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ABSTRACT 

CBPI is a yeast nuclear gene encoding a mitochondrial protein that 

stabilizes the 5' end of cytochrome .Q (cob) pre-mRNA. Cytochrome.Q is the 

only mitochondrially synthesized component of the respiratory chain Complex III. 

Since the nuclearly-encoded subunits of this complex are regulated at the 

transcriptional level by catabolite repression, we hypoth~sized that CBPI might 

be similarly regulated. To test the idea that transcriptional regulation of CBPI 

could coordinate an increase in cytochrome .Q mRNA stability with an increase in 

nuclearly-encoded Complex III subunit production, we characterized the change 

in abundance of CBPI mRNA during derepression on a non-fermentable carbon 

source. Poly A + RNA from derepressed yeast was examined by Northern 

analyses with cRNA probes from CBP1. Both 2.2 kb and 1.3 kb transcripts were 

detected. The 1.3 kb mRNA lacks approximately 900 base-pairs of the 3'-end of 

the 2.2 kb mRNA, which encodes the carboxyl-terminal 250 amino acid residues 

of the CBPI coding sequence. Northern analyses of RNA isolated from 

deletion/insertion mutants of CBP] and from strains which overexpress CBP1 

mRNA demonstrated that both mRNAs are transcribed from the CBPI gene. 

Furthermore, we have demonstrated that the levels of the two CBPI mRNAs are 

reciprocally regulated by the carbon source in the growth medium. 

Having proposed that regulation of 3' end formation dictates the amount 

of each CBPI transcript we now show that a 146 bp fragment from the middle 

of CBPI is sufficient to direct carbon source-regulated production of two 

transcripts when inserted into the yeast URA3 gene. This fragment contains 

-- ----------
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seven polyadenylation sites for the wild-type 1.2 kb mRNA, as mapped by 

sequence analysis of CBPl cDNA clones. Deletion mutations upstream of the 

polyadenylation sites abolished formation of the 1.2 kb transcript, whereas 

deletion of three of the sites only led to a reduction in abundance of the 1.2 kb 

mRNA. Though none of the experiments showed whether the 1.2 kb mRNA is 

. formed solely by 3' processing, or if processing at this site is coupled to 

premature transcription termination, our results do indicate that regulation of the 

abundance of both CBPI transcripts is contro11ed by elements in a short segment 

of the gene that directs 3' end formation of the 1.2 kb transcript, a unique case 

in yeast. 



CHAPTER ONE 

INTRODUCTION 
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During cellular growth and division, functional mitochondria are assembled 

by the addition of protein and lipid to pre-existing organelles (Luck 1965, 

Plattner et a1. 1970). For the yeast Saccharomyces cerevisiae, a facultative 

anaerobic organism, the ability to induce mitochondrial biogenesis allows cultures 

to grow anaerobically on the fermentable carbon source glucose and then, when 

glucose is depleted, grow aerobically on nonfermentable carbon sources such as 

ethanol, lactate or glycerol (Dujon 1981). In yeast, as well as other eukaryotic 

cells, mitochondrial proteins are encoded by both the mitochondrial and the 

nuclear genome (Tzagoloff and Myers 1986, Grivell 1990). In fact, the 

complexes that catalyze electron transport and ATP synthesis are composed 

mostly of subunits translated on cytoplasmic ribosomes. These nuclearly encoded 

polypeptides are imported subsequently into the mitochondrion where they are 

assembled with the few mitochondrially encoded polypeptides into functional 

holoenzymes. Proper assembly of these multi-subunit complexes is dependent on 

stoichiometric expression of the substituent polypeptides (Crivellone et al. 1988; 

McEwen et a1. 1986), which implies a requirement for coordination of nuclear 

and mitochondrial genes during the induction of mitochondrial function. 

How is coordination of nuclear and mitochondrial gene expression achieved? 

The idea that certain nuclearly-encoded proteins are required for and may 

regulate the expression of mitochondrial genes has come from the 
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characterization of many groups of yeast mutants that are unable to grow on 

non-fermentable carbon sources (Tzagoloff and Myers 1986, Grivell 1990). For 

example, stability of mitochondrial cytochrome 12 (cob) mRNA requires the 

function of the nuclear CBP1 gene product (Dieckmann et al. 1983, 1984b, 

Dieckmann and Mittelmeier 1987). The cob polypeptide is the only 

mitochondrially synthesized component of the ubiquinone-cytochrome .£ reductase 

complex (Complex III) of the mitochondrial respiratory chain (Tzagaloff et al. 

1979). The nuclearly-encoded polypeptides of Complex III are transcriptionally 

derepressed by growth on non-fermentable carbon sources (Van Loon et al. 

1983; 1984). A pathway for coordinating nuclear and mitochondrial gene 

expression could utilize CBP1 as a messenger if CBP1 levels were increased in 

response to nuclear derepression signals to enhance cytochrome b mRNA 

stability in the mitochondrion. In an effort to determine the role of CBPI in the 

coordination of cob mRNA stability with the induction of nuclearly encoded 

subunits of mitochondrial respiratory chain Complex III this dissertation 

characterizes the mechanism of CBPI regulation during glucose derepression. In 

the introduction I will first review the literature that describes the dependence of 

mitochondrial biogenesis on coordinated expression of nuclear and mitochondrial 

genes, and then review the topic of carbon catabolite transcriptional regulation of 

nuclear genes. that encode mitochondrial proteins. 

Mitochondrial biogenesis is dependent on both nuclear and mitochondrial gene 

expression. 

The yeast mitochondrial genome encodes polypeptide subunits of 

....• -_._--
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cytochrome oxidase, coenzyme QHz-cytochrome £ reductase, ATPase and 

mitochondrial ribosomes as well as the necessary tRNAs and ribosomal RNAs 

required to translate these proteins (Tzagoloff and Myers 1986). All of these 

mitochondrial products except the tRNAs are assembled with nuclearIy-encoded 

polypeptides to form functional holoenzyme complexes. For example, the 

mitochondrially-encoded 15S and 21S ribosomal RNAs and varl protein are 

assembled with over 60 nuclearly encoded mitochondrial ribosomal proteins into 

a functional ribosome (Fearon and Mason 1988; Parteledis and Mason 1988). In 

general then, most mitochondrial functions required for growth on non

fermentable carbon sources are encoded by more than 200 nuclear genes 

(Tzagoloff and Dieckmann 1990). Interestingly, many of these genes do not 

encode structural components of enzyme complexes, rather their products are 

required for the proper expression and assembly of the mitochondrial gene 

products into functional enzymes. Nuclear gene products are required for 

mitochondrial DNA replication, transcription and translation. Mitochondrial 

ribosomal proteins (Myers et a1. 1987; Fearon and Mason 1988; Parte led is and 

Mason 1988), aminoacyl tRNA synthetases (Myers and Tzagoloff 1985; Herbert 

et a1. 1988; Natsoulis et a1. 1986; Tzagoloff and Myers 1986), mitochondrial DNA 

polymerase (MIPl, Genga et a1. 1986) and RNA polymerase (RP041, Masters et 

a1. 1988) are encoded in the nuclear genome and imported to the mitochondrion. 

In addition to these activities which are required to express all mitochondrial 

genes, a large number of nuclear genes encode proteins required specifically for 

the expression of a single mitochondrial gene product (Tzagoloff and Myers 

---- -----------



1986; Grivell 1990). 

A paradigm for the dependence of specific mitochondrial genes on 

multiple nuclear gene products has grown from the study of the mitochondrial 

respiratory chain Complex III. Cytochrome 12 is the only mitochondrially 

15 

encoded subunit of this hetero-oligomeric enzyme. Like other mitochondrial 

transcripts, cob mRNA is processed from a complex primary transcript. The 

precursor contains a glutamyl-tRNA at the 5' end and two intervening sequences 

in the cob coding region. The mature message is formed by removal of the 

tRNA, cleavage reactions at the 5' and 3' ends of the cob mRNA, and splicing of 

the three cob exons to remove the intervening sequences (Dieckmann et al. 

1982). The mature message is translated and the cytochrome 12 polypeptide is 

assembled with seven nuclearly-encoded structural polypeptides into the 

holoenzyme (Tzagoloff and Myers 1986). A mutational analysis of nuclear genes 

required for complex III function identified 15 genes, of which six encode all but 

one of the structural subunits of the complex (Tzagoloff and Dieckmann 1990). 

Six of the remaining nine genes have been characterized, and they encode 

proteins that are not physically associated with the holoenzyme complex in the 

mitochondrial inner membrane. CBP2 is required to remove the second cob 

intervening sequence (McGraw and Tzagoloff 1985, Gampel et al. 1986), while 

products of the CBP6, CBS1 and CBS2 genes are required for translation of the 

mature cob message (Dieckmann and Tzagoloff 1985; Rodel 1988) and CBP3 

promotes the assembly of cytochrome 12 with the nuclearly encoded structural 

subunits of Complex III (Wu and Tzagoloff 1990). The product of one other 
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nuclear gene, CBP1, has been shown to be required for cob mRNA stability. 

cbp1 mutants lack detectable cob mRNA or protein. Genetic analyses of 

rearranged mitochondrial genomes that suppress the respiratory deficient 

phenotype of cbp1 mutant strains suggest that wild-type CBP1 interacts with the 

5' untranslated leader region of cob mRNA to confer stability upon the mature 

transcript (Dieckmann and Mittelmeier 1987). The generality of the dependence 

of mitochondrial gene expression upon nuclear gene products is illustrated by 

another study of nuclear mutants that are deficient specifically in cytochrome 

oxidase activity. Of the 34 complementation groups, only six defined genes that 

encode structural oxidase subunits (McEwen et al. 1986). The remaining mutants 

defined gene products required for proper expression of the three mitochondrial 

oxidase subunit genes or assembly of the holoenzyme complex. 

