripts during the induction of respiration would result in an increase in the 

levels of Cbpl, and that this would in turn lead to an increase in COB RNA relative to 

wildtype without altering the rate of COB transcription, provided that Cbpl was rate-

limiting at wildtype levels. 

In order to test this hypothesis, total RNA isolated from aliquots of MMH2 and 

S150-2B at 4-hour intervals during the induction of respu-ation was analyzed by Northern 

blot using COB and tPNA^'' cRNA probes (Figure 3.10). The steady-state levels of COB 

RNA in MMH2 relative to those in S150-2B increased during the induction of respiration 

(Table 3.4). However, the level of tRNA®*" in the two strains remained virtually identical, 

indicative that the rate of transcription of the tRNA°'''-COB unit and the release of the 

tRNA from the primary transcript were unaffected by the loss of the short CBPI 



Figure 3.10. Northern blot analysis reveals that COB RNA levels are higher in MMH2 

than in S150-2B while tRNA®" levels are similar in both strains. Total RNA was prepared 

at 4-hour intervals after the induction of respiration and blotted as described in Fig. 3.9. 

The blot was hybridized to uniformly-labeled COB and tRNA^'" cRNA probes and exposed 

to X-ray film. The COB and tRNA®" (labeled tRNA^) levels were quantitated on a 

Betascope Analyzer and normalized to those of the scRl RNA (the 7S RNA component 

of the signal recognition particle (Hann and Walter, 1991), labeled "7S"). The sizes of the 

bands were estimated by comparison to RNA size standards run in lane M. 
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Table 3.4. Ratio of the levels of several mitochondrial RNAs in the mutant strain MMH2 

to those in the wildtype strain S150-2B'. 

Strain RNA 0 hour^ 4 hour*" 8 hour*" 12 hour** 

MMH2/S150-2B= 

9^ COB 0.78 1.6 1.4 1.7 

xtRNA®* 1.0 1.2 1.1 1.1 

x(C(95/tRNA®^ 0.73 1.2 1.4 1.7 

ATP9 0.97 0.90 1.3 N.D. 

'Adjusted for background and normalized to scRl RNA levels. COB, tRNA®°, axidATP9 

levels at the 0 hour time point in S150-2B were set to 1.00 to adjust for different probe 

specific activities, and the remaining values were adjusted accordingly. Values are the 

mean (x) of five blots (0, 4, and 8 hr) or four blots (12 hr), except for the ATP9 values 

which are fi'om one blot. 

"Hours after mduction of respiration. 

"The ratio of the level of the indicated RNA in MMH2 to the level in S150-2B was 

determined at each time point for five (0, 4, and 8 hr) or four blots (12 hr) and then the 

means of those ratios were calculated for each time point. The exception \%ATP9, as 

indicated above. 

•"N.D., not done. 
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transcripts. The loss of the short CBPI transcripts also had no eflEect on the level of 

another mitochondrially-encoded transcript, ATP9, which encodes subunit 9 of the 

mitochondrial ATPase (Table 3.4). Thus, the loss of short CBPI transcript formation only 

affects accumulation of COB mRNA, which is a primary function of Cbpl (Staples and 

Dieckmann, 1993; Mittelmeier and Dieckmann, 1993; Dieckmann, Koemer, and 

Tzagoloflf, 1984; Chen and Dieckmann, 1994). The constant level of long CBPI 

transcripts during the induction of respiration led specifically to an increase in COB 

mRNA, indicative that the consequence of short transcript formation is to decrease the 

level of long CBPI transcripts, Cbpl, and COB mRNA during the induction of respiration. 

DISCUSSION 

Identification of mRNA 3' end formation signals in yeast has been slow because 

these signals appear to be redundant and highly degenerate (for a review, see Guo and 

Sherman, 1996). Destruction of the 3' end formation signal in most cases can only be 

accomplished by large deletions or multiple mutations (Abe, Hiraoka, and Fukusawa, 

1990; Heidmann et al., 1994; Henikoflf and Cohen, 1984; Henikoff, Kelly, and Cohen, 

1983; Zaret and Sherman, 1982; Egli, Springer, and Braus, 1995; Sutton and Broach, 

1985; Yarger, Armilei, and Gorman, 1986). In fact, only two studies found point 

mutations that severely diminished 3' end formation (Imiger et al., 1992; Hyman et al., 

1991). These observations may explain why random point mutagenesis of the short 

transcript 3' end formation signal failed to destroy the function of the signal. 

The 3' end formation signal in yeast consists of three parts: an efficiency element 
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(putative consensus sequence TAG... TATGTA or TATATA), a positioning element 

(putative consensus sequence (TT)AAGAA(C), where the parentheses indicate less 

conserved parts of the consensus sequence, or AATAAA), and the polyadenylation site 

itself (consensus sequence Py(A)J (Guo and Sherman, 1996). The 180 bp segment of 

CBPl that is requtfed for short transcript 3' end formation contains a perfect match to one 

of the putative consensus sequences for the efBciency element (TAG... TATGTA) and 

another sequence that contains one mismatch to the other eflSciency sequence (TATATA) 

(see Fig. 3.6). However, five possible positioning elements within the segment all contain 

at least one mismatch to the putative consensus sequence; four of the possible positioning 

elements are upstream of the perfect-match efiBciency element rather than downstream, 

and the fifth one is downstream of most of the short transcript polyadenylation sites. 

Perhaps the weakness of the possible positioning elements explains why there are several 

different polyadenylation sites for the short transcripts. The aberrant location of the 

perfect-match putative efiBciency element with respect to the putative positioning elements 

or the mismatch in the other putative efiBciency element could result in the observed 

inefficient use of the short transcript 3' end formation element, thus allowing production of 

the long transcripts as well. Regardless of the exact identity of the 3' end formation signal, 

this study describes an efiBcient way to destroy 3' end formation in yeast simply by 

reducing the A+T-richness of the sequence surrounding the mapped 3' ends of transcripts. 

Since wildtype cells lack a detectable protein translated fi-om the short CBPl 

transcripts, there are three possibilities for the function of the short transcripts. First, it 
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still cannot be ruled out that the short transcripts encode a protein but that the protein may 

be present at levels below the limit of detection and may be functional. Second, the short 

transcripts may have a function at the RNA level. Third, the short transcripts may have no 

function. Therefore, to distinguish among these hypotheses, I abolished the production of 

the short transcripts without altering the coding sequence of the long transcripts. I have 

shown here that the short transcripts themselves have no function; however, abolition of 

short transcript formation results in constitutive long CBPl transcript production during 

the induction of respiration, which results in higher levels of the Cbpl target, 

mitochondrial COB mRNA. In other words, production of the short CBPl transcripts 

results in the downregulation of the levels of long CBPl transcripts, Cbpl, and COB 

mRNA during the induction of respiration. This result is supportive of the hypothesis that 

the wildtype levels of CBPl mRNA and Cbpl are limiting for COB mRNA abundance, 

though Cbpl levels cannot be accurately measured due to low abundance (Weber and 

Dieckmann, 1990). 

I have not measured cytochrome b protein levels or ubiquinol-cytochrome c 

reductase (complex HI) activity; however, neither must be rate-limiting for growth of 

yeast on glycerol medium since the growth rate of the mutant strain during the induction 

of respiration is the same as that of the wildtype strain. Cytochrome b protein that is not 

assembled into complex HI is degraded (Crivellone, Wu, and Tzagolofl^ 1988). Similarly, 

Coxn subunits that are not assembled into cytochrome c oxidase complexes are also 

degraded (Nakai et al., 1995). 
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Why would the cell modulate the level of COB mRNA downward during the 

period when the mass and volume of the organelle increase (Pon and Schatz, 1991)? It is 

clear that transcription rates of mitochondrial operons increase during the induction of 

mitochondrial function, resulting in an increase in abundance of all mitochondrial RNAs 

(Ulery, Jang, and Jaehning, 1994; Mueller and Getz, 1986a; Mueller and Getz, 1986b). 

However, mitochondrial tRNA®" abundance increases by as much as sbrteenfold whereas 

COB mRNA increases only three- to fivefold in the same period. As shown by my results, 

more than half of the difference between the tRNA®" and COB mRNA levels can be 

attributed to the downregulation of COB mRNA stability by premature 3' end formation of 

CBPl mRNA. This lesser increase in COB mRNA relative to that of tRNA®" is tolerated 

because, as shown by previous studies, wildtype COB mRNA levels on glycerol are not 

rate-limiting for growth; in fact, up to a sixfold reduction in COB mRNA levels (in 

mutants with unstable COB mRNA) can be tolerated before the rate of growth on glycerol 

is slowed (Staples and Dieckmaim, 1994; Staples and Dieckmaim, 1993; Mittehneier and 

Dieckmann, 1995; Mittelmeier and Dieckmann, 1993). In general, perhaps increasing the 

ratio of rRNAs and tRNAs to mRNAs via mechanisms similar to the limitation of COB 

mRNA stability by Cbpl could result in optimal rates of protein synthesis, and the increase 

in turnover of the mRNAs could provide nucleotides to the pool for the increase in 

transcriptional activity. Perhaps the ratios of tRNAs to mRNAs are optimal for translation 

and are maintained by mechanisms similar to the stabilization of COB mRNA by Cbpl. 



CHAPTER FOUR 

REGULATION OF THE LEVELS OF THE TWO TYPES OF CBPl 

TRANSCRIPTS DURING THE INDUCTION OF RESPIRATION 

ABSTRACT 

The short transcripts of CBPl share a 5' end with the long CBPl transcripts but 

have 3' ends within the coding sequence of the long transcripts. Production of the two 

types of transcripts is reciprocally regulated by carbon source; the steady-state level of the 

short transcripts increases upon induction of respiration while that of the long transcripts 

decreases. The mechanism by which the levels of the two types of transcripts are 

regulated by carbon source and the mechanism of short transcript formation remain 

unknown. Several experiments were done to address these two questions. Measurement 

of the half-lives of the two types of CBPl transcripts produced by the wildtype allele and 

of the long transcripts produced by the MMH2 allele of CBPl revealed that carbon 

source-dependent differences in decay rates cannot explain the regulation of the levels of 

the two types of transcripts. Northern analysis of a strain with a deletion of the gene 

encoding the transcription elongation factor TFIIS revealed that loss of TFIIS has no 

effect on the levels of the two types of CBPl transcripts. Thus, the most likely 

explanation for the regulation of the levels of the two types of CBPl transcripts is carbon 

source-dependent regulation of 3' end formation. 
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INTRODUCTION 

In Chapter Three, I addressed the question of the function of the short CBPI 

transcripts in fermenting or respiring yeast cells. The next step in the analysis of the short 

CBPI transcripts is to determine the mechanisms by which the short transcripts are formed 

and by which the formation of these short transcripts is regulated by carbon source. I 

considered several models to account for the carbon-source regulation of CBPI transcript 

levels. 

The first model is that only the short transcripts are transcriptionally induced upon 

derepression of respiration. Several lines of evidence argue against this model, however. 

First, the short transcripts share the 5' untranslated region with the long transcripts and 

should experience the same regulation of transcription mitiation as the long transcripts 

(Roeder, 1991; Eick, Wedel, and Heumann, 1994) Also, a previous study showed that the 

short transcript 3' end formation element alone was necessary and sufficient for carbon 

source-dependent short transcript formation of a reporter gene (Mayer and Dieckmann, 

1991). Therefore, transcription induction is unlikely to play a role in carbon source 

regulation of short CBPI transcript formation. 

The second model is that the stability of the two types of transcripts is regulated by 

carbon source in such a way as to cause accumulation of the short transcripts during 

induction of respiration and concomitant reduction of the long transcripts, presumably 

through a carbon source-dependent instability element in the 3' half of the long transcripts. 

A precedent is provided by previous studies of the half-lives of the nuclearly-encoded 
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transcripts that encode two subunits (Ip and Fp) of succinate dehydrogenase (complex n 

of the mitochondrial electron transport chain). The levels of these subunits are regulated 

by carbon source (Cereghino et al., 1995; Lombardo, Cereghino, and Scheffler, 1992). 

The half-life of the Ip transcript decreases more than twelvefold when cells are switched 

from glycerol to glucose (from >60 minutes to 5 minutes); the Fp transcript displays a 

similar decrease in mRNA stability upon switching cells to glucose medium (Lombardo, 

Cereghino, and Schefifler, 1992). The determinant of carbon source-dependent turnover 

of the Ip mRNA was localized to the 5' untranslated region (Cereghino et al., 1995); a 

similar element might be present in the 3' portion of the long CBPI transcripts that is 

missing from the short transcripts. These data are suggestive of the existence of a carbon 

source-dependent mechanism of regulating rates of mRNA turnover. 

The third model is that RNA polymerase n pauses during elongation near the 3' 

ends of the short transcripts, leading to transcription termination, and that this pausing 

increases during respiration. TFIIS is a likely candidate for suppression of pausing during 

fermentation. TFIIS is a transcription elongation factor that helps the polymerase read 

through pause sites by allowing the polymerase to cleave the nascent transcript, back up 

along the template, and try to transcribe through the pause site again (Christie et al., 1994; 

Izban and Luse, 1992; Guo and Price, 1993; Reines et al., 1992; Reines, 1992). In order 

to increase short transcript formation during the induction of respiration, the production or 

activity of TFIIS would have to decrease during respiration relative to levels in fermenting 

cells. 