The requirement of numerous nuclear gene products necessary for 

mitochondrial respiratory function underscores the need to coordinate the 

expression of nuclear and mitochondrial gene products. Several observations 

suggest that miss expression of nuclear or mitochondrial gene products prevents 

assembly of holoenzyme complexes. For example, defects in certain nuclearly 

encoded mitochondrial ribosomal protein subunits cause instability of other 

subunits (Fearon and Mason 1988). The requirement for stoichiometric 

expression of respiratory enzyme structural subunits has also been noted. 

Nuclear mutations in cytochrome oxidase subunit IV, V or VIla genes cause the 

stability of the three mitochondrial oxidase gene products to decrease (McEwen 

et al. 1986). Also, mutations in a number of the nuclear encoded subunits of 

----~~-- ~--~- --~ -
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Complex III causes a reduction or complete loss of cytochrome Q protein, as well 

as other nuclearly-encoded members of the holoenzyme. These defects were 

shown not to affect the synthesis of the subunits, rather the loss was incurred 

from decreased stability of the polypeptides (Crivellone et al. 1988). Presumably, 

inappropriate expression of a single structural subunit will affect the stability of 

. other subunits by preventing the orderly assembly of the enzyme complex. 

Therefore, coordinated regulation of the nuclear and mitochondrial genes 

contributing to mitochondrial function appears to be required during 

mitochondrial biogenesis. 

How are the levels of mitochondrial proteins regulated? 

The complexity of mitochondrial biogenesis hints at the great energetic 

expense of the induction of respiratory growth to the yeast cell. Because of this 

energy expenditure, yeast grows preferentially by fermenting glucose to ethanol, a 

process that does not require the induction of mitochondrial respiratory function. 

During fermentive growth, mitochondrially-encoded proteins are expressed at low 

levels (Falcone et al. 1983). The mechanism through which mitochondrial genes 

are controlled is not well understood. It has been suggested that altering the 

level of mtDNA is not sufficient because the observed changes in levels of 

different mitochondrial transcripts varies widely when cells are derepressed and 

this could not be accounted for by increased template concentration (Mueller 

and Getz 1986). Several observations imply that regulation of mitochondrial 

transcriptional initiation also could not satisfactorally repress mitochondrial genes. 

Because many mitochondrial mRNAs are co-transcribed with tRNA molecules, 

.. - - ------- -------- ------ --- --
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repression of their transcription would cause a defect in mitochondrial 

translation. And since mitochondrial DNA becomes unstable in the absence of 

translation, reduced transcription of a specific precursor RNA could cause 

respiratory deficiency (Tzagoloff and Myers 1986). Furthermore, of the more 

than 200 nuclear genes required for mitochondrial function, none have been 

shown to encode specific transcription factors (Tzagoloff and Dieckmann 1990). 

However, several nuclear genes have been characterized that encode factors that 

promote post-transcriptional expression of specific mitochondrial genes. For 

instance, regulation of cob expression could occur at the level of mRNA stability, 

splicing or translation, which are processes promoted by the nuclear genes CBPl, 

CBP2, or CBP6, CBSI and ~BS2, respectively. Co-regulated synthesis of one or 

more of these cob-specific factors with the nuclearly encoded structural subunits 

of Complex III could coordinate mitochondrial cytochrome 12 levels with nuclear 

gene expression during the induction of mitochondrial function. 

Contrary to our limited understanding of mitochondrial gene regulation, 

the mechanism of glucose repression of yeast nuclear genes has been studied in 

great detail. Nuclearly-encoded mitochondrial protein expression is controlled in 

response to a more general network of carbon-source dependent modulation of 

cellular processes. The carbon source available in the growth medium alters the 

specific activity of more than 30 different metabolic enzymes (Schuller and 

Entian 1987). The depletion of glucose affects most of these pathways. For 

example, induction of the alcohol dehydrogenase II isozyme allows ethanol 

generated during fermentation to be used as a carbon source (Denis et al. 1981). 
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Other g]uconeogenic enzymes such as fructose-1,6-bisphosphatase are induced to 

a]]ow utiHzation of g]uconeogenic carbon sources such as glycerol (Niederacher 

and Entian 1987). Pathways that a110w uti1ization of non-repressing sugars such 

as galactose, sucrose and ma1tose are also derepressed (Johnston 1987, Federoff 

et al. 1983). Furthermore, if oxygen is available, the enzymes of the tricarboxyHc 

acid cyc1e and the respiratory chain are induced to generate ATP (Schu11er and 

Entian 1987). These studies suggest that derepression coincident with glucose 

depletion is mediated by an increase in transcriptional initiation of nuc1ear genes. 

In genera], transcription of yeast nuc1ear genes by RNA polymerase II is 

mediated by severa] cis-acting sequences located upstream of the site of 

transcriptional initiation (the "I" site) (Struhl 1987). Basal levels of transcription 

require the I site and a "TATA" box (Hahn et al. 1985), a consensus DNA 

element located approximately 30-70 base pairs (bp) upstream of the 

transcriptional start site. In yeast, inducible transcription is effected by sequences 

located upstream of the TAT A element caned upstream activation sequences or 

UAS elements. UASs located from 100-1400 bp upstream of the I site have 

been characterized (Guarente et al. 1984; Johnston and Davis 1984; Struh] 1987). 

UAS sites are bound by trans-acting protein factors (Olesen et al 1987; Beier et 

al. 1985; Johnston and Davis 1984) that enhance transcriptional initiation by 

interacting with the transcriptional machinery via a protein factor that binds at 

the TAT A box (Hahn et al. 1989). The expression of most genes is modulated 

by severa] different UAS elements each of which binds its cognate factors in 

response to different physiological states of the cell. Such a regulatory network 
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provides a basis for coordinated expression of many nuclear genes in response to 

a common cellular signal. 

An example of the mechanism of carbon catabolite derepression of 

nuclear genes that encode mitochondrial proteins has arisen from detailed 

analyses of the nuclear gene encoding the mitochondrial respiratory chain 

component iso-I-cytochrome £ (eyel). The rate of eyel transcription and 

steady state eye1 mRNA levels are induced 5-10 fold when cells are switched 

from growth on glucose to a non-fermentable carbon source (Zitomer et al. 

1979). In an effort to define the sequences in the region upstream of the eye1 

coding sequence that respond to carbon source derepression, Guarente and his 

coworkers created a eye1 promoter fusion to the E. coli gene ]acZ (Guarente 

and Ptashne 1981). This heterologous construct expressed the lacZ gene product 

B-galactosidase when introduced into yeast. Furthermore, the levels of B

galactosidase measured by a simple enzyme assay accurately represented the 

amount of eye1 mRNA transcribed under different growth conditions. The 

results of this analysis determined that the eye1 gene is regulated in response 

to both heme and non-fermentable carbon sources (Guarente and Mason 1983, 

Guarente et aI. 1984). Deletion of segments of the eye1 promoter fused to 

lacZ delineated two different VASs that activate eyel transcription. VASI 

responds to heme and mediates a 100-200 fold induction of eyel in wild-type 

strains relative to levels present in mutant strains deficient in heme synthesis. 

That heme regulates eye1 expression was not surprising as iso-I-cytochrome £ is 

a hemoprotein. Indeed, as heme synthesis is in turn regulated by oxygen levels, 
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heme thus secondarily signals the 02 tension in the cell to genes encoding 

respiratory hemoproteins (Winkler et a1. 1988). A second region of the CYCI 

promoter, termed VAS2, elicited a 5-10 fold induction of B-galactosidase levels in 

response to growth on non-fermentable carbon-sources. VAS2 was not affected 

by heme, nor was it dependent on the presence of VASl, suggesting that the two 

sites act independently and are governed by different nuclear factors to induce 

CYC1 transcription. 

To identify the trans-acting factors that bind the CYCI VAS elements, the 

CYC1-1acZ fusion genes were used to screen for lesions unlinked to CYCI that 

affected its expression in a VAS dependent fashion (Guarente et a1. 1984). This 

screen yielded mutations which identified four genes encoding proteins that 

interact with the CYCl upstream activation sequences to induce transcription in 

response to heme or carbon-source. The product of the HAPI gene (Heme 

Activating frotein) is dependent on the presence of VASI for activity and has 

been shown to bind that element in vitro (Pfeifer et a1. 1987a, 1987b). HAP 1 

activates the transcription of genes for other hemoproteins as well as CYCl so it 

is considered a general heme-dependent transcription factor. The products of 

three other genes, HAP2, HAP3 and HAP4 bind to VAS2 in the absence of 

glucose to derepress CYCI transcription (Pinkham and Guarente 1987; Forsburg 

and Guarente 1988; 1989). Since the products of wild-type HAP2-4 genes are 

known to interact with the cytochrome oxidase subunit gene COX4 and the 8-

aminolevulinate synthase gene HEMl, as well as CYCl, and hap2-4 mutants are 

respiratory deficient, it is thought that the HAP genes encode global transcription 

... _-------_ ... _-- _ .. -



factors that initiate derepression and thus allow respiratory growth on non

fermentable carbon-sources (Olesen et al. 1987). 
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Though the induction of mitochondrial biogenesis is signalled by depletion 

of glucose and the availability of O2 and heme (Tzagoloff and Myers 1986; 

Grivell 1990), studies of catabolite repression of other nuclear gene products 

suggest they are regulated by mechanisms similar to but not identical to that for 

CYC1 (Johnston 1987, Beier et a1. 1984). A variety of mutant screening 

protocols have identified factors unrelated to HAPl-4 that are required for the 

derepression of other metabolic pathways. For example, the product of the 

SNFl gene is required for utilization of sucrose as a carbon source (Celenza and 

Carlson 1984a; 1984b). This gene was previously identified by mutations (cat1 

and ccrl) that prevented derepression on non-fermentable carbon sources 

(Boker-Schmitt et a1. 1982, Federoff et a1. 1983). Several other genes, CAT3, 

CCR4, GAL4, SNE2, SNF4 and SNF5 are also required to derepress pathways 

allowing the utilization of sugars other than glucose (Denis et a1. 1981; Ciriacy 

1979; Johnston 1987). Similarly, the product of the ADR1 gene is a 

transcription factor that induces alcohol dehydrogenase isozyme II (ADHII) 

following glucose depletion (Denis et a1. 1981). When glucose is depleted 

ADHII converts ethanol made during fermentation to acetaldehyde which, when 

converted to acetyl coenzyme A, can enter the mitochondrial tricarboxylic acid 

cycle and ultimately result in the aerobic synthesis of ATP. Like the HAP gene 

products, the ADR1 factor binds to an VAS in the ADHII promoter to enhance 

transcriptional initiation of the gene (Beier et a1. 1985). Therefore, like the 



sugar utilization pathways, the cellular capacity to catabolize the ethanol 

produced during fermentation is induced at the level of mRNA synthesis. 

To convert reducing equivalents generated from ethanol metabolism to 

ATP, mitochondrial enzymes of the tricarboxylic acid cycle, electron transport 

chain and ATPase must also be induced. Since the respiratory complexes and 
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. ATPase are assembled from both mitochondrial and nuclear gene products, the 

machinery that expresses mitochondrial genes is activated as well. Studies of 

several nuclear genes required for mitochondrial gene expression, including the 

mitochondrial RNA polymerase (Masters et al. 1987) and several mitochondrial 

ribosomal proteins (Myers et al. 1987; Fearon and Mason 1988; Parteledis and 

Mason 1988) indicate that transcriptional induction regulates their mRNA levels 

during derepression. Nuclearly-encoded structural subunits of cytochrome 

oxidase and ATPase are also transcriptional1y activated by growth on non

fermentable carbon sources. The genes encoding the COXIV, COXVa and 

COXVb subunits of cytochrome oxidase respond to the trans-acting factors that 

activate CYC1, pointing to a global network of derepression signals inducing 

mitochondrial function (Hodge et al. 1989; Trueblood et al. 1988). 

The studies described in this dissertation sought to characterize a part of 

the derepression network that coordinates nuclear gene regulation with 

mitochondrial gene regulation. The mitochondrial respiratory enzyme Complex 

III served as the model for this investigation. Like cytochrome ~ and the 

nuclearly encoded subunits of ATPase and cytochrome oxidase, several subunits 

of Complex III are transcriptionally induced by proteins that bind to UAS 
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elements in response to growth on non-fermentable carbon sources (Maarse et 

a1. 1988; Dorsman etO a1. 1988). Cytochrome 12, the sole mitochondrially encoded 

subunit of Complex III, is also derepressed by an as yet unknown mechanism 

(Zennaro et a1. 1985; Mueller and Getz 1986). At the outset of my studies, I 

proposed that enhancement of cytochrome 12 mRNA stability may increase cob 

mRNA levels in respiring cells. Derepression of the nuclear gene product that 

promotes cob mRNA stability, CBP1, could increase CBP1 concentration in 

mitochondria and coordinate cytochrome 12 synthesis with nuclear expression of 

the Complex III structural subunits. This model predicted that CBP1, like other 

nuclearly-encoded mitochondrial proteins, would be regulated by induction of 

transcriptional initiation following depletion of glucose in the growth media. 

When I measured the steady state concentration of CBPI mRNA from 

glucose-repressed and glycerol-derepressed yeast cultures, as detailed in Chapter 

Two of this paper, two very surprising discoveries resulted. It was found that 

CBP] was unique with respect to other yeast genes because it produces two 

transcripts formed by alternative 3' end formation. Furthermore, it was noted 

that only the long CBPI transcript could encode the CBPI polypeptide required 

for cob mRNA stability. Additionally, contrary to my original prediction, this 

message was down-regulated during derepression, while the short CBPI transcript 

was induced. As the reciprocal pattern of regulation of the two CBPI transcripts 

suggested that modulation of their levels occurred at the level of 3' end 

formation rather than transcriptional initiation, I turned the focus of the study 

primarily to a characterization of the mechanism of CBPI mRNA regulation by 
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RNA 3' end formation and secondarily to an attempt at understanding the need 

to down-regulate the full-length CBP1 transcript during the induction of 

mitochondrial function. As a prelude to the description of catabolite repression 

of CBP1 mRNA 3' end formation, in the last section of this introduction, I will 

review mRNA 3' end processing in both yeast and higher eukaryotes, and then 

describe examples of regulated mRNA 3' end formation that have been 

documented in mammalian cells. 

mRNA 3' end processing in higher eukaryotic cells is catalyzed by a heteromeric 

complex that recognizes specific pre-mRNA sequences. 

The 3' ends of eukaryotic nuclear mRNA are formed by a post

transcriptional processing reaction rather than by the prokaryotic mechanism of 

transcriptional termination (Platt 1986). For most genes transcribed by RNA 

polymerase II, there are a number of steps required to form a mature mRNA 

(Nevins 1982). Methylated guanylic acid is added to the 5' phosphate, while 

methyl groups are added to internal adenylate residues. Also, intervening 

sequences are removed by exon splicing to produce a contiguous coding 

sequence. In mammalian cells, transcription does not terminate until RNA 

polymerase has proceeded several hundred or more base pairs past the position 

of the mature mRNA 3' end (Nevins et al. 1980; Birnsteil et al. 1985; Proudfoot 

1989). Therefore, 3' end formation requires cleavage of the pre-mRNA in the 3' 

untranslated region, after which approximately 200 adenylic acid residues are 

added to the 3' hydroxyl formed by the cleavage reaction. With these 

modifications completed, the mature transcript is exported to the cytoplasm 
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where it associates with ribosomes for translation. 

The exact contribution of the mRNA poly A tail to gene expression has 

yet to be determined. Experimental evidence suggests that the structure 

promotes any of three processes: translational initiation, nuclear export of the 

mature message or mRNA stability (Sachs and Davis 1989; Bernstein and Ross 

1989; Jackson and Stand art 1990). Despite uncertainty regarding the function of 

mRNA polyadenylation, much has been learned about the mechanism of the 

reaction in mRNA 3' end formation (Humphrey and Proudfoot 1988). 

Mammalian mRNA 3' end processing is directed by at least two cis-acting 

sequence elements found in the 3' untranslated region of the pre-mRNA. The 

sequence AAUAAA is found 10-30 nucleotides upstream of the polyadenylation 

site (Proudfoot and Brownlee 1976; Fitzgerald and Shenk 1981). Mutations 

within this highly conserved element prevent the cleavage and polyadenylation 

reactions of 3' processing (Montell et aI. 1983; Wickens and Stephenson 1984). 

However, AAUAAA is not sufficient for the 3' end formation of mRNA in vivo 

or in vitro. A second element rich in GU or U re~idues is located just 

downstream of the polyadenylation site (McDevitt et a1. 1984; 1986; Hart et aI. 

1985; McLauchlan et aI. 1985; Gil and Proudfoot 1984; 1987). This downstream 

element is thought to confer a degree of specificity to the AAUAAA located 

directly upstream, since not all of the conserved hexanucleotide sequences in a 

gene signal 3' processing. Fractionation of nuclear extracts has led to the 

identification of at least four factors required to carry out cleavage and 

polyadenylation reactions on synthetic RNA molecules in vitro (Zarkower and 
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Wickens 1987a; 1987b; Humphrey et al. 1987; Moore et al. 1988). One of these 

proteins is a poly A polymerase that by itself lacks specificity for cleaved RNA 

molecules (Takagaki et al. 1988; Bardwell et a1. 1990). However, a 64 kDa 

factor that recognizes the AAUAAA sequence confers specificity to the poly A 

polymerase so that poly A tails are only added to RNAs cleaved at the 

appropriate site downstream of AAUAAA (Wilusz and Shenk 1988; McDevitt et 

al. 1988; Wigley et al. 1990). Two factors in addition to the 64 kDa protein are 

required for the cleavage reaction; one is a specificity factor that is thought to 

interact with the downstream GU/U rich element, the other is the site-specific 

endonuclease (Takagaki et al. 1988; Gilmartin and Nevins 1989). Since several 

genes are regulated at the mRNA 3' processing step (see below), additional 

factors might exist that interact with the cleavage and polyadenylation complex to 

modulate its activity. 