The fourth model is that 3' end formation of the short transcripts is regulated by 

carbon source by effects on the 3' end processing machinery, either through a specific 

carbon source-dependent factor or through carbon-source regulation of the level or 

activity of a general 3' end formation factor. In view of the fact that the loss of the short 

transcripts does not cause a measurable phenotype for growth of yeast, the selection of 

mutations in trans-^.ci^ng factors via genetic methods would be diflBcult. A biochemical 

screen for carbon source effects on 3' end formation factors, either general or specific, 

would also be difiBcult because only a few of the general 3' end formation factors have 

been isolated (Lingner, Kellermann, and Keller, 1991; Preker et al., 1995; Stumpf and 

Domdey, 1996; Jenny et al., 1996; Chanfreau, Noble, and Guthrie, 1996; Amrani et al., 

1997; Minvielle-Sebastia, Preker, and Keller, 1994). The possibility of regulation by 

differential 3' end formation was tested in a previous study (J. S. Butler and T. Piatt, 

personal communication) m which an in vitro 3' end formation system failed to produce 

the 3' ends of the short CBP I transcripts under conditions in which the 3' ends of the long 

CBPl transcripts were accurately and efficiently formed. However, this study did not 

address the possibility of carbon source-specific factors. 

In order to test the second hypothesis, that the long and short CBPl transcripts 

have carbon source-dependent differences in mRNA turnover rates, the half-lives of CBPl 

transcripts transcribed from the CBPl promoter on high copy plasmids [10-30 copies per 

cell (Rine, 1991)] were measured in different media using a strain with a temperature-

sensitive mutation in RPBl (which encodes the largest subunit of RNA polymerase II) 
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(Nonet et al., 1987). The half-lives of the long transcripts produced by the MMH2 allele 

of CBPI were measured in the same way in order to determine whether the mutations that 

abolished short transcript formation also altered the stability of the long transcripts. To 

test the third hypothesis, the effect of the loss of TFIIS on short transcript formation was 

analyzed by creating a deletion of PPR2, the gene encoding TFIIS, and performing 

Northern analysis following induction of respiration of the wildtype and APPR2 strains. 

An in vitro pausing assay was also performed (by Rod Weilbaecher in Caroline Kane's 

laboratory at the University of California, Berkeley) to determine whether the short 

transcript 3' end formation element contains an intrinsic block to transcription elongation. 

RESULTS 

Carbon source-dependent differences in mRNA turnover rates cannot explain the 

difference in the levels of the two types of CBPI transcripts upon induction of 

respiration. 

One way in which the two types of CBPI transcripts could be reciprocally 

regulated by carbon source is by carbon source-dependent differences in mRNA decay 

rates. Under this hypothesis, the long transcripts would be more stable than the short 

transcripts during fermentation, and the short transcripts would be more stable than the 

long transcripts during respiration. Also, the half-life of the long transcripts should be 

longer in fermenting cells than m respiring cells; the converse should be true for the short 

transcripts. In order to determine whether the change in the levels of the two CBPI 
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transcripts upon induction of respiration was caused by carbon source-dependent 

differences in mRNA turnover, the half-lives of the two transcripts were measured in both 

glucose and glycerol. 

To facilitate the detection of the low-abundance CBPl transcripts, a strain with a 

temperature-sensitive mutation in the largest subunit of RNA polymerase n, RPBl (Nonet 

et al., 1987), was transformed with a high copy plasmid (pG60/T10) containing CBPl 

under the control of its own promoter (Dieckmann, Homison, and Tzagoloff, 1984). 

Transcription was repressed by shifting the cultures to the restrictive temperature for the 

rpbl-I mutant (Nonet et al., 1987), and Northern analysis was used to measure the 

amount of CBPl transcripts present at various times after the shift. CBPl transcript levels 

were normalized to those of scRl, the 7S RNA component of the signal recognition 

particle (Hann and Walter, 1991), to correct for differences in loading. Due to low signal 

intensity on the blots, it was not possible to plot decay curves. However, inspection of the 

blots suggests that the half-life of the long transcripts made by cells grown in glycerol 

seems to be significantly longer than that of the long transcripts made by cells grown in 

glucose (assayed on two blots; Figure 4.1 A and B). The short transcripts could not be 

detected in RNA isolated from glucose-grown cells (Fig. 4.1 A); however, the half-life of 

the short transcripts in glycerol-grown cells appears to be the same as that of the long 

transcripts (Fig. 4. IB). These data are indicative that the two types of CBPl transcripts 

have roughly the same half-lives in respiring cells. However, contrary to the hypothesis 

described above, the half-life of the long transcripts is longer in respiring cells than in 
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Figure 4.1. Determination of the half-lives of the wildtype CBPI transcripts in various 

carbon sources. Half-lives were measured using plasmids containing the wildtype allele of 

CBPI under the control of its own promoter by the temperature-sensitive RNA 

polymerase II shutoff (parts A and B) or under the control of the GALl UAS by the 

transcriptional pulse-chase assay (part C) as described in Chapter Two. (A), Blot of RNA 

isolated from cells grown in glucose (GIu). Lane P contains RNA isolated immediately 

before the temperature shift. The numbered lanes represent minutes after repression of 

transcription. (B), Blot of RNA isolated from cells grown in glycerol (Gly). Lanes are 

labeled as in part A. (C), Blot of RNA isolated from cells grown in galactose (Gal). Lane 

U, uninduced sample. Lane I, induced sample. Numbered lanes represent minutes after 

repression of transcription. Lanes W contain RNA from strains transformed with pG:;-26 

(poly(A)'^ RNA, parts A and B) or p-81CBPl (total RNA, part C) grown overnight in 

galactose to be used as size markers for CBPI transcripts. CBPI mRNA levels were 

normalized to scRl RNA levels (the 7S RNA component of the signal recognition particle 

(Hann and Walter, 1991), labeled "7S") to account for loading differences. This figure 

was made using Adobe Photoshop version 3.0. 
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fermenting cells. It is possible that the temperature-sensitive polymerase failed to shut oflT 

completely upon shifting to the restrictive temperature in glycerol, as indicated by the high 

transcript levels at later time points. 

In order to ensure that the temperature-sensitive polymerase had stopped 

transcription when the cultures were shifted to the restrictive temperature, a more 

sensitive transcriptional pulse-chase assay was performed using a dual shutoflf method 

(Decker and Parker, 1993). In the transcriptional pulse-chase, the genes of interest are 

placed under the control of the inducible GALl UAS on a plasmid that is transformed into 

the temperature-sensitive RNA polymerase n mutant strain (Nonet et al., 1987). Cells are 

grown overnight in the neutral carbon source rafiBnose, which neither induces nor 

represses the GALl UAS. A pulse of transcription is achieved by growing cells at the 

permissive temperature in galactose-containing medium for a short time (10 minutes). 

Transcription is repressed by the addition of glucose to the medium and a concomitant 

shift to the restrictive temperature. The levels of the transcripts of interest then are 

measured by quantitative Northern analysis of RNA samples isolated at various times after 

repression of transcription. 

Using the transcriptional pulse-chase assay, it was seen that the long CBPl 

transcripts produced by the GALl overexpression plasmid p-81CBPl have the same short 

half-life as that observed in fermenting cells (Figure 4.1C; compare to Fig. 4.1 A). The 

half-life of the short transcripts is similar to that observed in respiring cells (Fig. 4. IC; 

compare to Fig. 4. IB). Interestingly, the half-life of the short transcripts in the 



114 

transcriptional pulse-chase assay seems to be much longer than that of the long transcripts 

(Figure 4. IC). One possible explanation for the difference in half-life measurements for 

the long transcripts on glycerol vs. glucose or galaaose is that transcription was not 

repressed in glycerol-grown cells and so the half-life was not measured accurately. The 

short transcripts were not detectable in the glucose-grown cells (due to low abundance) 

but perhaps they are degraded at the same rate in glucose-grown cells as in galactose-

grown cells and giycerol-grown cells. 

The long transcripts produced by the wildtype and MMH2 alleles of CBPl are 

degraded at the same rate in several carbon sources. 

I observed that long transcript levels in MMH2 remained at approximately 65-70% 

of the wildtype repressed levels (Sparks, Mayer, and Dieckmann, 1997; see Table 3.2). I 

assumed that the 30% decrease in long transcript abundance in MMH2 was due to a slight 

decrease in transcript half-life. To determine whether the mutations that abolished short 

transcript formation in MMH2 altered the stability of the long transcripts, the half-lives of 

the long transcripts produced by plasmid-encoded copies of the mutant CBPl allele were 

measured in three carbon sources using two methods: the temperature-sensitive 

transcription shutoflf and the transcriptional pulse-chase assay (Decker and Parker, 1993), 

both of which are described above. 

Using the temperature-sensitive transcription shutoflf, the half-lives of the long 

CBPl transcripts produced by 2fiMMH2 (a high-copy plasmid containing the MMH2 

allele of CBPl under its own promoter) appear to be similar to those of the wildtype long 



115 

transcripts produced by pG60/T10 (a high-copy plasmid containing the wildtype allele of 

CBPl under its own promoter) during both fermentation and respiration (assayed on two 

blots. Figure 4.2A and B; compare to Fig. 4.1A and B), although again I was unable to 

plot decay curves. Using the transcriptional pulse-chase assay, it was found that the long 

CBPl transcripts produced by the GALl overexpression construct p-81MMH2 have a 

half-life of 1-3 minutes (assayed on two blots; Figure 4.3), very similar to that observed 

for the wildtype long transcripts produced by p-81CBPl (compare Figure 4. IC and Figure 

4.2C). [The mRNA half-life is defined as the point at which the decay curve crosses the 

50% mark, which represents the time at which half of the original amount of RNA has 

been degraded (Parker et al., 1991).] This experiment also shows that the short 

transcripts are not made at all by the MMH2 allele, even when the long transcripts are 

overexpressed, at least to the limit of detection which is estimated to be half the amount of 

the long transcript in the uninduced sample. These data are suggestive that the mutations 

that abolished short transcript formation in MMH2 did not drastically change the stability 

of the long transcripts, although differences in very short half-lives are difiBcult to measure. 

Pausing of RNA polymerase II does not cause short transcript formation. 

The transcription elongation factor TFIIS has been shown to help RNA 

polymerase II read through blocks to elongation by allowing the polymerase to cleave the 

RNA, move backwards along the template, and attempt to transcribe through the block 

again (Christie et al., 1994; Izban and Luse, 1992; Guo and Price, 1993; Reines et al., 

1992; Reines, 1992). I hypothesized that the short transcripts might be formed via a pause 
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Figure 4.2. Determination of the half-lives of the long CBPl transcripts produced by the 

MMH2 allele in various carbon sources. The experiments were performed exactly as 

described in Fig. 4.1 using plasmids containing the MMH2 allele of CBPl under the 

control of its own promoter (A and B) or the GALl UAS (C). Lanes are labeled as in Fig. 

4.1. Blots of RNA isolated from cells grown in (A), glucose (Glu), (B), glycerol (Gly), or 

(C), galactose (Gal). This figure was made using Adobe Photoshop version 3.0. 
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Figure 4.3. Decay curves for the galactose-driven transcriptional pulse-chase experiments 

shown in Fig. 4.1C (p-81CBPl) and 4.2C (p-81MMH2). Each point is the average of two 

blots and was determined by adjusting RNA levels to the amount present in the O-minute 

sample (100%). Note that the y-axis is a logarithmic scale. 
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site which caused the polymerase to get stuck and terminate transcription near the 3' ends 

of the short transcripts; TFIIS then would help the polymerase read through the pause site 

to transcribe the long transcripts. To determine whether the CBPl template contains an 

intrinsic block to transcription elongation near the 3' ends of the short transcripts, the 180 

bp short transcript 3' end formation element was tested for pausing in vitro (by Rod 

Weilbaecher in Caroline Kane's laboratory at the University of California, Berkeley). The 

mutagenized element from MMH2 was used as a negative control. 

In the in vitro pausing assay, the DNA template is given a 3' single-stranded 

extension via terminal transferase to allow purified RNA polymerase n to initiate 

transcription at a specific site (the single-strand/double-strand junction) in the absence of a 

promoter and initiation factors (Kadesch and Chamberlin, 1982). The transcripts were 

labeled at the 5' ends during a single round of transcription and analyzed by 

electrophoresis to look for products ending within the CBPl element. Neither the 

wildtype template nor the MMH2 template directed pausing or arrest of the polymerase 

within the short transcript 3' end formation element; the products of the two templates 

were identical (R. Weilbaecher and C. Kane, personal communication). These data are 

suggestive that this element does not contain an intrinsic block to transcription elongation 

in vitro. 

However, it is possible that DNA-binding proteins or promoter-driven 

transcription could influence pausing near the short transcript 3' ends. In this case, TFIIS 

could allow readthrough of the pause site in vivo. In accordance with this hypothesis, the 
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production or activity of TFIIS would have to be higher in fermenting cells than in 

respiring cells, since the long transcript level is higher during fermentation. If the 

hypothesis is correct, a mutant strain lacking TFIIS should make only or mostly short 

CBPI transcripts. 

In yeast, TFIIS is encoded by a single gene, PPR2 (Hubert et al., 1983; Nakanishi 

et al., 1992). The PPR2 gene was disrupted in the genome of S150-2B by the insertion of 

the Salmonella hisG gene to create strain APPR2; the disruption was confirmed by 

Southern analysis (data not shown). No selection was placed on the strain for respiratory 

competency; however, the transformants were all able to respire. The wildtype and 

mutant strains were induced to respire as described in Chapter Three, and poly(A)^ RNA 

was isolated firom aliquots of cells frozen at the initiation of induction and after eight hours 

of respiration. Northern analysis using a CBPI antisense cRNA probe revealed that the 

ratios of long to short CBPI transcripts were very similar in the mutant strain APPR2 and 

the wildtype strain S150-2B (Figure 4.4). These data are indicative that TFIIS has no 

effect on production of the short CBPI transcripts in vivo since disruption of the gene 

encoding TFIIS had no effect on the ratio of long to short CBPI transcript levels in either 

fermenting or respiring cells. Therefore, the short transcripts are not formed by a pausing-

dependent mechanism. 