Mammalian gene expression can be modulated by alternative mRNA 3' 

processing. 

If a single gene contains more than one functional polyadenylation site, 

the opportunity exists for regulation of gene expression by differential utilization 

of the alternative 3' processing sites. Examples in which this mechanism 

generates multiple protein isoforms from one gene at different developmental 

stages or in different tissues of an organism are not uncommon. For instance 

the adenovirus major late transcription unit generates mRNA with different 3' 

ends at early versus late stages of infection (Falck-Pederson and Logan 1989). 

Also, the immunoglobulin M (IgM) gene contains multiple polyadenylation signals 
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that allow formation of both membrane-bound and secreted forms of the protein 

at the immature versus mature stage of B cell development, respectively (Alt et 

aI. 1980; Early et aI. 1980; Mather et aI. 1984). However, it is not known what 

mechanisms are used to regulate the use of alternative polyadenylation sites. 

In many instances, protein diversity is generated by the choice between 

alternative splice sites in the pre-mRNA. Often, the particular exon splicing 

pattern selected dictates the choice between two polyadenylation sites. For 

example, production of the hormones calcitonin or calcitonin gene related 

peptide (CGRP) from the calcitonin gene is directly regulated by alternative 

mRNA splice site choice (Leff et aI. 1986). Incorporation of the upstream 

calcitonin-specific exon causes polyadenylation to occur before inclusion of the 

downstream CGRP-specific exon. In other tissues however, the calcitonin exon 

and its polyadenylation site are spliced out of the pre-mRNA and 

polyadenylation occurs at the downstream CGRP site by default. In this case the 

splice site, not the polyadenylation site, is directly selected. 

The herpes simplex virus (HSV) genes provide an example of alternative 

mRNA 3' end selection in which choice of a particular polyadenylation site is 

directly regulated during HSV infection. Most HSV genes lack introns, yet utilize 

several 3' processing sites in vivo (McLauchlan et aI. 1989). To demonstrate 

regulation of 3' end processing, a recombinant construct was used in which 

polyadenylation sites from different regions of the HSV genome were placed in 

tandem and transcribed in vitro to generate an RNA processing substrate. This 

substrate was then incubated in nuclear extracts prepared from both HSV-
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infected and mock-infected cells. It was discovered that a nuclear factor was 

induced by HSV infection that influenced preferential use of one of the 

polyadenylation sites in the RNA substrate. While it was unclear as to whether 

this factor is encoded by the cellular or viral genome, this result showed that 

trans-acting factors. can directly influence polyadenylation site selection. While 

several studies have demonstrated that the polyadenylation sites of different 

mRNAs have different processing efficiencies in vitro, it is not clear what the 

distinguishing features of a polyadenylation signal are that can be recognized by 

trans-acting proteins. In addition to the strictly conserved AAUAAA signal and 

the more ambiguous GUIV rich downstream element, regions upstream of the 

polyadenylation signal have been identified that influence polyadenylation site 

selection in vivo (Carswell and Alwine 1989; DeZazzo and Imperiale 1989; 

Russnak and Ganem 1990). It is clear however that direct polyadenylation site 

selection in addition to splice site recognition can regulate the position of mRNA 

3' end formation. 

Regulation of yeast CBPI mRNA 3' end formation is not influenced by 

splice site selection because this gene contains no introns. The definition of the 

position of the CBPI mRNA 3' ends (Chapter Three) clearly shows that the only 

structural difference between the 1.2 kb and 2.2 kb CBPI transcripts is in the 

position of the 3' ends of these mRNAs. Therefore, the polyadenylation sites 

can be determined by one of two possible mechanisms. If transcription always 

proceeds through the length of the CBP1 coding sequence past the 2.2 kb 

mRNA polyadenylation site, then processing at either the upstream 1.2 kb 

---------
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mRNA site or the 2.2 kb mRNA site will directly determine the position of 3' 

end formation. However, if transcription pauses or terminates prematurely after 

the 1.2 kb polyadenylation site but before the 2.2 kb mRNA 3' processing site, 

utilization of the 1.2 kb mRNA processing site would be compulsory. 

Formation of the 1.2 kb mRNA 3' end, regardless of the mechanism used, 

is relatively inefficient because some of the RNA initiated at the CBPI promoter 

always forms 2.2 kb message. A factor that is activated by growth on a non

fermentable carbon source may increase the efficiency of 1.2 kb mRNA 

production by enhancing either transcriptional termination or mRNA 3' 

processing at a site upstream of the 2.2 kb mRNA 3' end. This factor could 

respond to the carbon source in the growth medium in a manner analagous to 

those that activate transcriptional initiation of other nuclearly-encoded 

mitochondrial proteins. Conversely, a factor that is activated by growth on 

glucose could act to repress 3' end formation of the 1.2 kb mRNA to regulate 

the levels of CBPl mRNA. The experiments described in Chapter Three of this 

dissertation were designed to identify which regions of CBPl are required to 

regulate the production of both transcripts from this gene, and to determine if 

these regions are necessary for the formation of the 1.2 kb mRNA 3' end. 

Yeast mRNA 3' ends are formed by spatially juxtaposed termination and 3' 

processing steps. 

In addition to learning about the regulation of CBPI mRNA 3' end 

formation, the work described here may add to our knowledge of yeast mRNA 

maturation in general. The mechanism of yeast mRNA 3' end formation is not 
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as well understood as 3' end processing in mammalian cells. The 3' untranslated 

regions of yeast genes do not contain a well-conserved sequence element such as 

AAUAAA that directs cleavage and polyadenylation in higher eukaryotes. Zaret 

and Sherman (1982) published the first study of mRNA 3' processing. They 

described a mutation in the CYC1 gene that caused a 95% reduction in the 

amount of properly terminated CYC1 transcripts. The mutation was a deletion 

of 38 bp from the 3' untranslated region of the gene. The wild-type sequence of 

the region deleted in the mutant strain contained the sequence 

TAGTATGT ... TIT. Analyses of other yeast gene 3' untranslated regions showed 

that some but not all genes contained sequences related to this element. Other 

studies defined thymidine-rich sequences that were suspected to be required to 

form 3' ends of various other genes (Bennetzen and Hall 1982; Henikoff et aI. 

1983; Henikoff and Cohen 1984). However, neither point mutations nor 8 bp 

linker substitutions are sufficient to block 3' end formation of the CYC1 gene, 

suggesting that the signals directing 3' end formation in yeast are more complex 

than in higher eukaryotes (Osborne and Guarente 1989). 

That yeast mRNA 3' processing requires both transcriptional termination 

and 3' processing became clear when Osborne and Guarente demonstrated that 

the region of CYCl shown to be required for proper 3' end formation by Zaret 

and Sherman was a transcriptional terminator in vivo (Osborne and Guarente 

1988; 1989). Simultaneously, Butler and Platt (1988) demonstrated that 

formation of the CYCl mRNA 3' end in vitro by cleavage and polyadenylation in 

a yeast whole cell extract required the same sequences originally identified by 
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Zaret and Sherman (1982). This and other studies have established the 

generality that termination and polyadenylation sites of yeast genes are in close 

proximity (Snyder et al. 1988; Russo and Sherman 1989; Butler et al. 1990); yet 

is in contrast to the observation that RNA polymerase terminates up to 2000 bp 

downstream of mammalian mRNA 3' processing sites. The experiments 

described in Chapter Four of this dissertation were designed to determine if the 

3' end of the 1.2 kb CBP1 mRNA is formed by RNA processing alone, or in 

conjunction with transcriptional termination. Combined with the analysis of 

mutations that affect production of the 1.2 kb transcript, these studies contribute 

to the body of information related to the mechanism and sequence requirements 

of yeast mRNA 3' end processing. 

The final objective of the work presented in this dissertation was to 

understand the contradiction between the expected induction of CBP1 mRNA 

levels and the observed reduction of the 2.2 kb mRNA during derepression. As 

shown in Chapter Two of this study, disruption of CBP1 at a region downstream 

of the 1.2 kb mRNA 3' end causes the cells to become respiratory deficient 

because they lack cytochrome 12 mRNA. Therfore, the product encoded by the 

2.2 kb transcript clearly is required for cob mRNA stability (Dieckmann 1982; 

1984). As protein encoded by the 1.2 kb mRNA would be a mitochondrial 

protein since it contains the same amino terminus which directs CBP1 to its 

mitochondrial localization, Chapter Four details experiments that were designed 

to identify a translation product of the 1.2 kb CBP1 mRNA that might in some 

way be involved in regulation of cob function. Since such a protein was not 
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identified by Western analyses of yeast whole-cell and mitochondrial extracts, a 

mutant selection scheme was developed that should be useful in the future to 

identify point mutations in CBP1 that block 1.2 kb mRNA formation yet leave 

the 2.2 kb mRNA coding sequence intact. These mutations will be selected for 

with a gene fusion of CBP1 to the yeast gene encoding a copper binding protein 

(CUP1). Such mutations will be required if the function of the 1.2 kb transcript

encoded protein is to be definitively determined. These mutants will also be 

useful to identify cis- and trans-acting factors that affect both the formation and 

the regulation of CBP1 transcripts. The results of the experiments described in 

this work should answer questions regarding not only how this unusual mode of 

yeast gene regulation is achieved, but what the advantage of such a regulatory 

mechanism is to the coordination of Complex III expression. 



Strains and Media 

CHAPTER TWO 

MATERIALS AND METHODS 
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The genotype of the yeast and E. coli strains used in this study are listed in 

Tables 2.1-2.3. Bacteria were transformed by a standard technique (Hanahan 

1985). Yeast were transformed by the lithium acetate method (Ito et al. 1983). 

In experiments in which cbpl strains were compared to strains wild-type for the 

CBPI gene, the p+ mitochondrial genomes were eliminated from all of the strains 

by ethidium bromide mutagenesis, and a mitochondrial genome carrying a 

suppressor of cbpl was introduced into each strain via cytoduction from a karl 

strain harboring the pint4-35 DNA (Dieckmann and Gandy 1987). 

A minimal salts medium (Myers et al. 1987) containing 10% glucose was 

used to repress respiratory function of yeast cells during growth. To initiate 

respiratory function, yeast cells were transferred to the minimal salts media 

containing 5 % glycerol. 

RNA Isolation and Northern Hybridization 

RNA isolation. Yeast were grown under repressing or derepressing 

conditions and harvested by centrifugation. Total RNA was prepared as 

described (St. John and Davis 1981). The Iysates were extracted three times with 

an equal volume of phenol:chloroform:isoamyl alcohol (25:25:1) and once with an 

equal volume of chloroform. The RNA was precipitated by addition of 0.05 

volume of 10 M LiC] plus 2.2 volumes of ethanol. The pellets were washed 
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Table 2.1. Yeast strains. 

Name Genotype Refs. 

D273-lOB alpha,rho+ Dieckmann et a1. 

1984a 

N5-26/LA1 a,rho+,cbp1-1,ade1, leu2-2 leu2-112 Dieckmann et a1. 

1984b 

DCL alpha, ade1, leu2-3 leu2-112 Dieckmann and 

Mittelmeier 1987 

LL2 a, leu2-3 leu2-112 Dieckmann et a1. 

1984a 

B2L LEU2 insertion in the BamHI site at This study 

+ 788 of URF in LL2 

LNUC LEU2 insertion at the BamHI site of This study 

NUC1 in LL2 

CP1L LEU2 insertion at the PstI of CBP1 This study 

in LL2 

CP1L/int p +(int4-35) derivative of CP1L This study 

a70/int a p +(int4-35) ura3-52 his3-11 his3-15 -, " , This study 

leu2-3 leu2-112, with HIS3 inserted at 

BglII of CBPl 

G::-26 a70/int containing YEp52/-26CBP1 This study 

~HG a70/int containing p~HG This study 

~GS a70/int containing p~GS This study 

~GM a70/int containing p~GM This study 

~C3' a70/int containing p~C3' This study 

~F3' a70/int containing p~F3' This study 

S150-2B a,ura3-52, his3~, leu2-3 leu2-112, 

trpl-289 

14 ~, leu2, .trp1, ~, ade, Acup1 C. Lesser, personal 

communication 
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Table 2.2. Yeast Plasmids 

Name Description Refs. 

YEp52/-26CBP1 Fusion of GALlO promoter at position Homison 1984 

-26 relative to CBP1 ATG 

paHG HpaI-BglII deletion of CBP1 in This study 

YEp52/-26CBP 1 

paGS BglII-ScaI deletion of CBP1 in This study 

YEp52/-26CBP 1 

paGM BglII-MscI deletion of CBP1 in This study 

YEp52/-26CBP1 

paC3' Truncation of CBPI at ClaI in This study 

YEp52/-26CBP1 

paF3' Truncation of CBP1 at FspI in This study 

YEp52/-26CBP1 

YEp35 1 Yeast-E.coli shuttle vector Hill et al. 1986 

pURA URA3 insertion at HindIII in polylinker This study 

of YEp351 

pHc-R 800 bp HincH CBPI fragment inserted This study 

at Stu! of URA3 in pURA 

pHf-R 146 bp Hinfl CBPI fragment inserted This study 

at Stu! of URA3 in pURA 

pHf-L 146 bp Hinfl CBPI fragment inserted This study 

with opposite orientation to pHf-R 

at Stu! of URA3 in pURA 



37 

Table 2.3. E. coli strains and plasmids. 

Name Genotype Refs. 

RRI 

XLI-Blue 

E. coli plasmids 

Name 

pBS+ 

pBSI-2 

pBS-ACT 

pBS-URA5' 

F,hsdS20(r.B,m.B),ara-14,proA2,lacYl, Bolivar et aI. 1977 

gaIK2,rpsL20(Smr),~,mtl-l,supE44,X.· 

recAl,endAl,gyrA96,thi,hsdRI7(rk·,mk+), Bullock et al. 1987 

supE44,reIAl,X.·,Jac·,[F',proAB, 

lacIqZ~MI5,TnlO(tet)] 

Description 

Plasmid with T3 and T7 phage RNA 

polymerase promoters flanking pUC19 

multiple cloning site 

pBS+ with 700 bp CBPI BamHI

HindIII fragment 

pBS+ with 600 bp ACTI ClaI fragment 

pBS+ with 650 bp URA3 HindIII-StuI 

fragment 

Refs. 

Stratagene 

Mayer and 

Dieckmann 1989 

" 
This study 



three times with 80% ethanol and resuspended in diethylpyrocarbonate-treated 

water. Poly A + RNA was prepared by adsorption to oligo-dT columns 

(Collaborative Research, Type 3) as described (St. John and Davis 1981). 
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Northern blots. Aliquots of poly A + RNA extracted from each strain (or at 

each time point from the same strain) were fractionated on a 1.5% vertical 

agarose gel containing 10 mM methylmercuric hydroxide (Alfa Biochemicals). 

In succession, the gel was soaked for 30 minutes each in 0.1% beta

mercaptoethanol, 50 mM NaOH, and 1 x TBE (89 mM Tris-borate, 89 mM boric 

acid, 2 mM EDTA). The gel was then blotted by capillary action (Alwine et a1. 

1977; as modified by Schleicher and Schuell, Inc.) onto a Nytran nylon 

membrane (Schleicher and Schuell). Nucleic acids were crosslinked to the blot 

by exposure to 254 nm ultraviolet radiation at the surface of a transilluminator 

(Ultraviolet Products, Inc.; Model TM40) for 2 minutes. The blot was pre

hybridized for 72 hours in a buffer containing 50% formamide (Fluka), 5 X sse 

(1 X sse is 150 mM NaCl and 15 mM trisodium citrate), 50 mM sodium 

phosphate, pH 6.5, 1 X Denhardt's, 250 p,g!ml denatured, single-stranded, salmon 

sperm DNA and 0.5% sodium dodecylsulfate (SDS) at 45°C with constant 

agitation. Radioactive probe was added to the buffer and hybridized for 24 to 36 

hours at 55 ° e with constant agitation. The blots were washed in 1 x sse, 1 % 

SDS at 55°e for 20 minutes, followed by 0.1 x sse, 1% SDS at 65°C for 45 

minutes. The blots were dried briefly and exposed to x-ray film (Kodak XAR-5) 

at -80 o e with opposing screens (DuPont Lightning Plus). Quantitation of 13-

decays from Northern blots was performed with a Betascope as recommended by 
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the manufacturer (Betagen, Inc.) 

Preparation of cRNA Probes For Hybridizations 

The yeast and E. coli plasmids used in this study are described in Table 1. 

Plasm ids were constructed using standard cloning techniques (Maniatis et a1. 

1982). To prepare cRNA probes of high specific activity for the Northern 

analyses, restriction fragments were ligated into the vectors pSP64 and pSP65 

(Prom ega ), or pBS( +) and pBS( -) (Stratagene). After linearization of the 

templates with the appropriate restriction endonuclease, the sequences were 

transcribed with either SP6, T7 or T3 RNA polymerase (New England Nuclear 

or Boehringer Mannheim) in the presence of 700 Ci/mmol g 32p_UTP (ICN 

Radiochemicals) according to the specifications provided by New England 

Nuclear or Boehringer Mannheim. Following transcription and DNase treatment, 

unincorporated nuc1eotides were removed from the transcription mixture by 

passage through a Sephadex G-50 (Bio-Rad) column (24). 