DISCUSSION 

To summarize the results of the decay experiments, the long CBPI transcripts 

produced by the wildtype allele had a very short half-life in glucose and galactose but a 
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Figure 4.4. Northern analysis reveals that TFIIS is not involved in short transcript 

production. The wildtype strain S150-2B and the TFIIS deletion strain APPR2 were 

induced to respire as described in Chapter 3, and poly(A)^ RNA was isolated from 

aliquots frozen at 0 and 8 hours following the induction of respiration. Approximately 8 

of RNA was separated by nondenaturing electrophoresis, transferred to Nytran, and 

hybridized with a CBPl-2 cRNA probe. CBPI mRNA levels were quantitated on a 

Betascope Analyzer. The ratio of long to short CBPI transcripts (2.2/1.2) is indicated 

below each lane. This figure was made using Adobe Photoshop version 3.0. 
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much longer half-life in glycerol. The wildtype short transcripts were not detected in the 

glucose experiment but had a long half-life in galactose and glycerol. The long and short 

transcripts were present in approximately equal amounts at all time points in the glycerol 

experiment. These data are in contrast to the steady-state levels of the two types of 

transcripts; the level of the long transcripts is much higher than that of the short transcripts 

in glucose while the short transcripts are much more abundant than the long transcripts in 

glycerol and the total level of CBPl transcripts remains constant. The half-lives of the 

long transcripts produced by the MMH2 allele of CBPl were similar to those of the 

wildtype long transcripts in all carbon sources tested. The mutant strain MMH2 does not 

produce short transcripts and the steady-state level of the long transcripts remains at 

approximately 70% of the repressed level of the wildtype long transcripts throughout the 

induction of respiration. 

I propose three hypotheses to explain the carbon source-mediated regulation of the 

steady-state levels of the two CBPl transcripts in the wildtype strain. To simplify these 

hypotheses, I assume that the rate of transcription initiation from the CBPl promoter 

remains constant. This assumption is based on the observation that insertion of the CBPl 

short transcript 3' end formation element into a reporter gene (JURAS) allows the 

production of a new, shorter transcript from that gene (Mayer and Dieckmann, 1991). 

Production of the two transcripts is regulated by carbon source in the same way as the two 

CBPl transcripts, with the ratio of the two transcripts changing but the total level of both 

transcripts remaining constant upon induction of respiration (Mayer and Dieckmann, 
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1991). This result is suggestive that induction of respiration does not increase the rate of 

transcription initiation but only affects the relative levels of the two types of transcripts. 

The first hypothesis states that the long and short CBPl transcripts are made at a 

constant rate (i. e., short transcript 3' end formation rate does not change) but the decay 

rates of the two types of transcripts change upon induction of respiration in such a way as 

to cause a decrease in the ratio of long to short transcripts. The change in the half-lives of 

the two types of transcripts must be delicately balanced to result in steady-state levels of 

total CBPl transcripts that do not change during the induction of respiration. If this 

hypothesis is correct, the half-life of the long transcripts should be shorter in glycerol-

induced cells than in glucose-repressed cells; the converse should be true for the short 

transcripts. However, the data in Fig. 4.1 show that, contrary to the hypothesis, the half-

life of the long transcripts is much longer in glycerol than in glucose Also, the steady-state 

level of the long transcripts produced by MMH2 remains constant upon induction of 

respiration; this level should fall if the mutations did not fortuitously destroy the putative 

carbon source-dependent instability element in the long transcript. 

Since this hypothesis predicts that the half-life of the long transcripts should 

decrease, it can still be true if it is assumed that the temperature-sensitive polymerase 

failed to stop transcription completely in glycerol-grown cells, resulting in artificially 

increased half-lives of both transcripts. Numerous attempts to test this assumption by 

probing for other short-lived transcripts failed to detect these other transcripts at any time 

point. However, a previous study showed that three other transcripts that encode 
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mitochondrial proteins have much longer half-lives in glycerol than in glucose; the change 

in decay rates happened within 5 minutes after switching cells from glycerol to glucose 

(Lombardo, Cereghino, and SchefiHer, 1992). This result is suggestive that the cells in my 

galactose pulse-chase experiment may be subject to the glucose decay rates since glucose 

was used to repress transcription in this experiment. Indeed, the long transcripts produced 

by both the wildtype and mutant alleles have the same half-lives in glucose as in galactose. 

The short transcripts are produced at a much higher level in galactose, which allowed us 

to determine that the short transcripts have a longer half-life than the long transcripts in 

galactose; perhaps this half-life is also reflective of the decay rate of the short transcripts in 

glucose. 

The second hypothesis states that the decay rates of the two types of transcripts 

remain constant during induction of respiration but that the two types of transcripts are 

made at different rates in glucose than in glycerol (i.e., the 3' end formation rate of the 

short transcripts increases during respiration). This hypothesis easily explains the constant 

level of total CBPl transcripts; the total number of transcripts produced remains constant 

(no change in the transcription or decay rates) but the use of the two 3' end formation sites 

changes upon induction of respiration. If this hypothesis is correct, the half-life of each 

transcript should be the same in glycerol as in glucose. Also, since the mutant strain 

MMH2 no longer makes short transcripts, the steady-state levels of the long transcripts 

should be the same in glucose as in glycerol. The data presented in Fig. 3.9 (see Chapter 

Three) reveal that the steady-state levels of the long transcripts produced by the mutant 
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strain are indeed constant during the induction of respiration. However, as stated above. 

Figs. 4.1 and 4.2 show that the half-lives of both the wildtype and mutant long transcripts 

are longer in glycerol than in glucose. 

For the second hypothesis to be correct, I again must assume that the temperature-

sensitive polymerase failed to stop transcription in glycerol and thus that the half-life of the 

long transcripts is the same in glycerol as in glucose. On the other hand, this hypothesis is 

supported by the transcriptional pulse-chase experiment if I assume that cells growing in 

raflSnose (the carbon source in which the cells were grown until the beginning of the 

galactose-driven transcriptional pulse) are respiring [since raffinose is a nonrepressing 

sugar (Gancedo, 1992)]. The half-life of the long transcripts is the same in rafiBnose as in 

glucose. Also, in rafiBnose-grown cells, the short transcripts clearly have a much longer 

half-life than the long transcripts. If the short transcripts are made at a higher rate in 

glycerol than in glucose, this longer half-life would allow the short transcripts to 

accumulate to higher levels than the long transcripts during the induction of respiration. 

The third hypothesis states that both the cleavage rate of the short transcripts and 

the decay rates of both transcripts change upon induction of respiration. If I assume that 

the temperature-sensitive polymerase efficiently stopped transcription upon shifting cells 

to the restrictive temperature in glycerol [as suggested by a previous experiment in which 

the temperature-sensitive polymerase was shown to stop transcription in glycerol for at 

least 10 minutes after a shift to the restrictive temperature (Lombardo, Cereghino, and 

Scheffler, 1992)], then the long transcripts clearly have a longer half-life in glycerol than in 
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glucose. Since the steady-state level of the long transcripts is lower in glycerol than m 

glucose (see Fig. 3.9 and Table 3.3; Mayer and Dieckmann, 1991; Mayer and Dieckmann, 

1989; Sparks, Mayer, and Dieckmann, 1997), then the cleavage rate of the short 

transcripts must increase upon induction of respiration to give the observed steady-state 

levels of the two transcripts in glucose and glycerol. However, if the long transcripts have 

the same half-life in glycerol as the short transcripts and the 3' cleavage rate of the short 

transcripts increases, this model does not explain how the rates of cleavage and decay are 

exquisitely balanced so that the total level of CBPI transcripts remains constant. 

Several experiments can be designed to distinguish among these three hypotheses. 

First, increasing the amount of both types of CBPI transcripts would allow more accurate 

measurements of the half-life of the short transcripts in glucose. Such an increase can be 

achieved by using very high copy number plasmids (more than 150 copies per cell) 

(Loison et al., 1989; Faulkner et al., 1994; Castelli et al., 1994) or by isolating poly(A)-

enriched RNA. A non-carbon-source-dependent pulse-chase, perhaps involving a heat 

shock promoter, could also be designed to allow more straightforward measurements of 

the half-lives of both types of transcripts on glucose and glycerol. Another experiment 

would be to probe the blots shown m Figures 4.1 and 4.2 for a transcript that is known to 

have a short half-life to determine whether the polymerase actually stopped transcribing 

when cells were shifted to the restrictive temperature in glycerol. 

In Chapter Three, I presented data that were supportive of the idea that 

mutagenizing the short transcript 3' end formation element led to the loss of the short 
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transcripts and a concomitant constitutive level of the long transcripts in respiring cells. 

An alternative explanation for the change in the level of the long transcripts in the mutant 

strain is that the mutations that abolished short transcript formation also altered the 

stability of the long transcripts. The data presented in Figures 4.2 do not support this 

hypothesis since the mutant long transcripts are degraded at the same rate as the wildtype 

long transcripts in all carbon sources tested. These data are supportive of the idea that the 

simple loss of short transcript production leads to constitutive long transcript production 

by the mutant strain MMH2, probably by readthrough of the mutagenized short transcript 

3' end formation signal. 

To explain the production of the short transcripts, it was proposed that the CBPI 

template contained an intrinsic block to transcription elongation near the 3' ends of the 

short transcripts, leading to transcription termination during fermentation. This block 

could be partially relieved upon induction of respiration by increased activity of the 

transcription elongation factor TFIIS. The data presented here do not support this 

hypothesis because disruption of the gene encoding TFIIS had no effect on the ratio of 

long to short transcript levels in either fermenting or respiring cells. Also, an in vitro 

assay failed to detect pausing near the short transcript 3' ends. Therefore, the short 

transcripts must be made by a mechanism other than pause site utilization. 

I favor the hypothesis that the change in abundance of the two types of CBPl 

transcripts in wildtype cells is due primarily to the increased use of the short transcript 3' 

end formation element during the switch to glycerol. This increased use of the short 
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transcript 3' end signal could be achieved by a specific carbon source-dependent 3' end 

formation factor. This factor might recognize specific carbon-source regulatory sequences 

in the short transcript 3' end formation signal. Increased production or activity of such a 

protein in respiring cells would lead to the increased level of short transcripts observed. 

The failure of a yeast in vitro 3' end formation system to produce short transcripts under 

conditions that allow the long transcripts to be accurately and efficiently cleaved and 

polyadenylated (Butler, Sadhale, and Piatt, 1990; J. S. Butler and T. Piatt, personal 

communication) would then be due to a lack of this carbon source-dependent factor in the 

in vitro system. 

An alternative way that the use of the short transcript 3' end formation signal could 

be increased during respiration is that the expression or activity of one (or more) of the 

subunits of the general 3' end formation machinery might be regulated by carbon source. 

Since 3' end cleavage and polyadenylation precede transcription termination (i.e., cleavage 

occurs cotranscriptionally) (Nevins and Darnell, 1978), an increase in 3' end formation 

activity would allow increased recognition of lower-afBnity upstream 3' end formation 

signals (the short transcript signal) over higher-affinity downstream signals (the long 

transcript signal). Several cases have been described in mammalian systems in which the 

use of polyadenylation sites of dijBFerent efiBciencies was regulated by the activity or 

concentration of a constitutive 3' end formation factor [for example, the 64 kDa subunit of 

CstF and the adenovirus major late transcription unit (Mann, Weiss, and Nevins, 1993) or 

the mouse Ig y2h transcripts (Edwalds-Gilbert and Milcarek, 1995)]. However, CBPI is 
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the first yeast gene described that produces two transcripts that are differentially regulated 

by 3' end formation. This question will be addressed further in Chapter Five. 

In order to look for a specific carbon source-dependent 3' end formation factor 

that regulates CBPl short transcript formation, an in vitro 3' end formation system can be 

prepared fi^om cells grown in glycerol to determine whether an extra activity is present in 

respiring cells that allows short transcript formation. To determine whether increased 

production or activity of one of the general 3' end formation factors regulates short 

transcript formation, temperature-sensitive alleles of essential genes required for 

constitutive 3' end formation, such as UNA 14, RNA15, and PAPl (Lingner, Kellermann, 

and Keller, 1991; Minvielle-Sebastia et al., 1991) can be tested at temperatures slightly 

below the restrictive temperature to determine whether the ratio of long to short CBPl 

transcripts changes as 3' end formation components become rate-limiting. If there are 

carbon source-dependent differences in 3' end formation activity (either specific or 

general), one would predict that the production of other truncated transcripts might 

increase in respiring cells; this idea is tested in Chapter Five. 
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CHAFFER FIVE 

CARBON SOURCE-REGULATED 3' END FORMATION OF SEVERAL YEAST 

mRNAS 

ABSTRACT 

Several yeast genes produce multiple transcripts with different 3' ends. Of these, 

four genes are known to produce truncated transcripts with 3' ends within the coding 

sequence of longer transcripts: CBPl, AEP2/ATPI3, RNAI4, and SIRl. It has been 

shown that production of the short CBPI transcripts is induced by growth on 

nonfermentable carbon sources such as glycerol. To determine whether this phenomenon 

is unique to the CBPl short transcripts. Northern analysis was used to determine whether 

production of the other short transcripts is regulated similarly by carbon source. The 

production of the shortest transcripts of AEP2/ATPI3 and RNA14 was induced by carbon 

source while the shortest SIRl transcript was produced at a constant rate. However, two 

longer SIRl transcripts were regulated reciprocally by carbon source in a manner similar 

to the regulation of the two CBPl transcripts. Mapping of the 3' ends of the short 

transcripts by sequencing cDNA clones revealed multiple 3' ends, often at nonconsensus 

sites, for each type of short transcript. Examination of the sequences surrounding the 3' 

ends of five types of short transcripts produced by the four genes studied failed to identify 

a consensus sequence but did reveal weak 3' end formation signals in all of the transcripts. 