Sl Nuclease Mapping 

The 5' and 3' ends of the CBPI mRNAs were mapped using protection 

against Sl nuclease as described by O'Connor et a1. (1988). Hybridizations of 

M13 DNA to 50 p,g of poly A + RNA or 50 p,g of bulk tRNA (Sigma) were 

digested with Sl nuclease (Boehringer Mannheim) at 37°C for 30 minutes. The 

reactions were stopped by the addition of 0.2 volume of 10 M NH40Ac, 20 p,g of 

single-stranded salmon sperm carrier DNA and 2.5 volumes of EtOH. Following 

precipitation, the pellets were resuspended in 10 p,l of 95% formamide-dye mix 

and fractionated on a 5% acrylamide/8 M urea sequencing gel formed with 

... - ._--_._---



wedge spacers to increase the resolution of high molecular weight bands. 

Following electroblotting onto Nytran, the blots were treated as described for 

Northern blots. 

cDNA Cloning 
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cDNA clones specific for the 3' ends of CBP1 mRNA were isolated precisely 

as described in the RACE protocol (Frohman et al. 1988), with an annealing 

temperature of 54 0 C in the PCR amplification reaction. The reverse 

transcriptase used was supplied by Boehringer Mannheim and Taq Polymerase 

was supplied by US Biochemicals. The first strand cDNA synthesis primer 

contained sequences directing the incorporation of Sall, XbaI and EcoRI linkers 

into the cDNA. The sequence of that oligo was: 5'

GCGTCGACTCTAGAGAATTC(T)17-3'. The CBP1-specific PCR primer was a 

22mer that matched the sequence of CBP1 at position + 700 relative to the 

CBPl ATG: 5'-AAGGCCCTCGGCTTAAGTAATG-3'. The second PCR primer 

contained the Sall-XbaI-EcoRI linker sequence of the first strand cDNA primer 

but lacked the T17 sequence. PCR products were digested with EcoRI and either 

HindIII for 1.2 kb mRNA 3' end fragments or Pstl for 2.2 kb mRNA 3' end 

fragments. Following agarose gel purification, the fragments were subcloned into 

pBS+ (Table 1). Miniprep DNA was sequenced using a T7 promoter primer 

(Stratagene) and the dideoxy sequencing method (Sanger et al. 1977) as modified 

by US Biochemicals for the use of Sequenase. 

Polyribosome fractionation. 

Yeast polyribosomes were fractionated by sucrose gradient 
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ultracentrifugation exactly as described previously (Bairn et al. 1985). Wild

tyupe yeast strain D273-10B was grown in 100 ml minimal salts medium 

containing 5% glycerol. G::-26 was grown in 100 ml minimal salts medium 

containing 5% galactose. Following sucrose gradient centrifugation, fractions 

were collected, analyzed for protein concentration by measurement of absorbancy 

at 280 nm and the RNA was extracted as described by Balinger and Pardue 

(1983). 

Protein isolation and Western analysis. 

Whole-cell protein extracts. Yeast strains were grown in minimal salts 

medium containing 5% galactose to stationary phase. After being washed with 

water, the cells were vortexed for 2 minutes in in 0.1 ml freshly diluted 20% 

trichloroacetic acid and 0.1 ml glass beads (425 to 600 J.Lm). The suspended 

precipitate was removed and and the protein concentaration determined by the 

bicinchoninic acid method (Pierce Chemical Co.), and 100 J.Lg of protein was 

pelleted and resuspended in 5 J.Ll 5X Laemmli sample buffer (0.25 M Tris 

chloride, [pH 6.8], 40% glycerol, 20% B-mercaptoethanol, 0.024% bromphenol 

blue, 8% sodium dodecyl sulfate)-3 J.Ll of 1.0 M Tris base-1O J.Ll H20. The 

suspensions were heated at 100°C for 3 minutes, and half of the volume was 

loaded onto a 10% sodium dodecyl sulfate-polyacrylamide gel (Laemmli 1970). 

Duplicate gels were either stained with Coomassie brilliant blue or electroblotted 

onto nitrocellulose as described by Weber and Dieckmann (1990). 

Mitochondrial protein extracts. Yeast strains were grown in minimal salts 

medium containing 5% galactose to stationary phase. Mitochondria were 
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prepared from lysed spheroplasts (Daum et al. 1982). Following determination 

of the protein concentration, 400 p.g of mitochondrial protein was resuspended in 

5X laemmli buffer and water. After heating for 3 minutes at 80 a C for 3 

minutes, one-half (200 p.g) of each sample was fractionated and blotted as 

described for whole-cell proteins. 

Western analysis of both whole-cell and mitochondrial proteins with the 

anti-CBP1 monoclonal antibody was performed exactly as described previously 

(Weber and Dieckmann 1990). 

--_. ----- ---------- ---- . 
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CHAPTER THREE 

THE YEAST CBPI GENE PRODUCES 1WO DIFFERENTIALLY REGULATED 

TRANSCRIPTS BY ALTERNATIVE 3'-END FORMATION 

ABSTRACT 

CBPI is a yeast nuclear gene encoding a mitochondrial protein that 

stabilizes the 5' end of cytochrome 12 (cob) pre-mRNA. Cytochrome 12 is the 

only mitochondrial1y synthesized component of the respiratory chain Complex III. 

Since the nuclearly-encoded subunits of this complex are regulated at the 

transcriptional level by catabolite repression, we hypothesized that CBPI might 

be similarly regulated. To test the idea that transcriptional regulation of CBPI 

could coordinate an increase in cytochrome 12 mRNA stability with an increase in 

nuclearly-encoded Complex III subunit production, we characterized the change 

in abundance of CBPI mRNA during derepression on a non-fermentable carbon 

source. Poly A + RNA from derepressed yeast was examined by Northern 

analyses with cRNA probes from CBPl. Both 2.2 kb and 1.3 kb transcripts were 

detected. The 1.3 kb mRNA lacks approximately 900 base-pairs of the 3'-end of 

the 2.2 kb mRNA, which encodes the carboxyl-terminal 250 amino acid residues 

of the CBPI coding sequence. Northern analyses of RNA isolated from 

deletion/insertion mutants of CBPI and from strains which overexpress CBPI 

mRNA demonstrated that both mRNAs are transcribed from the CBPI gene. 

Furthermore, we have demonstrated that the levels of the two CBPI mRNAs are 

reciprocally regulated by the carbon source in the growth medium. This is the 
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first description of a yeast gene from which two transcripts that can encode 

proteins with distinctly different coding properties are generated by alternative 3' 

end formation. 

INTRODUCTION 

The CBPI (~ytochrome 12 12rocessing) gene belongs to a class of yeast 

nuclear genes required for the expression of the mitochondrial genome 

(Tzagaloff and Dieckmann 1990). These nuclear gene products function in the 

replication and transcription of the mitochondrial genome (Genga et al. 1986; 

Masters et al. 1987), in pre-mRNA processing (Dieckmann et al. 1984b; McGraw 

and Tzagoloff 1983; Seraphin et al. 1988) and in translation of the mature 

organellar transcripts (Costanzo and Fox 1986; Costanzo et al. 1986; Dieckmann 

and Tzagoloff 1985; Fearon and Mason 1988; Najarian et al. 1987; Natsoulis et 

al. 1986; Parteledis and Mason 1988; Roedel 1988; Strick and Fox 1987). For 

example, the protein encoded by CBPI interacts with the 5' end of the 

cytochrome 12 (cob) pre-mRNA, and this interaction confers stability to the 

mature cob message (Dieckmann et al. 1984b; Dieckmann and Mittelmeier 

1987). Cytochrome 12 is the only mitochondrially-encoded structural subunit of 

the coenzyme QH2-cytochrome £ oxido-reductase complex (Complex III) 

(Tzagoloff et al. 1979). The other structural polypeptides that are assembled 

with cytochrome 12 in complex III are nuclearly-encoded. To coordinate 

expression and assembly of the nuclearly-encoded subunits of complex III with 

mitochondrially synthesized cytochrome 12, especially during changes in need for 
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respiratory chain components, there must be a regulatory hierarchy which 

controls the synthesis of both nuclear and mitochondrial gene products. Indeed, 

transcription of the nuc1early-encoded structural subunits of Complex III is 

induced when growth on a non-fermentable carbon source demands 

mitochondrial respiratory function (van Loon et al. 1982; van Loon et al. 1983). 

The levels of cytochrome 12 mRNA and protein also increase when cells are 

respiring (Mue]]er and Getz 1986; Zennaro et al. 1985), though it is not yet clear 

whether the increase is due to stimulation of transcriptional initiation, to 

increased mRNA stability and/or to an increase in the rate of translation of the 

message. The rationale for the present study was based on the hypothesis that 

CBP1 functions as a regulator of cytochrome 12 production at the level of mRNA 

stability and that the CBP1 gene itself may be transcriptionally regulated by the 

signals modulating the nuclearly-encoded structural subunits of Complex III. Our 

goal was to investigate transcriptional regulation of the CBP1 gene during 

changes in respiratory function. 

We describe here the finding that two transcripts are expressed from the 

CBP1 gene. We present verification that the two transcripts are encoded by one 

gene, that the two mRNAs are of very low abundance, and that they are 2.2 kb 

and 1.3 kb in length. However, unlike mRNAs transcribed from yeast genes with 

two promoters (Beltzer et al. 1986; Carlson and Botstein 1982; Najarian et al. 

1987; Natsoulis et al. 1986; Wu and Tzagoloff 1987), the CBP1 transcripts differ 

in length at the 3' end rather than the 5' end. The 1.3 kb mRNA lacks a 

significant portion of the CBP1 coding sequence contained in the 2.2 kb mRNA, 
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including a region rich in basic amino acids (Dieckmann et al. 1984a). Thus, the 

shorter transcript has the potential to encode a protein distinctly different from 

the full-length CBP1 polypeptide. We also show that the abundance of the two 

CBP1 transcripts changes reciprocally during release from catabolite repression. 

We discuss alternative hypotheses concerning the purpose of generating two 

differentially regulated transcripts from the CBP1 gene. 

RESULTS 

Detection of CBPI mRNA 

The analysis of CBP1 expression was initiated to assess the possibility that 

during derepression, CBP1 acts as a signal coordinating the production of the 

mitochondrially-encoded subunit of Complex III with that of the nuclearly

encoded subunits. Since many nuclear genes that encode mitochondrial proteins 

are regulated at the transcriptional level (Lustig et al. 1982; Szekely and 

Montgomery 1984; van Loon et al. 1982;1983), our first goal was to estimate the 

size and abundance of CBP1 transcripts. CBP1 mRNA was analyzed on 

Northern blots of poly A + -enriched RNA from derepressed, wild-type cells. As 

shown in Figure 3.1, two CBP1 transcripts were detected at approximately 

equimolar levels. The 2.2 kb CBP1 mRNA is long enough to encode the 2068 

base-pair CBP1 open reading frame (Dieckmann et al. 1984a). Surprisingly, 

another transcript that is approximately 900 nucleotides shorter was also 

detected. 

We decided to determine whether other probes complementary to CBP1 



Figure 3.1. Identification of CBPI Transcripts in wild-type yeast cells. 

(A) A 15 ug sample of poly A enriched RNA isolated isolated from wild-type 

yeast cells 4 hours after derepression was fractionated on a 1.2% agarose gel 

containing 10 mM methylmercuric hydroxide. The gel was blotted onto a Nytran 

nylon membrane and individual membrane strips were hybridized to high specific

activity cRNA probes prepared from the subcloned regions of CBPI indicated in 

panel B. After washing, the blots were exposed to X-ray film at -BO°C for 36 

hours. (B) CBPI coding region (heavy black line) and restriction fragments 

used to prepare cRNA probes URF and 1-1 to 1-5. Locations of the CBPI and 

URF transcripts relative to the CBPI gene are also illustrated. Abbreviations for 

restriction sites: B, BamHI; C, ClaI; G, Bg!II; H, HindIII; K, KpnI; P, PstI. 



47 

(A) URF 1-1 1-2 1-3.5 1-3 1-4 
" 1-

- ---_ .. , 1- -
-_._- _ .. : 1 

1 

CBP1-· .. ., - - ....... +2.2kb 
-j 

. .,., I 18S 
I 

CBP1-:' -- i- - ~ 1.3kb 

URF~' :. H i 
! 1.1 kb . 

URFJ· n, . 1.0kb 

_ •• 1 _I ,. ....... 

(B) 1-3.5 
PROBES URF 1-1 1-2 4 t 1-4 1-5 

B B B H G4 
1-3 

lie P B 
DNA t I I I I I I , 

• 2.2kb~ 

mRNA .. 1.3kb CBP1 

III 1.1kb URF 1-f 
D 1.0 kb !!.!!f. 200bp 



48 

sequences would hybridize to both mRNAs. A Northern blot of poly A RNA 

extracted from wild-type cells was hybridized to cRNA probes prepared with a 

linear array of templates subcloned from the CBPI region. Probes 1-1 through 

1-4 detected the 2.2 kb CBPI message; however, the 1.3 kb message was 

detected only by the more 5' probes, 1-1, 1-2 and 1-3.5 (Figure 3.1). The short 

CBPI mRNA was detected with the CBPI-3 probe when longer exposure times 

were used, however only in an amount significantly less than that of the 2.2 kb 

transcript (data not shown). These results suggested that the 3' end of the short 

mRNA maps close to the BgIII site in the BgIII - CIa! interval. Also, probes 1-1 

and URF detected two transcripts, 1.1 kb and 1.0 kb in length, that are 

transcribed from an unidentified reading frame (URF) located immediately 

upstream of CBPI (see Figure 3.1b). 

To confirm the Northern analyses of the rare CBPI mRNAs isolated from 

wild-type yeast, we purified poly A + mRNA from strains that should overexpress 

CBPI mRNA. The TlO and T31 strains contain mUlti-copy (approximately 10 

copies/cell) YEp13 vectors inserted with partial Sau3A fragments from the 

genomic CBPI sequence (Dieckmann et al. 1984a). T31 has a 2.6 kb insert that 

contains only the CBPI gene, whereas TlO has a 6.7 kb insert that contains 

CBPI and several kilobases of both 5' and 3' flanking sequences. The GAL/-

26CBPI strain contains a multi-copy YEp52 plasmid bearing a GALI0-CBPI 

fusion gene (Homison, Ph.D. thesis) that was constructed by fusing the yeast 

GALlO promoter (Broach et al. 1983) to CBPI at position -26 relative to the 

CBPI start codon. Not only is the parent YEp52 vector present in 10 

~ ~ - ------~ ---~-~--. --_. __ ._. --- -



Figure 3.2. Northern analysis of CBPI mRNA from yeast strains that 

overexpress CBP1. (A) 15 ug of poly A-enriched RNA isolated from yeast 

strains TID and T31, and 3 ug of poly A-enriched RNA from the GAL/-26CBPI 

strain (induced with galactose) was fractionated, blotted, and probed as in Figure 

1. The blots were exposed to X-ray film for 12 hours. (B) CBPI transcription 

unit and structures of the T31 and TlO genomic clones (Dieckmann et al. 1984a). 

Restriction sites are abbreviated as follows: B = BamHI, C = ClaI, G = BglII, 

H = HindIII, K = KpnI and P = Pstl; S, Sau3A. 
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copies/cell, but the GALlO promoter should increase transcription of the fusion 

gene at least 1000-fold when the strain is grown on galactose (Hopper et al. 
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1978; St. John and Davis 1981). Poly A + mRNA from TlO, T31 and GAL/-

26CBP1 was analyzed on Northern blots hybridized with the cRNA probes shown 

in Figure 3.2b. As demonstrated in Figure 3.2a, both the large and small CBP1 

transcripts were overexpressed in amounts expected due to plasmid copy number 

and galactose induction. As was the case for the two CBP1 mRNAs in the wild

type strain, both transcripts were detected with probes CBP1-1 through CBP1-

3.5, but probes CBPl-4 and 1-5 detected only the 2.2 kb transcript. Though 

abundance of the short transcript was somewhat less than the abundance of the 

long transcript in the TlO and T31 strains, both transcripts were induced at least 

1000 fold by the GALlO promoter in the GAL/-26CBP1 strain. The structures of 

the plasmid-encoded CBPI mRNAs appear then to be similar to those of wild

type CBPI mRNAs transcribed from the chromosomal gene, in that the two 

CBPI transcripts have common 5' regions and differ at the 3' end. Since the 

GAL/-26CBP1 plasmid contains only 26 bp of 5' non-coding sequence and 115 

bp of 3' non-coding sequence from the CBPI gene, we conclude that the cis

acting signal(s) responsible for formation of the short transcript must be within 

the limits of this construction. 

Both CBPI mRNAs are Transcribed From the CBPI Gene 

Southern blots of yeast genomic DNA probed with CBP1 sequences 

showed hybridization to unique restriction fragments, (Dieckmann, unpublished 

observations) implying only one genomic copy of CBPl. To confirm our 
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assignment of both the 2.2 kb and 1.3 kb mRNAs to the eBPl gene, we 

analyzed poly A + RNA prepared from strains with disrupted copies of the gene. 

The CBPI gene was disrupted at two different sites using standard gene 

replacement techniques (Rothstein 1983). The first mutation was created by 

replacing the KpnI - BglII restriction fragment (position +53 to +979 relative to 

the eBPl start codon) with a BglII fragment containing the LEU2 gene plus a 

700 base pair KpnI - BglII linker fragment derived from plasmid sequences. This 

mutation deletes a region of the gene encoding the 5' portion of both eBPl 

mRNAs (see Figure 3.3b). This construction was used to replace the wild type 

eBPl gene on chromosome X of strain LL20. The transformant, named l1KG, is 

unable to grow on non-fermentable carbon sources. As shown in Lane 3 of 

Figure 3.3, the l1KG mutation abolished formation of both transcripts. 