These data are suggestive of carbon source regulation of mRNA 3' end formation in yeast. 



133 

INTRODUCTION 

Several yeast nuclear genes produce multiple transcripts with common 5' ends but 

different 3' ends. These genes include GALl (St.John and Davis, 1981), URA3 (Buckholz 

and Cooper, 1983), ALG7 (Kukuruzinska and Robbins, 1987), MCMl (Passmore et al., 

1988; Elble and Tye, 1991), MODS (Najarian et al.l987), SUA7(B. C. Hoopes, personal 

communication), RNA14 (Minvielle-Sebastia et al.,1991), SIRI (Stone et al., 1991), 

AEP2/ATP13 (Finnegan et al., 1991), and CBPl (Mayer and Dieckmann, 1989). Of 

these, RNA14, SIRI, AEP2/ATP13, and CBPl produce short transcripts that have 3' ends 

within the coding sequence of the longer transcripts. The best characterized example is 

CBPL The abundance of the two types of CBPl transcripts is regulated reciprocally by 

carbon source (Table 3.3; Figures 3.1 and 3.9; Mayer and Dieckmann, 1989). When yeast 

cells are induced to respire, the steady-state level of the long CBPl transcripts decreases 

while that of the short CBPl transcripts increases. Like CBPl, AEP2/ATP13 is necessary 

for respiration; Aep2/Atpl3 is required for the production of the mitochondrially-encoded 

ATP9 mRNA at a post-transcriptional step (Finnegan et al., 1991). Rnal4, however, is a 

component of the general 3' end formation machinery (Minvielle-Sebastia, Preker, and 

Keller, 1994), while Sirl represses transcription from the silent mating-type loci (Stone et 

al., 1991). 

It is not known whether the production of the different types of transcripts made 

by AEP2/ATP13, RNA14, and SIRI is regulated by carbon source in a manner similar to 

that of the two types of CBPl transcripts. Also, the 3' ends of the short transcripts of 
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AEP2/ATPI3, RNA14, and SIRI have not been accurately mapped, so it has not been 

possible to compare the sequences surrounding the 3' ends of the short transcripts for 

conserved motifs that might be responsible for differential 3' end formation. In this 

chapter. Northern analysis was used to determine whether the multiple transcripts 

produced hy AEP2/ATP13, RNA14, and SIRI are regulated during the switch to 

respiratory growth in the same way as the two types of CBPl transcripts. The 3' ends of 

the short transcripts of all four genes were mapped by sequencing cDNA clones. Two 

types of sequence comparison were used to search for a consensus sequence common to 

the truncated transcripts that might be a binding site for a carbon source-specific 

regulatory protein. In addition, possible 3' end formation signals for each type of 

truncated transcript were identified. 

RESULTS 

The production of several different types of short transcripts is regulated by carbon 

source. 

The production of the two types of CBPl transcripts is regulated reciprocally by 

carbon source. When yeast cells are induced to respire by growth on a nonfermentable 

carbon source such as glycerol, the steady-state level of the full-length transcripts 

decreases while that of the truncated transcripts increases (Mayer and Dieckmann, 1989). 

I hypothesized that truncated transcripts produced by other genes might be regulated 

similarly. y4jEP2/47P/i (Finnegan et al., 1991), (Minvielle-Sebastia et al., 1991), 

and SIRI (Stone et al., 1991) all produce short transcripts with 3' ends in the coding 
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sequence of full-length transcripts (Figure 5.1). To determine whether production of these 

other short transcripts is regulated by carbon source in the same way as the short CBPl 

transcripts, poly(A)-enriched RNA was isolated from yeast strain T31 at four-hour 

intervals after the induction of respiration (by Steve Mayer, as described in Chapter 3) and 

analyzed by Northern blot via successive hybridization with probes specific for CBPl, 

AEP2/ATP13, RNA14, and SIRl (Figure 5.2). The quantitation of these four experiments 

is shown in Table 5.1. 

As observed previously (Sparks, Mayer, and Dieckmann, 1997; Mayer and 

Dieckmann, 1991; Mayer and Dieckmann, 1989; Figure 3.9), the steady-state level of the 

1.2 kb CBPl transcripts increased upon induction of respiration (approximately twofold) 

while the level of the 2.2 kb CBPl transcripts decreased reciprocally (Figure 5.2A, Table 

5.1). Like CBPl, AEP2/ATP12 produces two types of transcripts: a full-length 2.1 kb 

transcript and a truncated 0.6 kb transcript. Also similar to CBPl, the steady-state level 

of the 0.6 kb short transcript ofAEP2/ATPI3 increased upon induction of respiration 

(approximately sevenfold), while the steady-state level of the 2.1 kb long transcript 

decreased reciprocally (Figure 5.2B, Table 5.1). Regulation of the two AEP2/ATP13 

transcripts by carbon source was not surprising since this gene is necessary for respiration. 

Unlike CBPl and AEP2/ATP13, three types of transcripts are produced from the 

RNA 14 template; a full-length 2.2 kb transcript and truncated 1.5 kb and 1.1 kb 

transcripts. Like the CBPl and AEP2/ATP13 short transcripts, the steady-state level of 

the 1.1 kb short transcript of RNA 14 also increased upon induction of respiration 
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Figure 5.1. Schematic representation of the transcripts produced by AEP2/A TP 13 

(Finnegan et al., 1991), RNAI4 (Minvielle-Sebastia et al.,1991), and SIRl (Stone et al., 

1991). The transcripts produced by each gene share common 5' ends but differ at the 3' 

ends. In all three cases, the longest transcript encodes the protein that carries out the 

function of the gene while the shorter transcript(s) has 3' ends within the coding sequence 

of the long transcript, except for the 2.3 kb SIRl transcript which probably ends in the 3' 

UTR. The boxes represent the coding sequence of each gene, while the arrows represent 

the transcripts. The 2.3 kb transcript of SIRl has not been previously reported. 
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Figure 5.2. Northern analysis reveals that the production of several truncated transcripts 

is regulated by carbon source. Yeast cells were induced to respire as described in Chapter 

Three. PoIy(A)* RNA was isolated from aliquots of ceils frozen at four-hour intervals 

after the initiation of induction. Approximately 12 |ag of each RNA sample was separated 

by nondenaturing electrophoresis, transferred to Nytran, and hybridized with successive 

probes, stripping the blot between probes. The numbers above the lanes represent hours 

after the induction of respiration while the numbers to the right of the lanes represent 

transcript sizes (in kb). This figure was made using Adobe Photoshop version 3.0. (A), 

CBPI. C^\AEP2/ATP13. (!Z\RNA14. (D),SIR1. (E),/4Cr/, which was used to 

normalize for differences in loading. 
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Table 5.1. Relative transcript levels for CBPI, AEP2/ATP13, RNAI4, and SIRl during 

the induction of respiration*. 

Gene Transcript 0 hour*" 4 hour*" 8 hour'' 

CBPl 2.2 kb 1.00 0.47 0.11 

1.2 kb 0.55 0.64 1.1 

AEP2/ATP13 2.1 kb 1.00 0.58 0.10 

0.6 kb 0.13 0.38 0.94 

RNA14 2.2 kb 1.00 0.38 0.21 

1.5 kb 0.39 0.25 0.15 

1.1 kb 0.30 0.87 4.2 

SIRl 2.4 kb 1.00 0.83 0.67 

2.3 kb 0.62 0.68 1.5 

1.7 kb 0.97 0.79 1.3 

'Adjusted for background and normalized to ACTl mRNA levels. The long transcript 

level at the 0 hour time point for each gene was set to 1.00, and the remaining transcript 

levels were adjusted accordingly. Units are arbitrary. 

'Hours after induction of respiration. 



141 

(approximately fourteenfold), while the steady-state levels of the 1.5 kb short transcript 

and the 2.2 kb long transcript decreased (Figure 5.2C, Table 5.1). This result is exciting 

because RNA14 has no known respiratory function. It is also mteresting that only the 

shortest (1.1 kb) transcript increases in abundance during respiration while the level of the 

other truncated (1.5 kb) transcript decreases like that of the full-length (2.2 kb) transcript. 

In the case of SIRl, two types of transcripts had been detected previously: a fiill-

length 2.4 kb transcript and a truncated 1.7 kb transcript. Unlike the short transcripts 

produced by CBPl mdAEP2/ATP13 and the shortest RNA14 transcript, the steady-state 

level of the 1.7 kb short transcript of SIRl remained constant upon induction of 

respiration (Figure 5.2D, Table 5.1). Interestingly, a new type of SIRl long transcript 

(approximately 2.3 kb) was detected using a SIRl antisense riboprobe; the 2.3 kb 

transcript is predicted to end beyond the stop codon of Sirl. As seen for CBPl, 

AEP2/ATP13, and RNA14, the level of the longer, 2.4 kb transcript decreased during the 

induction of respu^tion while the level of the shorter, 2.3 kb transcript increased more 

than twofold. Collectively, these data are suggestive that carbon source-regulated 

alternative 3' end formation might be a more general phenomenon than was originally 

assumed. 

Mapping the 3' ends of the short transcripts of AEP2/ATP13, RNA14y and SIRl 

reveals that the truncated transcripts have multiple 3* ends. 

The data presented above are suggestive that the produaion of several types of 

truncated transcripts is regulated by carbon source. In order to look for a cw-element that 
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might be responsible for carbon source-dependent regulation of short transcript formation, 

it was first necessary to map the 3' ends of the short transcripts of AEP2/ATP13, RNA14, 

and SIRl. The 3' ends of the short transcripts of CBPl were mapped as a positive control, 

since these ends had been mapped previously (Mayer and Dieckmann, 1991). The 3' ends 

of the truncated transcripts were mapped by sequencing cDNA clones of each truncated 

transcript obtained by the RACE method of reverse transcription-polymerase chain 

reaction (RT-PCR) (Frohman, Dush, and Martin, 1988), using gene-specific 5' sense 

primers fi"om sequence that was estimated to be 200-400 bp upstream of the 3' ends and a 

common 3' antisense primer complementary to the poIy(A) tail. Figure 5.3 shows the 

location of the 3' ends of the 1.2 kb CBPI transcripts, the 0.6 kb AEP2/ATP13 transcripts, 

the 1.1 kb and 1.5 kb RNA14 transcripts, and the 1.7 kb SIRl transcripts. Similar to 

CBPl, the other truncated transcripts all have multiple 3' ends within a short region. The 

consensus sequence for yeast poly(A) addition sites is Py(A)n (where Py represents a 

pyrimidine) (Heidmann et al., 1992; Russo et al.,1993; Guo and Sherman, 1995), 

However, many of the five types of truncated transcripts of all four genes are 

polyadenylated at nonconsensus sites. Details of the 3' ends of each type of truncated 

transcript will be described here and summarized in Table 5.2. 

Of the ten CBPl clones sequenced (Figure 5.3 A), three poly(A) addition sites 

were represented twice (+1007, +1043, and +1049). The end at +1049 was found in more 

than 25% of the clones sequenced in a previous study (Mayer and Dieckmann, 1991). 

Three other poly(A) addition sites found in this study were also found previously (+1007, 
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Figure 5.3. Location of the 3' ends of the truncated transcripts produced by CBPl, 

AEP2/ATPI3, RNAI4, and SIRl. The 3' ends of the truncated transcripts were mapped 

by sequencing cDNA clones obtained by the RACE method (Frohman, Dush, and Martin, 

1988). Ten clones of each transcript were sequenced, except for the 1.5 kb RNA14 

transcripts for which twelve clones were sequenced. The 3' ends are underlined. Numbers 

are relative to the ATG of each gene at +1. (A), 1.2 kb CBPl transcripts. Italicized 

letters represent 3' ends mapped previously (Mayer and Dieckmann, 1991). (B), 0.6 kb 

AEP2/ATP13 transcripts. Italicized letters represent uncertainty about the exact site of 

poly(A) addition. (C), 1.1 kb transcripts. (D), 1.5 kb transcripts. (E), 1.7 

kb SIRl transcripts. 
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A) CBPl 

+988 AGC GAA ATC TTT TGG CPA Tm ACT CCA TAC JAT TGT AAT +1030 

AAC CCT TTG ATA TITV CCG GOV 

B) AEP2/ATP13 

+509 TGG TTC AAA CTT TTT TCC TTA TAT GCA GAA AAA GTT GAT GCC +551 

AAG AGA AAC CPA GTT AAC TTA CGG AAT ACG AAA CTA GAT GCA +593 

TGT GAA ATA TTT TTA GGT AAG GCT CAA AAA ATT TTA AGC TTT +677 

ATT CTT GAT AGA AAT CCT GAT ATA TTA CTG TCT CCG AAA AAT +719 

GCA GAT 

C) RNA14 1.1 kb 

+955 GAA ATG TGG TAC GAT TAT TCA ATG TAT ATA TCT GAA AAT TCG +997 

GAT CGA CAA AAT ATC TTA TAT ACT GCG TTA TTA GCT AAT CCC +1039 

GAC TCA CCT TCT CTT A^ TTC AAG TTA TCC GAA TGC TAC GAA +1081 

CTG GAT AAT GAT TCT GAA AGT GTT TCT AAC TGT TTT GAC AAG 

D) RNA14 1.5 kb 

+1492 AAG GAT TCG CAG ATC AAA ACC TTA TTT GAA ACA TCA GTG GAA 

E) SIRl 

+1705 GCG ^C TTC AAG TTA CAT A^ TTA CCT ACA GAA GCA AAT TTA +1747 

AAG TAT GAG CCG GAG CGG ATG ACA GTT TTG TGT TCC TGT GTC +1789 

CCT ATT CTT TTG GAT 
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Transcript 3* end # of clones Sequence' 

CBPI 1.2 kb 

AEP2/ATP13 0.6 kb 

RNAI4 I.I kb 

+991 

+1007 

+1015 

+1025 

+1029 

+1043 

+1049 

+514 

+525 

+526 

+530 

+559 

+572 

+579 

+596 

+659 

+722 

+955 

+1013 

1 

2 

1 

1 

1 

2 

2 

GA 

TA 

GA 

GT 

TA 

TA 

CA 

CA 

CC 

CT 

TA 

CCA 

CG 

CGA 

GA 

CA 

GA 

GA 

TA 
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Transcript 3' end # of clones Sequence* 

+1028 1 TA 

+1039 1 GA 

+1049 1 CT 

+1053 3 TA 

+1055 1 CA 

+1119 1 CA 

RNA14 1.5 kb 

+1495 2 GA 

+1506 3 CA 

+1519 2 GA 

+1526 3 CA 

+1531 2 GA 

SIRI 1.7 kb 

+1708 1 GA 

+1718 3 TA 

+1720 1 CA 

+1724 1 CA 

+1750 1 TA 

+1767 1 GA 

+1782 1 CT 

+1800 1 GG 
'The sequence at the cleavage site, with the poly(A) tail added after the first nucleotide of 

each pair. In the cases where three nucleotides are listed, the precise cleavage site could 

not be determined but was one of the first two nucleotides listed. 
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+1015, and +1049) (Mayer and Dieckmann, 1991), indicative that the 3' ends I mapped 

are authentic. The 3' ends of the 1.2 kb CBPI transcripts were clustered within a 58 

nucleotide region. Since new 3' ends were found in this study, I assume that not all 

possible ends have been mapped. 

Sraiilar to CBPl, I believe that I have not mapped all of the 3' ends of the 0.6 kb 

AEP2/ATPI3 transcripts. Of the ten AEP2/ATT13 clones sequenced (Fig. 5.3B), no 

duplicates were found. Unlike the 1.2 kb CBP I transcripts in which the 3' ends are 

located in a short region, the mapped 3' ends of the 0.6 kb AEP2/ATPI3 transcripts span a 

region of more than 200 nucleotides. Since the truncated AEP2/ATP13 transcripts are 

very short (0.6 kb), a difference of200 nucleotides is seen as a broad band by Northern 

blot analysis (see Fig. 5.2B). 

Northern analysis had previously revealed two types of truncated RNA14 

transcripts (Minvielle-Sebastia et al., 1991). I mapped the 3' ends of both types. Of the 

ten clones sequenced representing the 3' ends of the 1.1 kb RNA14 transcripts (Fig. 5.3C), 

one poly(A) addition site was represented three times (+1053); the other sites were 

unique. Similar to the 0.6 kb AEP2/ATPI3 transcripts, the 3' ends of the 1.1 kb RNA14 

transcripts were distributed over more than 150 nucleotides. However, similar to the 1.2 

kb CBP I transcripts, the majority of the 3' ends of the shortest RNA14 transcripts were 

clustered in a 42 nucleotide region, with only two sites outside this area (+955 and 

+1119). Similarly, the 3' ends of the 1.5 kb RNAI4 transcripts were clustered within a 36 

nucleotide region. Of the twelve clones sequenced representing the 1.5 kb RNA14 
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transcripts (Fig. 5.3D), only five poIy(A) addition sites were found. All of the ends were 

located at GA or CA dinucleotides. Each site was represented by at least two clones, with 

three clones each for the ends at +1506 and +1531. Therefore, unlike the other types of 

truncated transcripts, I have probably mapped all of the 3' ends of the 1.5 kb RNA14 

transcripts. 

Unlike the 1.5 kb RNAI4 transcripts, all of the 3' ends of the 1.7 kb SIRl 

transcripts probably have not been mapped. Of the ten clones sequenced representing the 

3' ends of the 1.7 kb SIRl transcripts, one poly(A) addition site was represented by three 

clones (+2004) while the others were unique. The 3' ends of the 1.7 kb SIRl transcripts 

were distributed over a 93 nucleotide region. Similar to the 1.5 kb UNA 14 transcripts, 

seven of the eight poly(A) addition sites of the 1.7 kb SIRl transcripts were located 

immediately upstream of an A residue. Collectively, mapping of the 3' ends of five types 

of truncated transcripts revealed multiple 3' ends for each type of transcript; in addition, 

the 3' ends of each type of transcript were distributed over regions spanning 36 to more 

than 200 base pairs. Since the 3' end formation signals for each type of transcript are 

known to be inefficient (because longer transcripts are also made from each gene), it was 

not surprising that many poly(A) addition sites are located at nonconsensus sites (i.e., not 

at Py(A) J. Mapping of the 3' ends of the five types of truncated transcripts allowed 

sequence comparisons to try to elucidate the mechanism by which truncated transcript 

production is regulated by carbon source. 

Sequence comparisons fail to reveal a consensus sequence in the truncated 
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transcripts. 

There are two models to explain the regulation of alternative 3' end formation by 

carbon source (Figure 5.4). The first model states that a specific regulatory protein binds 

to the RNA surrounding the cleavage site of each truncated transcript to increase (if the 

protein is an activator) or decrease (if the protein is a repressor) production of that 

transcript in response to carbon source. This model predicts the existence of a consensus 

binding site (either a sequence motif or a structure) for the regulatory protein in the 

truncated transcripts. The second model states that an increase in the amount or activity 

of one of the general 3' end formation factors upon induction of respiration results in 

increased use of weak but upstream 3' end formation signals such as those found in the 

truncated transcripts studied here. This model does not predict a consensus protein 

binding site but mstead predicts that the 3' end formation signals of the truncated 

transcripts will not be optimal (i.e., they will contain mismatches to the proposed 3' end 

formation signals). 

In order to test the first model by searching for possible binding sites for a putative 

carbon source-dependent regulatory protein in the short transcripts, the sequence 

surrounding the 3' ends of the five types of truncated transcripts was compared using the 

Pileup program (Wisconsin Package Version 9.0, Genetics Computer Group, Madison, 

Wisconsin) (Figure 5.5A). Although sequence identities were observed at many positions 

throughout the alignment, the sequence comparison failed to reveal an obvious consensus 

sequence. After the sequences were aligned, the sequence of the MMH2 allele of CBPI 
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Figure 5.4. Two models of the regulation of alternative poly(A) site choice of several 

yeast transcription units. (A), Specific-factor model. A specific regulatory protein (small 

circle) binds to a conserved element ("signal") in the RNA to nucleate binding of the 

cleavage/polyadenylation complex (oval labeled "poly(A)") to the upstream poly(A) site 

("short"). (B), General-machinery model. At low levels of cleavage/polyadenylation 

activity ("low poly(A)"), the complex (oval labeled "poly(A)") would bind to the higher-

afiSnity, downstream signal ("long"). A general increase in 3' end formation activity ("high 

poIy(A)") would then allow the complex to bind the lower-afiBnity, upstream sites 

("short") also and cleave the transcript before the downstream signal is transcribed, since 

cleavage occurs cotranscriptionally. Note that both the cleavage/polyadenylation complex 

and RNA polymerase II ("pol H") are multi-subunit enzymes and are depicted as a single 

protein only to simplify the drawing. 



poly(A) 

Long Short signal 

low [poly(A)] poly(A) 

pol II 
Long Short 

high [poly(A)] poly(A) 

^ polll 
Short 
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Figure 5.5. Comparison of the sequence surrounding the 3' ends of the five types of 

truncated transcripts using the Pileup program of the Wisconsin Package Version 9.0. 

(A), Pileup analysis of the sequence surrounding the 3' ends of the 0.6 kb AEP2/ATPI3 

transcripts, the 1.2 kb CBPl transcripts, the 1.1 and 1.5 kb RNA14 transcripts, and the 1.7 

kb SIRl transcripts. Doubly underlined letters represent poly(A) addition sites. The 

numbers at the end of the alignment represent the number of additional poly(A) addition 

sites downstream of the alignment. The sequence of the MMH2 allele of CBPl was 

manually added after the Pileup analysis was performed; the underlined letters in the 

MMH2 sequence represent the positions at which MMH2 differs fi"om the assigned 

consensus sequence. The consensus sequence was assigned by determining the most 

fi'equent nucleotide at each position, with underlined capital letters representing five, non-

underiined capital letters representing four, and lower-case letters representing three out 

of five matches. W = A or T. Y = C or T. R = A or G. K = G or T. M = A or C. (B), 

Pileup analysis of the three types of short transcripts that are induced upon induction of 

respiration. The sequence of the MMH2 allele was added manually and the consensus 

sequence was assigned as described in (A). In the consensus, capital letters represent 

three and lower-case letters represent two out of three matches. All other symbols are as 

described in (A). (C), Pileup analysis of the two types of non-induced truncated 

transcripts. Symbols are as described in (A). 
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A 
ATP13 
CBPl 
RNA14-1.5 
RNA14-1.1 
SIRl 
consensus 
MMH2 

TCAAATTAGG 
TCTGCACATG 
TTATATCAAC 
TCAATACATG 
TGACCAAATG 
TcA—WcAtG 
AGCGCGCACG 

AGAATCTGTA 
ATTCCAGAAT 
AAATACTTAG 
ATATTTTCTG 
AATTTAGTTA 
A-Wtt-K-W-
ACAGCAGGAT 

GAGACATAAA 
CATTTATAAA 
ATTTTTTAAT 
CTGAAATGTG 
AGTGGAATGA 
—K—ATaaa 
CATCTACAAG 

CGCTAAATAT 
GTCTTCAAGA 
ATTTTTAAAT 
GTACGATTAT 
CTTCAAAAAA 
-T-Y-aAWAW 
GTCTTCAAGA 

TCAGAATTTT 
TTTGTACCCA 
AAC^TTCGC 
TCAATGTATA 
TATCAAGATC 
T—gWat-t-
TCTGCACCCA 

ATP13 
CBPl 
RNA14-1.5 
RUA14-1.1 
SIRl 
consensus 
MMH2 

GGTTCAAACT 
TAATAGAGCC 
AGATCAAAAC 
TATCTGAAAA 
CTATCCCGCT 
—WTc-ARM-
CAACCGGGCC 

TTTTTCCTTA 
TATAGATgTA 
CTTATTTGAA 
TTCGGATCGA 
GAAAGCCAAA 
tWtaK-y—A 
TACCGATCGA 

TATGCAGAAA 
TATGTAGCGA 
ACATCAGTC^ 
CAAAATATCT 
ACCTTATTTA 
-M Agt-a 
TCTGCAGCGA 

AAGTTGATGC 
AATGTTTTGG 
AAAAAGTGCA 
TATATACTGC 
AATTTTGTAA 
AAt-T—Tg-
GATGTTCTGG 

CAAGAGAAAC 
CAATTAACTC 
AGATTTAACC 
GTTATTAGCT 
ACAAATAAAG 
—A-WtA—c 
CAGCTGACCC 

ATP13 
CBPl 
RNA14-1.5 
RNA14-1.1 
SIRl 
consensus 
MMH2 

CAAGTTAACT 
CAGAGTACTA 
CAGCTGAAGG 
AATCCCGACT 
AAAAAATTCC 

a-c-
CCGAGTACTA 

TACGGAATAC 
TTGTAATAAC 
AAATATACAA 
CACCTTCTCT 
TACGATOTGC 
tAc-a—tac 
CTGCAACAAC 

GAAACTAGAT 
CCTTTGATAT 
GAAAATGATA 
TACATTCAAG 
^^CTTCAAG 
gaaatT-aA-
CCACTGATCC 

GCATGTGAAA 
TACCG(^AAT 
AGTTATGAAT 
TTATCCGAAT 
TTACATAgAT 
t-aY-tgAAT 
TGCCGGCCAT 

TATTTGATGC 
TATTGACTTC 
CGAAATTCGG 
GCTACGAACT 
TACCTACAGA. 
tat g-
CATCGACTTC 

ATP13 
CBPl 
RNA14-1.5 
RNA14-1.1 
SIRl 
consensus 
MMH2 

AAATCTTATG 
ATTACAAAGC 
TAACTTAAAC 
GGATAATGAT 
AGCAAATTTA 
a-a—WWa— 
ATCACCAAGC 

ATCAAGAACT 
AAGACTCTTT 
AACGTTTATT 
TCTGAAAGTG 
AAGTATGAGC 
Aa—at-att 
AGGACAGCCT 

+2 

+1 
+3 



154 

B 
AT PI 3 
CBPl 
RNA14-1.1 
consensus 
MMH2 

TCAAATTAGG 
TCTGCACATG 
TCAATACATG 
TCaa-acAtG 
AGCGCGCACG 

AGAATCTGTA 
ATTCCAGAAT 
ATATTTTCTG 
Ata-t-t-t-
ACAGCAGGAT 

GAGACATAAA 
CATTTATAAA 
CTGAAATGTG 
caga-ATaaa 
CATCTACAAG 

CGCTAAATAT 
GTCTTCAAGA 
GTACGATTAT 
gtct-aatat 
GTCTTCAAGA 

TCAGAATTTT 
TTTGTACCCA 
TCAATGTATA 
Tcagtat-ta 
TCTGCACCCA 

ATP13 GGTTCAAACT TTTTTCCTTA TATGCAGAAA AAGTTGATGC CAAGAGAAAC 
CBPl TAATAGAGCC TATAGATCTA TATGTAGCGA AATGTTTTGG CAATTAACTC 
RUAl4-1.1 TATCTGAAAA TTCGGATCGA CAAAATATCT TATATACTGC GTTATTAGCT 
consensus tatt-gAac- Ttt-gatctA tAtg-ag—a aA—T—TGc caa-t-A—c 
MMH2 CAACCGGGCC TACCGATCGA TCTGCAGCGA GATGTTCTGG CAGCTGACCC 

ATP13 
CBPl 
RNA14-1.1 
consensus 
MMH2 

CAAGTTAACT 
CAGAGTACTA 
AATCCCGACT 
cA taact 
CCGAGTACTA 

TACGGAATAC 
TTGTAATAAC 
CACCTTCTCT 
tac—a-tac 
CTGCAACAAC 

GaAACTAGAT 
CCTTTGATAT 
TACATTCAAG 
-a-atta-At 
CCACTGATCC 

GCATGTGAAA 
TACCG<^AAT 
TTATCCGAAT 
t-atg-gAAt 
TGCCGGCCAT 

TATTTGATGC 
TATTGACTTC 
GCTACGAACT 
taTt-gat-c 
CATCGACTTC 

AT PI 3 
CBPl 
RNA14-1.1 
consensus 
MMH2 

AAATCTTATG 
ATTACAAAGC 
GGATAATGAT 
a-atcata— 
ATCACCAAGC 

ATCAAGAACT 
AAGACTCTTT 
TCTGAAAGTG 
a—aa-a-tt 
AGGACAGCCT 

+2 

+1 

c 
SIRl 
RNA14-1.5 
consensus 

SIRl 
RNA14-1.5 
consensus 

SIRl 
RNA14-1.5 
consensus 

SIRl 
RNA14-1.5 
consensus 

SIRl 
RNA14-1.5 
consensus 

AAAAACCGAT 
TAACACATGA 
-AA-AC 

TAACCCAAAG 
CGTCTACGTG 

C G 

GATCCGCGCT 
GAAAATGCAT 
GA T 

TACTGACACT 
ATTTAGAATT 

T A-T 

GCTAAAAGAT 
TCAAAATCAA 
-C-AAA—A-

CATCAGCGTG CCATGATTGA CCAAATGAAT TTAGTTAAGT GGAATGACTT 
AACGATTATA AGACTGCTTT TAAGGTTTTA GAATTGGGTT TAAAATACTT 
-A—A T- —A T— —A—T —A-T T —AA—ACTT 

CAAAAAATAT CAAGATCCTA TCCCGCTGAA AGCCAAAACC TTATTTAAAT 
CCAAAACGAT GGAGTTTATA TCAACAAATA CTTAGATTTT TTAATATTTT 
C-AAAA—AT —AG-T—TA TC A A TTA-T 

TTTGTAAACA AATAAAGAAA AAATTCCTAC GAGGTGCGGA CTTCAAGTTA 
TAAATAAGGA TTCGCAGATC AAAACCTTAT TTGAAACATC AGTGGAAAAA 
T TAA--A AGA-- AAA—C-TA- —G C—- —T—A A 

CATACATTAC CTACAGAAGC AAATTTAAAG TATGAGCCGG AGCGGATGAC 
GTGCAAGATT TAACCCAGCT GAAGGAAATA TACAAGAAAA TGATAAGTTA 

A —AC—A -AA AA— TA—AG -G A 

SIRl 
RNA14-1.5 
consensus 

AGTTTTGTGT TCCTG 
TGAATCGAAA TTCGG 

T-G T-C-G 

+3 
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(which does not make short CBPl transcripts) was added manually by aligning the MMH2 

allele sequence with the corresponding sequence of the wildtype CBPl allele. While the 

sequence of the MMH2 allele was different from the weak, assigned consensus in many 

positions, the differences were spread throughout the sequence and did not help to 

elucidate an important sequence element in the CBPl sequence. 

One possible reason that a Pileup analysis of all five types of truncated transcripts 

failed to reveal a consensus sequence is that I was looking for a sequence common to all 

five types of transcripts without consideration of their regulation by carbon source. The 

levels of the different types of short transcripts are regulated differently by carbon source; 

three transcripts increase, one transcript decreases, and one transcript remains constant 

upon induction of respiration. Therefore, I sought to determine whether a sequence 

comparison of the three types of short transcripts that increase during respiratory growth 

would reveal a consensus binding site for a carbon source-dependent regulator of short 

transcript 3' end formation. The sequence surrounding the 3' ends of the 0.6 kb 

AEP2/ATP13 transcripts, the 1.2 kb CBPl transcripts, and the 1.1 kb RNA14 transcripts 

was aligned using the Pileup program (Fig. 5.5B). The same alignment was obtained 

using the three induced transcripts as when all five truncated transcripts were used 

(compare Fig. 5.5B to Fig. 5.5A). Again, there were sequence identities at many positions 

throughout the alignment, but no obvious consensus sequence was revealed. The addition 

of the MMH2 sequence did not help to elucidate a consensus sequence, since the many 

positions at which the MMH2 sequence differed from the weak assigned consensus 
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sequence were distributed throughout the alignment. 

Since no consensus binding site for a carbon source-dependent activator of short 

transcript 3' end formation was revealed by comparing the sequences upstream of the 3' 

ends of the three types of induced transcripts, I wondered if a sequence comparison of the 

two types of non-induced transcripts might help to elucidate a consensus binding site in 

the induced transcripts. In other words, I wanted to look for differences in the alignment 

of the non-induced transcripts from the aligimient of the induced transcripts to try to find a 

consensus that was not apparent from studying only the alignment of the induced 

transcripts. The Pileup program was used to align the sequence surrounding the 3' ends of 

the 1.7 kb SIRJ transcripts and the 1.5 kb RNAI4 transcripts (Fig. 5.4C). This alignment 

revealed fewer sequence identities than the first two alignments, and again failed to reveal 

any obvious consensus sequence that might be a protein binding site. The failure to detect 

a consensus sequence in these three different sequence alignments is suggestive that there 

is not a specific sequence common to these five types of truncated transcripts (or to any 

regulatory subset of these transcripts) that is responsible for binding a carbon source-

specific regulatory protein. 

Since the Pileup program failed to identify a consensus sequence by searching for 

sequence conservation among the five types of truncated transcripts, I next looked for a 

conserved sequence element located at a conserved distance upstream of the 3' end of 

each truncated transcript. Only sequences upstream of the 3' ends were examined because 

yeast mRNAs seem to lack a 3' end formation element downstream of the poly(A) site 
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(Manley and Takagaki, 1996). The Lineup program of the Wisconsin Package Version 

9.0 was used to align the 60-nucleotide sequences upstream of each poly(A) addition site 

of the three types of induced transcripts, with the site of poly(A) addition located at the 

end of each line (Fig. 5.6A). The Lineup program also assigns a consensus at each 

position representing the most common nucleotide present at that position. Examination 

of the computer-assigned consensus sequence revealed a very A+T-rich sequence, with 

only three C residues and no G residues out of 54 assigned positions. However, 

examination of the sequence of each transcript reveals that each nucleotide was allowed at 

each position, suggestive that no absolute sequence is required at any position located a 

certain distance from the poly(A) addition site. 

Further examination of the sequence upstream of each poly(A) addition site reveals 

the presence of weak 3' end formation signals for each transcript. The signals are known 

to be weak because none of the truncated transcripts are efficiently formed and thus longer 

transcripts are made from each gene. The signals contain mismatches to the proposed 

consensus sequences for efficiency and positioning elements of yeast 3' end formation 

signals, which could lead to the observed heterogeneity of 3' ends for each type of 

truncated transcript (Guo and Sherman, 1996). Perhaps the spacing of the positioning and 

efficiency elements with respect to each other and to the poly(A) addition site also 

contributes to the inefficiency of the signals. 

To determine whether the putative 3' end formation elements for the 1.2 kb CBPI 

transcripts were altered in making the MMH2 allele, a similar Lineup was performed using 
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Figure 5.6. Comparison of the sequence upstream of the 3' ends of the five types of 

truncated transcripts using the Lineup program of the Wisconsin Package Version 9.0. 

For each short transcript, the 60-nucleotide sequence immediately upstream of each 

poIy(A) addition site was aligned by placing the poIy(A) site at the right-hand end of the 

line. The numbers represent the nucleotide position of the poIy(A) addition site relative to 

the ATG of each gene at +1. The consensus was assigned by the computer by determining 

the most fi-equent nucleotide at each position. A dash in the consensus sequence 

represents a position at which no consensus could be assigned. Lower-case letters in the 

consensus sequence indicate that the conservation at that position is not very high (28-

69%). (A), Lineup analysis of the three types of transcripts that are induced during 

respiration. Singly underlined sequences represent possible eflBciency elements and doubly 

underlined sequences represent possible positioning elements of yeast 3' end formation 

signals. (B), Lineup analysis of the sequence of the MMH2 allele of CBPl at the positions 

corresponding to the wildtype CBPI sequence in (A). Underlined nucleotides represents 

mutations in possible eflBciency or positioning elements for the wildtype L2 kb CBPl 

transcripts. (C), Lineup analysis of the two types of non-induced transcripts. Symbols are 

as described in (A). 
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A 

CBPl 1.2 kb 

ATCATTTATAAAGTCTTCAAGATTTGTACCCRTAATAGAGCCTATAGATCTATATGTAGCG 991 

GTCTTCAAGATTTGTACCCATAATAGAGCCTATAGATCTATATGTAGCGAAATGTTTTGGC 1003 

TCAAGATTTGTACCCATAATAGAGCCTATAGATCTATATGTAGCGAAATGTTTTGGCAATT 1007 

AGATTTGTACCCATAATAGRGCCTATAGATCTATATGTAGCGAAATGTTTTG6CAATTAAC 1010 

TGTACCCATAATAGAGCCTATAGATCTATATGTAGCGAAATGTTTTG6CAATTAACTCCAG 1015 

CCATAATAGAGCCTATAGATCTATATGTAGCGAAATGTTTTGGCAATTAACTCCAGAGTAC 1020 

CATAATAGAGCCTATA6ATCTATATGTAGCGAAATGTTTTGGCAATTAACTCCAGAGTACT 1021 

ATAGAGCCTATAGATCTATATGTAGCGAAATGTTTTGGCAATTAACTCCAGAGTACTATTG 1025 

AGCCTATAGRTCTATATGTAGCGAAATGTTTTGGCAATTAACTCCAGAGTACTATTGTAAT 1029 

TATGTAGCGRAATGTTTTGGCAATTAACTCCAGAGTACTATTGTAATAACCCTTTGATATT 1043 

GCGAAATGTTTTGGCAATTAACTCCAGAGTACTATTGTAATAACCCTTTGATATTACCGGC 1049 

AEP2/ATP13 0.6 Jcb 

ACGGTTTCAAATTAGGAGAATCTGTAGAGACATAAACGCTAAATATTCAGAATTTTGGTTC 514 

TTAGGA6AATCTGTAGAGACATAAACGCTAAATATTCAGAATTTTGGTTCAj\ACTTTTTTC 525 

TAGGAGAATCTGTA6AGACATAAACGCTAAATATTCAGAATTTTGGTTCAAACTTTTTTCC 526 

AGAATCTGTAGAGACATAAACGCTAAATATTCA6AATTTTGGTTCAAACTTTTTTCCTTAT 530 

TCAGAATTTTGGTTCAAACTTTTTTCCTTATATGCAGAAAAAGTTGATGCCAAGAGAftACC 560 

TTCAAACTTTTTTCCTTATATGCAGAAAAAGTT6ATGCCAAGAGAAACCAAGTTAACTTAC 572 

TTTTTCCTTATATGCAGAflAflAGTTGATGCCAAGAGAAACCAAGTTAACTTACGGAATACG 580 

GAAAAAGTTGATGCCAAGAGAAACCAAGTTAACTTACGGAATACGAAACTAGATGCATGTG 596 

ATATTTGATGCAAATCTTATGATCAAGAACTTTATAGAGCTCGGTCAATTAGGTTU^GGCTC 617 

AAAATTTTAAGCTTTATTCTTGATAGAAATCCTGATATATTACTGTCTCCGAAAAATGCAG 722 

RNA14 1.1 kb 

CTATCACAAA6AATCAGTTACGTTTATAAACAAGGTATTCAATACATGATATTTTCTGCTG 955 

CTGAAATGTGGTAC6ATTATTCAATGTATATATCTGAAAATTCGGATCGACAAAATATCTT 1013 

ATTATTCAATGTATATATCTGAAAATTCGGATCGACAAAATATCTTATATACTGCGTTATT 1028 

TATATATCTGAAAATTCGGATCGACAAAATATCTTATATACTGCGTTATTAGCTAATCCCG 1039 

AAAATTCGGATCGACAAAATATCTTATATACTGCGTTATTAGCTAATCCCGACTCACCTTC 1049 

TTCGGATCGACAAAATATCTTATATACTGCGTTATTAGCTAATCCCGACTCACCTTCTCTT 1053 

CGGATCGACAAAATATCTTATATACTGCGTTATTAGCTAATCCCGACTCACCTTCTCTTAC 1055 

CAAGTTATCCGAATGCTACGAACTGGATAATGATTCTGAAAGTGTTTCTAACTGTTTTGAC 1119 

CONSENSUS 

-taatatatata—cataaata—taaaaatatattaaaatat-tatactaattt-ttttc 
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B 

MMH2 

ATCATCTACAAGGTCTTCAAGATCTGCACCCACAACCGGGCCTACCGATCGATCTGCAGCG 991 

GTCTTCAAGATCTGCACCCACAACCGGGCCTACCGATCGATCTGCAGCGAGATGTTCTGGC 1003 

TCAAGATCTGCACCCACAACCGGGCCTACCGATCGATCTGCAGCGAGATGTTCTGGCAGCT 1007 

AGATCTGCACCCACAACCGGGCCTACCGATC6ATCTGCAGCGAGATGTTCTGGCAGCTGAC 1010 

TGCACCCACAACCGGGCCTACCGATCGATCTGCAGCGAGATGTTCTGGCAGCTGACCCCCG 1015 

CCACAACCGGGCCTACCGATCGATCTGCAGCGAGATGTTCTGGCAGCTGACCCCC6AGTAC 1020 

CACAACCGGGCCTACCGATCGATCTGCAGCGAGATGTTCTGGCAGCTGACCCCCGAGTACT 1021 

ACCgGGCCTACCGATCGATCTGCAGCGAGATGTTCTGGCAGCTGACCCCCGAGTACTACTG 1025 

GGCCTACCGATCGATCTGCAGCGAGATGTTCTGGCAGCTGACCCCCGAGTACTACTGCAAC 1029 

TCTGCAGCGAGATGTTCTGGCAGCTGACCCCCGAGTACTACTGCAACAACCCACTGATCCT 1043 

GCGAGATGTTCTGGCAGCTGACCCCCGAGTACTACTGCAACAACCCACTGATCCTGCCGGC 1049 

CONSENSUS 

-CCA-ACCGACCGGC-CCTAC-GC-CGACCC—A-TGCTAC-TCCCGATCGC-CTGCTGCC 

c 
RNA14 1.5 kb 

TTCCAAAACGATGGAGTTTATATCJACAAATACTTAGATTTTTTAATATTTTTAAATT^GG 1495 

TGGAGTTTATATCAACAAATACTTAGATTTTTTAATATTTTTAAATAAGGATTCGCAGATC 1506 

AACAAATACTTAGATTTTTTAATATTTTTAAATAAGGATTCGCAGATCAAAACCTTATTTG 1519 

ACTTAGATTTTTTAATATTTTTAAATAAGGATTCGCAGATCflAAACCTTATTTGAAACATC 1526 

GATTTTTTAATATTTTTAAATAAGGATTCGCAGATCAAflACCTTATTTGAAACATCAGTGG 1531 

SIR! 1.7 kb 

AAAGCCAAAACCTTATTTAAATTTTGTAAACAAATAAAGflAAAAATTCCTACGAGGTGCGG 1708 

CCTTATTTAAATTTTGTAAACAAATAAAGAAAAAATTCCTACGAGGTGCGGACTTCAAGTT 1718 

TTATTTj\AATTTTGTAAAC7W\ATAAAGAAAAAATTCCTAC6AGGTGCGGACTTCAAGTTAC 1720 

TTAAATTTTGTAAACAAATAAAGAAAAAATTCCTACGAGGTGCGGACTTCAAGTTACATAC 1724 

AAATTCCTACGAGGTGCGGACTTCAAGTTACATACATTACCTACAGAAGCAAATTTAAAGT 1750 

GGACTTCAAGTTACATACATTACCTACAGAAGCAAATTTAAAGTATGAGCCGGAGCGGATG 1767 

TACATTACCTACAGAAGCAAATTTAAAGTATGAGCCGGA6CGGATGACAGTTTTGTGTTCC 1782 

AAATTTAAAGTATGAGCCGGAGCGGATGACAGTTTTGTGTTCCTGTGTCCCTATTCTTTTG 1800 

CONSENSUS 

-aattta-attttgat-aaaaataaaaaaaaata-cg-atca-aatt-g-attttca-ttg 
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the MMH2 sequence corresponding to the sequences used for the wildtype CBPl 

transcripts in Fig. 5.6 A. The Lineup of the MMH2 sequences revealed mutations in all of 

the proposed 3' end formation signals for the 1.2 kb CBPl transcripts (Fig. 5.6B). Since 

the MMH2 allele of CBPl does not allow production of short transcripts, the presence of 

mutations in the putative 3' end formation signals is suggestive that these non-optimal 

signals may be responsible for 1.2 kb CBPl transcript formation. 

To look for 3' end formation signals in the two types of truncated transcripts that 

are not induced during respiration, the Lineup program was again used to align the 60-

nucleotide sequences upstream of each poly(A) addition site of the 1.5 kb RNA14 

transcripts and the 1.7 kb SIRl transcripts. The computer-assigned consensus sequence 

for the regions immediately upstream of the two types of non-induced transcripts was 

found to be very A+T-rich (three C and four G residues out of 52 assigned positions; Fig. 

5.6C), similar to the consensus sequence for the three types of induced transcripts 

(compare to Fig. 5.6A). Another similarity to the induced transcripts was the presence of 

weak 3' end formation signals in the sequence immediately upstream of the poly(A) 

addition sites of the 1.5 kb RNAI4 transcripts. The 1.7 kb SIRl transcripts were unique 

among the truncated transcripts studied here in that they have apparently strong, 

consensus-type positioning and efiBciency elements located at approximately the 

appropriate distances upstream of the poly(A) addition sites. The fact that the 1.7 kb 

SIRl transcripts have a stronger 3' end formation signal may explain why the level of these 

transcripts remains constant upon induction of respiration (see Fig. 5.2D). 
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DISCUSSION 

The data presented here show that the steady-state levels of four different types of 

truncated transcripts (the 1.2 kb CBPI transcripts, the 0.6 kb AEP2/ATPI3 transcripts, 

the 1.1 kb RNA14 transcripts, and the 2.3 kb SIRl transcripts) increase during the 

induction of respiration. It is not surprising that carbon source affects the levels of the 

short transcripts of CBPI and AEP2/ATP13 since both of these genes have essential 

functions for respiration. However, RNAI4 and SIRl have no known respiratory 

functions; thus, there is no apparent reason for them to respond to changes in carbon 

source. 

Two of the genes studied here, RNA14 and SIRl, produce three size classes of 

transcripts. Interestingly, the production of the different classes of transcripts of the two 

genes are regulated differently. In the case of RNA14, only the level of the shortest (1.1 

kb) transcripts is increased upon induction of respiration at the expense of the two longer 

transcripts. In other words, when yeast cells are switched to respiratory growth, the 

pattern of use of the different 3' end formation signals shifts from favoring the most 

promoter-distal signal to favoring the most promoter-proximal signal. The same type of 

shift is observed in the cases of the two types of CBPI transcripts and the two types of 

AEP2/ATPI3 transcripts. 

However, induction of respiration has very little effect on the level of the shortest 

(1.7 kb) SIRl transcripts. Instead, the level of the 2.3 kb truncated transcripts is increased 

during respiration at the expense of the 2.4 kb long transcripts. In other words, the 
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regulation of the two longer transcripts is independent of the production of the shortest 

transcript. Perhaps the 1.7 kb SIR! short transcripts lack a c/j-acting signal that is present 

in the 1.2 kb CBPI short transcripts, the 1.1 kb RNA14 short transcripts, the 0.6 kb 

AEP2/ATPI3 short transcripts, and the 2.3 kb SIRI truncated transcripts. However, no 

consensus sequence was found using two types of sequence comparisons. In any case, the 

production of four types of truncated transcripts from four different genes is increased 

during respiration at the expense of longer transcripts produced from the same gene. 

Perhaps truncated transcripts produced by other genes might also be induced by 

respiratory growth. 

There are two possible mechanisms by which the levels of the truncated transcripts 

produced by CBPI, AEP2/ATP13, RNAI4, and SIRI could increase during the induction 

of respiration (see Figure 5.4). The first model is that a specific protein recognizes a 

signal present in these four types of truncated transcripts (and possibly others as well) and 

regulates 3' end formation at these ineflScient sites. This protein could be an activator that 

is produced only during respiration and that acts to enhance binding of the 3' end 

formation complexes to the RNA (possibly through cooperative protein-protein 

interactions). Alternatively, the specific protein could be a repressor that is produced only 

during fermentation and that acts by blocking binding of the general 3' end formation 

machinery to the regulated signal. The 1.7 kb SIRI transcripts and the 1.5 kb RNAI4 

transcripts (which do not increase in abundance during respiration) might lack the ex

acting signal required for binding of this protein. I could not find a conserved sequence in 

I 
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the 1.1 kb RNA14 transcripts, the 1.2 kb CBPl transcripts, and the 0.6 kb AEP2/ATPI3 

transcripts to which such a protein might bind; however, perhaps the signal is quite 

degenerate or perhaps the signal is a structural element in the nascent transcripts. 

The second model is that the amount or activity of one or more of the factors 

necessary for general 3' end formation increases during respiratory growth. A 

consequence of a carbon source-regulated increase in general 3' end formation activity 

would be enhanced use of the inefiBcient upstream 3' end formation signals. It has been 

shown that 3' end cleavage and polyadenylation occur before transcription termination 

(Nevins and Damell, 1978). Therefore, an increase in 3' end cleavage would favor the use 

of the weaker upstream 3' end formation signals over the stronger downstream 3' end 

formation signals because the upstream signals would be transiently more abundant than 

the downstream signals. Binding of the 3* end formation complexes to the upstream 

polyadenylation site would allow cleavage at that site before the downstream site is 

transcribed. One inefiBcient 3' end formation signal would be used to direct cleavage and 

polyadenylation at multiple positions for each type of truncated transcript. 

If this model is true, I would predict that the use of any upstream 3' end formation 

signal would increase during respiration due to increased 3' end formation activity. 

However, it was observed that the level of the shortest type of SIRl transcripts did not 

change during the induction of respiration; interestingly, these transcripts have putative 3' 

end formation signals that more closely match the proposed consensus sequences than 

those of the other types of truncated transcripts. Perhaps this signal is efficient enough to 
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be recognized when the activity of the 3' end formation machinery is lower (during 

fermentation) such that an increase in activity would not significantly increase the use of 

this site. However, this most upstream site must not be an optimal site because multiple 3' 

ends are produced fi'om the upstream signal and because longer transcripts are also made 

fi-om the SIR! template. The regulation of the levels of the two types of longer SIRJ 

transcripts then fits this model since the most upstream of the two sites is used more often 

than the downstream site during respiration. 

The second model is supported by several known cases in mammalian cells. First, 

two types of transcripts are produced from the immunoglobulin (Ig) n gene, shorter 

transcripts and longer transcripts (Galli et al., 1987). The use of the two 3' end 

formation signals of the Ig transcription unit is regulated during B-cell development by 

the strength of the two sites and the distance between them. When the two transcripts 

were produced fi-om separate plasmids by truncating the sequence after the n, site or by 

deleting the region around the m site, the use of the two 3' end formation signals was no 

longer regulated. The |i„ 3' end formation signal was used more often in all cell types, 

suggestive that the site was stronger (Galli et al., 1987). This conclusion was 

supported by switching the order of the two 3' end formation sites; when the site was 

upstream of the m site, only the site was used (Galli et al., 1987). Decreasing the 

spacing between the two 3' end formation signals in the native gene also increased the use 

of the m„ site, suggestive that the time needed to process the |i, site was longer than the 
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time needed to transcribe from the weaker m site to the stronger site in the deletion 

constructs (Galli et al., 1987). 

In a second example, the use of the weaker upstream 3' end formation signal of 

the adenovirus major late transcript decreases late in infection. This decrease in short 

transcript formation is correlated with a decrease in the activity of the 64 kDa subunit of 

the general 3' end formation factor CstF (Mann, Weiss, and Nevins, 1993), which binds to 

the downstream GU-rich element of the 3' end formation signal in the nascent transcript 

(Takagaki and Manley, 1997; MacDonald, Wilusz, and Shenk, 1994). Third, the use of 

the weaker upstream Ig y2b 3' end formation signal increases during B cell development 

when the RNA binding activity of CstF-64K increases (Edwalds-GKlbert and Milcarek, 

1995). While no similar examples have been described in yeast, it is reasonable to assume 

that the activity of the general yeast 3' end formation machinery could be regulated by an 

important cellular process such as the switch to respiratory growth. 

Based on the mammalian examples, there are several good candidates for 3' end 

formation factors that might regulate truncated transcript formation upon induction of 

respiration. The most obvious candidates are the subunits of CF I, the complex that is 

thought to bind to the upstream A+U-rich efiSciency element of yeast 3' end formation 

signals (Takagaki and Manley, 1997; Manley and Takagaki, 1996). [The presence of an 

efficiency element increases the frequency at which 3' end formation occurs at a given site, 

without affecting the positioning of the cleavage (Guo and Sherman, 1995; Russo et al., 

1993).] The known subunits of CF I include Pcfl 1 (Amrani et al., 1997b), Clpl 
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(Minvielle-Sebastia et al., 1997), Pabl (Minvielle-Sebastia et al., 1997), Rnal4, and 

RnaI5 (Minvielle-Sebastia, Preker, and Keller, 1994). The RnalS protein shows sequence 

homology to the 64 kDa subunit of the mammalian 3' end formation factor CstF (Takagaki 

and Manley, 1994). RnalS contains RNPl and RNP2 consensus RNA binding domains 

(Minvielle-Sebastia et al., 1991) and can bind specifically to a U-rich RNA fi-agment 

(Takagaki and Manley, 1997); thus, RnalS is thought to be the protein that recognizes 

and binds to the eflBciency element in nascent transcripts. Therefore, perhaps RnalS 

protein levels or RNA-binding activity are induced during respiration to allow increased 

recognition of weak but promoter-proximal 3' end formation signals such as those found in 

the shortest transcripts of CBPI, RNA 14, and AEP2/ATP13 and the 2.3 kb truncated 

transcripts of SIRl. 
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The focus of this dissertation was analysis of the function, formation, and 

regulation of the short CBPl transcripts. These studies led to the analysis of possible 

carbon-source regulation of the production of several other truncated transcripts. The 

results will be summarized here. 

Several experiments described in Chapter Three address the question of the 

function of the short CBPl transcripts. A genetic approach was taken to try to determine 

the function of the short transcripts by analyzing the phenotypes of a mutant strain that 

no longer produced short transcripts. A series of separate random point mutations in the 

short transcript 3' end formation element failed to abolish short transcript production 

from a reporter gene (CUPl) containing this element (Figs. 3.2, 3.3, and 3.4; Table 3.1). 

Therefore, abolition of the production of the short transcripts required making many 

changes in the short transcript 3' end formation element (Fig. 3.6), as shown by Northern 

analysis (Figs. 3.7 and 3.9), 

The growth and molecular phenotypes of the mutant strain lacking the short 

transcripts were analyzed. The mutant strain was able to grow as well as the wildtype 

strain in medium containing the nonfermentable carbon source glycerol, either in separate 

cultures or in co-cultures (Fig. 3.8, Table 3.2). However, the level of the long transcripts 

in the mutant remained constant upon induction of respiration, while the long transcript 
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level in the wildtype strain decreased (Fig. 3.9, Table 3.3). Similarly, the level of stable, 

niature COB mRNA, which accumulates through the action of the protein translated from 

the long CBPl transcripts, was higher in the mutant strain than in the wildtype strain 

(Fig. 3.10, Table 3.4). Thus, I concluded that Cbpl is limiting for the accumulation of 

mitochondrial COB mRNA and that the result of short CBPl transcript production is to 

decrease the amount of long CBPl transcripts. 

Since loss of the short CBPl transcripts resulted in an increased level of the long 

transcripts and the loss of carbon source-dependent regulation of CBPl transcript levels 

during the induction of respiration, I predict that the effect of short transcript production 

on long transcript levels occurs in cis. In other words, use of the short transcript 3' end 

formation signal precludes making long transcripts, thus resulting in a decrease in long 

transcript levels. To test this hypothesis in future experiments, plasmids can be 

constructed that produce only one type of CBPl transcript (either the long transcripts via 

the MMH2 allele or the short transcripts by truncating CBPl downstream of the short 

transcript 3' end formation element). The two types of plasmids will then be 

cotransformed into a cbpl mutant strain (both types of plasmid in the same cell) to 

analyze carbon source effects on the levels of the two types of CBPl transcripts. If the 

effect of short transcript production on long transcript levels occurs in cis, then 

producing short transcripts in trans (from a separate plasmid) should have no effect on 

long transcript levels upon induction of respiration. The steady-state level of the long 

transcripts should remain constant during respiratory growth, similar to the MMH2 



170 

mutant strain that makes only long transcripts. However, if production of short 

transcripts in trans acts to decrease the level of the long transcripts during respiration, 

then a different mechanism must be proposed. Perhaps the short transcripts decrease the 

recognition of the long transcript 3' end formation signal to prevent long transcript 

production. 

Several hypotheses attempting to explain the production and regulation of the 

short transcripts were tested m Chapter Four. The first hypothesis was that the long 

CBPI transcripts are more stable than the short transcripts in fermenting cells and, 

conversely, that the short transcripts are more stable than the long transcripts in respiring 

cells. The decay rates of the long and short transcripts produced by the wildtype allele of 

CBPI and the long transcripts produced by a mutant allele of CBPI which cannot make 

short transcripts were measured in several carbon sources. The half-lives of the long 

transcripts produced by the mutant allele in the absence of short transcript production 

were similar to those of the wildtype long transcripts in all carbon sources tested (Fig 

4.2), suggestive that the mutations which abolished short transcript production did not 

alter the half-life of the long transcripts. The half-life of the long transcripts was longer in 

glycerol than in glucose; conversely, the steady-state level of the long transcripts was 

higher in glucose than in glycerol (Fig. 4.1). The half-life of the short transcripts could 

not be measured in glucose, but the short transcript half-life in glycerol was similar to that 

of the long transcripts (Fig. 4.1). Thus, the pattern of carbon source-dependent 

differential mRNA stability of the long and short transcripts was opposed to the 
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prediction I made based on the steady-state levels of the two types of transcripts. 

Therefore, differential RNA stability does not seem to be responsible for the reciprocal 

switch in the levels of the two types of CBPI transcripts upon induction of respiration. 

Measurement of the half-lives of the long and short CBPI transcripts in glucose 

and glycerol was complicated by several technical difficulties. It was not clear that the 

temperature-sensitive RNA polymerase stopped transcription upon shifting to the 

restrictive temperature in respiring cells. A non-carbon-source-dependent pulse-chase, 

perhaps involving a heat shock promoter, might allow more straightforward 

measurements of the half-lives of both transcripts on glucose and glycerol. Another 

experiment to determine whether the polymerase stopped transcribing would be to probe 

the blots shown in Figures 4.1 and 4.2 for a transcript that is known to have a short half-

life. Also, the low abundance of the short transcripts in glucose precluded measuring 

their half-life in fermenting cells. Perhaps increasing the amount of the two types of 

CBPI transcripts would allow more accurate measurements of the half-life of the short 

transcripts in glucose. Such an increase can be achieved by using very high copy number 

plasmids (150 copies per cell) (Loison et al., 1989; Faulkner et al., 1994; Castelli et al., 

1994) or by isolating poly(A)-enriched RNA. A more accurate measurement of the half-

lives of both types of transcripts in glycerol and of the half-life of the short transcripts in 

glucose might show that mRNA decay is regulated by carbon source. However, based 

on the experiments presented in Chapter Four, I concluded that carbon source-dependent 

dififerences in mRNA turnover are not responsible for the regulation of the steady-state 
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levels of the two types of CBPl transcripts. 

Since differential mRNA stability was not responsible for the carbon source-

dependent switch in the levels of the two types of CBPl transcripts, an alternative 

mechanism was proposed. This model states that the CBPl template contains an intrinsic 

pause site for RNA polymerase IT near the 3' ends of the short transcripts. Pausing of the 

polymerase could lead to transcription termination upstream of the 3' ends of the long 

transcripts, such that only short transcripts could be made. Pausing could be relieved 

through the action of the transcription elongation factor TFIIS; the amount or activity of 

TFnS might be regulated by carbon source to allow the reciprocal switch in the levels of 

the two types of CBPl transcripts upon induction of respiration. However, an in vitro 

assay failed to detect an intrinsic pause site near the 3' ends of the short transcripts. In 

addition, deletion of the gene encoding TFIIS had no effect on the ratio of the two types 

of CBPl transcripts in either fermenting or respiring cells. Therefore, I proposed a third 

model to explain the reciprocal switch in the levels of the two types of CBPl transcripts 

upon induction of respiration. 

The most plausible model to explain the regulation of short transcript production 

is carbon source-regulated short transcript 3' end formation. If this model is correct, I 

would predict that the formation of other truncated transcripts might be similarly 

regulated by carbon source. In Chapter Five, data were presented which showed that the 

steady-state levels of the 0.6 VbAEP2/ATPI3 truncated transcripts, the 1.1 kb RNA 14 

truncated transcripts, and the 2.3 kb SIRl truncated transcripts (but not the 1.5 kb 
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RNA14 truncated transcripts nor the 1.7 kb SIRl truncated transcripts) increased during 

the induction of respiration in the same way as the level of the 1.2 kb CBPl truncated 

transcripts (Fig. 5.2). The levels of the fiill-length transcripts produced by all four of 

these genes and the 1.5 kb RNA14 transcripts decreased concomitantly. 

In addition to these four genes which produce short transcripts with 3' ends in the 

coding sequence of longer transcripts, there are several yeast genes which produce 

truncated transcripts with 3' ends which map in the 3' UTRs of longer transcripts. 

Perhaps the level of these other truncated transcripts also increases upon induction of 

respiration in a manner similar to that of the short transcripts analyzed. I have already 

shown that in the case of the 2.3 kb and 2.4 kb SIRl transcripts, both of which end 

beyond the stop codon of the Sirl protein, the steady-state level of the shorter transcripts 

increases during respiration while that of the longer transcripts decreases (Fig. 5.2D, 

Table 5.1). This hypothesis can be tested further by probing the Northern blot shown m 

Fig. 5.2 with probes specific to these other genes (e.g., MOAl and MODS). Increased 

levels of all known short transcripts upon induction of respiration might be suggestive of 

a respiratory-specific increase in 3' end formation activity as described below. 

To explain how truncated transcript production fi-om several genes was mduced 

during respiratory growth, I hypothesized that the different types of short transcripts 

might contain conserved sequence motifs that could be bound by a carbon source-specific 

regulatory protein (Figure 5.4). To look for conserved sequence motifs, the 3' ends of 

the 1.2 kb CBPl transcripts, the 1.1 and 1.5 kb RNA14 transcripts, the 0.6 kb 
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AEP2/ATP13 transcripts, and the 1.7 kb SIRl transcripts were mapped (Fig. 5.3, Table 

5.2), and the sequences near the 3' ends of the different truncated transcripts were 

compared (Figs. 5.5 and 5.6). The most striking feature of the sequence upstream of all 

of these truncated transcripts was a high degree of A+T-richness. However, while no 

consensus sequence was found, I located potentially weak 3' end formation signals for 

each class of truncated transcript (Figure 5.6). The weakness of the signals probably 

causes the observed heterogeneity of 3' ends for each type of truncated transcript. It is 

possible that a specific carbon source-dependent protein recognizes a degenerate 

sequence or a structure in the short transcripts and allows increased 3' end formation, 

leading to a decrease in the level of the long transcripts made from that transcription unit. 

However, I proposed an alternative hypothesis, that the production of truncated 

transcripts might be regulated by carbon source by an increase in the amount or activity 

of the general 3' end formation machinery upon induction of respiration (Figure 5.4). 

Thus, the increase in the level of the 1.2 kb CBPI transcripts, the 0.6 kb AEP2/ATPJ3 

transcripts, the 1.1 kb RNAI4 transcripts, and the 2.3 kb SIRJ transcripts would be a 

consequence of this increase in 3' end formation activity. An increase in general 3' end 

formation activity would allow increased use of weak upstream 3' end formation signals 

before the stronger downstream signals could be transcribed, suggestive that the relative 

strengths and positions of the alternative 3' end formation signals is important for carbon 

source-dependent regulation of their differential use. 

These two models make different predictions about the results of mutating the 3' 
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end formation signal of the shortest RNA14 transcript. RNA14 produces three types of 

transcripts, 1.1 kb, 1.5 kb, and 2.2 kb; the level of the shortest (1.1 kb) transcript 

increases during respiration while the level of the two longer transcripts decreases. If the 

increase in 1.1 kb transcript abundance is due to a specific carbon source-dependent 

protein that regulates the use of the 1.1 kb 3' end formation signal, then mutating its 

binding site would cause a loss of carbon source regulation of the 1.5 kb and 2.2 kb 

transcripts. The two longer transcripts would accumulate to the same level in respiring 

cells as in fermenting cells. 

Alternatively, if the 1.1 kb 3' end formation signal is used more often during 

respiration only because it occurs first in the transcription unit (in combination with 

increased 3' end formation activity), then mutating its 3' end formation signal should 

result in increased use of the 1.5 kb transcript signal during respiration with a resulting 

decrease in 2.2 kb transcript level. In addition, decreasing the spacing between the 

different 3' end formation signals should increase the use of the strongest (2.2 kb) 3' end 

formation signal since the stronger signal would then be transcribed before the weaker 

upstream signals can direct cleavage and polyadenylation. The distance between the 3' 

end formation signals would probably have to be less than 100 nucleotides since the 2.3 

kb and 2.4 kb SIRl transcripts are reciprocally regulated during respiration. Altering the 

RNAI4 transcription unit is thus one method of distinguishing between these two models. 

Other experiments can also be performed in the future to attempt to distinguish between 

the models. 
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In order to look for a specific carbon source-dependent 3' end formation factor 

that regulates truncated transcript formation, an in vitro 3' end formation system can be 

prepared from cells grown in glycerol to determine whether an extra activity is present in 

respiring cells to allow short transcript formation. To determine whether increased 

production or activity of one of the general 3' end formation factors regulates short 

transcript formation, temperature-sensitive alleles of essential genes required for general 

3' end formation (such as RNAI4, RNAI5, and PAP I) can be tested at sub-restrictive 

temperatures (temperatures which are not lethal but at which the affected process is 

diminished) to determine whether the ratio of long to short CBPl transcripts changes 

when components of the constitutive pathway become rate-limiting. Also, the expression 

levels of the cloned 3' end formation factors can be measured during the induction of 

respiration by Northern and Western analysis. Clearly, much work remains to be done to 

elucidate the mechanism of carbon source-dependent regulation of truncated transcript 

formation and general 3' end formation in yeast. 
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