A second mutation was created by inserting a 3.8 kb PstI restriction 

fragment containing the yeast LEU2 gene into the PstI site at position + 1760 of 

the eBPl coding sequence. This site is 600 bp downstream of the position 

where the 3' end of the 1.3 kb mRNA mapped (see below). The resulting 

transform ant, CPIL, is also respiratory deficient. Northern analysis of RNA 

extracted from this strain showed (Figure 3.3, Lane 4) that normal levels of the 

1.3 kb mRNA were formed, but the 2.2 kb mRNA was not present. We 

conclude that both eBP! mRNAs are transcribed from the eBP! gene, that the 

signals required to form the 1.3 kb mRNA are located upstream of the PstI site 

in eBP! and that the product encoded by the 2.2 kb mRNA is necessary for 

respiration. 



Figure 3.3. Transcription of both CBP1 mRNAs from the same gene. 

(A) A 15 J.tg sample of poly A-enriched RNA isolated from strains D273-10B (4 

hours postderepression), LL20 (grown overnight on glycerol), 

~.KG and CPIL (grown overnight on glucose) and 2 J.tg from galactose-induced 

GAL/-26CBPI were fractionated and blotted as described for Figure 1. The blot 

was hybridized with the 1-2 cRNA probe, which is complementary to the 2.2 kb 

and 1.3 kb CBP1 transcripts. Lanes 1 through 5 were exposed to X-ray film for 

22 hours. Lane 6 is a re-exposure of Lane 5 for only 30 minutes. (B) 

Insertion/deletion mutations are indicated in the diagram. AKG has a deletion of 

a 900 base pair KpnI-BgIII restriction fragment of CBP1. CPIL has an insertion 

at the PstI site of CBP1. Restriction sites are abbreviated as indicated in Figure 

3.1. 
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SI Nuclease Analyses of CBPI mRNA Structures 

In order to map the novel 3' end of the 1.3 kb mRNA more precisely, we 

performed SI nuclease analyses of poly A + RNA extracted from the GAL/-

26CBPI overexpression strain using the 1-3.5 probe. We also used probes 1-1 

and 1-5 to map the 5' and 3' ends, respectively, of the 2.2 kb mRNA from the 

T31 and TlO strains (see Figure 3.4). Because of the very low abundance of the 

CBPI transcripts, we used an SI digestion procedure described by O'Connor et 

a1. (1988) to increase the sensitivity of our assays beyond the limit of the 

standard procedure (Berk and Sharp 1977). 

To determine the exact location of the 5' ends within the interval covered 

by the 1-1 probe, single-stranded, antisense DNA prepared from the 1-1 subclone 

was hybridized to poly A + mRNA extracted from yeast strains TI0 and T31. 

The heteroduplexes were digested with Sl nuclease, fractionated on a sequencing 

gel and electroblotted onto Nytran membranes. The mRNA fragments protected 

from SI digestion were detected by hybridization to a high specific activity RNA 

probe complementary to the 1-1 region of CBP1 mRNA. We expected to obtain 

signals indicative not only of CBPI mRNA 5' ends, but also signals representing 

the 3' ends of transcripts from a closely juxtaposed gene upstream of CBPI 

(named URF). The URF (unknown function) coding sequence terminates just 

122 base pairs upstream of that of CBPI and the 1.1 kb transcript from this gene 

was detected on Northern blots with the 1-1 probe (Figure 3.2). As URF is 

expressed in wild-type strains at levels similar to CBPl, and the copy number of 

URF is not increased in the T31 strain, it was expected that TlO RNA would 
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produce signals corresponding to CBP1 5' ends and URF 3' ends, while signals 

obtained with T31 RNA would be specific for CBP1 5' ends. We expected then 

to determine the location of the 3' end of URF transcripts by subtracting the 

signals obtained with T31 poly A + RNA from those obtained with TlO poly A + 

RNA. However, as shown in Figure 3.4a, the T31 strain surprisingly showed 

utilization of three additional transcription start sites not used in TlO, rather than 

fewer sites. In both strains, the 1-1 probe protected RNA fragments ranging in 

size from 101 nucleotides (nt) to 184 nt. In T31, three additional fragments of 

194 nt, 213 nt, and 244 nt were protected. These fragment sizes correspond to 

CBPI mRNA 5' ends at positions -9, -39, -61, -80, and -92 (relative to the AUG) 

in both TlO and T31 RNA, plus -102, -121, and -152 in T31 RNA. To confirm 

that these signals represented CBPI 5' ends, we performed a standard (not 

blotted) SI analysis in which a 5' end-labeled single-stranded CBP1-1 DNA 

fragment was hybridized to TlO and T31 poly A + RNA. The same pattern of 

protected fragments was obtained with the end-labeled probe (data not shown) 

as shown in Figure 3.4a for the blotted Sl products. Since additional signals 

representing URF mRNA 3' ends were not identified in TlO, we conclude that 

URF 3' ends may map to the same position(s) as CBPI mRNA 5' ends, however 

we do not mean to imply that CBP1 and URF are co-transcribed. Since the 

protocol used in these experiments does not allow us to distiguish between CBPI 

5' ends and URF 3' ends, further SI analysis of URF 3' ends using end-labeled 

probes is required. We suppose that the three extra CBP1 5' ends identified in 

T31 mRNA are cryptic transcription start sites utilized only in the absence of 



interference from transcription of URF, or are sites induced artificially by 

plasmid sequences flanking the CBP1 gene in the T31 construction. 
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The 3' ends of the 1.3 kb and 2.2 kb CBP1 mRNAs were mapped using 

probes 1-3.5 and 1-5, respectively (Figures 3Ab and 3Ac). Probe 1-5 protected 

two RNA species, 276 and 289 nucleotides long. These products correspond to 

3' ends of the 2.2 kb CBP1 mRNA at positions +2045 and +2058 relative to the 

start codon, or 78 and 91 base pairs downstream of the CBP1 translation 

termination codon. In conjunction with the mapping of the 5' sites, the position 

of these 3' ends predict a size for the long CBP1 transcript that is similar to the 

length estimated from the Northern blot experiments. 

The 1-3.5 probe protected a wide array of fragment sizes (Figure 3Ab). 

At least six major bands of lengths 284 nt, 330 nt, 371 nt, 508 nt, 648 nt and 831 

nt were detected. The full-length 831 nucleotide probe was protected by the 2.2 

kb CBP1 mRNA. The 371 nt and 330 nt bands are in the size range expected 

for protection of the probe by the 3' end of the 1.3 kb transcript. It is not yet 

clear if the 284 nt, 508 nt and 648 nt bands represent alternative 3' ends of the 

1.3 kb CBPI mRNA, or, if they are artifacts produced by secondary structures in 

the mRNA and/or the probe. That secondary structures may form in the BglII -

CIaI interval of either the DNA or the RNA was indicated by the observation 

that both the 1-3 and 1-3.5 subclones produced two discrete sizes of RNA when 

transcribed in vitro with SP6, T7 or T3 polymerase (data not shown). Perhaps 

the phage polymerases are sensitive to secondary structures that cause early 

termination of transcription in vitro. Stem-loop structures in this region may 



Figure 3.4. Sl nuclease analysis of the 5' and 3' ends of CBP1 mRNA. A 50 ug 

sample of poly A-enriched mRNA isolated from TlO or T31 (A and C), or 20 ug 

of poly-A + mRNA isolated from galactose-induced GAL/-26CBP1 cells (B), was 

hybridized to antisense single-stranded M13 templates prepared from the 

indicated subclones, (A = pBS1-1; B = pBSl-3.5; C = pBSl-5). Bulk tRNA was 

hybridized in control reactions, as shown for the 1-5 probe (C). DNA-RNA 

hybrids were digested with the indicated amounts of Sl nuclease. The digests 

were fractionated on a sequencing gel, and electroblotted onto Nytran. The blots 

were subsequently hybridized with a 32P-labeled cRNA probe transcribed in vitro 

from the corresponding subclone. Dideoxy sequencing reactions (42; as modified 

for use with Sequenase by United States Biochemicals) were run on the same gel 

(not shown). The sizes of the major bands (in nucleotides) protected from Sl 

digestion are shown to the left of each panel. Diagrams at the bottom illustrate 

the probe positions relative to the two CBP1 transcripts. 
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both produce the S1 artifacts and might also be important for 3' end formation 

of the 1.3 kb mRNA in vivo. 

Expression of the CBPI mRNAs is Reciprocally Regulated by Catabolite 

Repression 
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The ultimate aim of the present study was to determine the effect of 

catabolite repression on CBP1 expression. To monitor changes in CBP1 

transcript abundance, we measured the steady state CBP1 mRNA levels in cells 

that were grown to early log phase on 10% glucose and then switched to new 

growth medium that contained glycerol as the carbon source. Poly A + mRNA 

was isolated from the glucose-repressed and g]ycero]-derepressed cells and 

probed for CBP1 message by Northern blot analysis (Figure 3.5). Surprisingly, 

the levels of the two different CBPl transcripts are reciprocally regulated by the 

carbon source in the growth medium. CBP1 mRNA levels were quantitated by 

liquid scintillation counting of Northern membrane slices and normalized to the 

amount of ACTl mRNA (Ng and Abe]son 1980), which does not change during 

derepression. The abundance of the 2.2 kb transcript decreased 2.5 fold during 

derepression, whereas the level of the 1.3 kb transcript increased 4-fold. Cells 

that were fermenting (0 hrs) exhibited more than five times more long transcript 

than short transcript. The level of the long transcript decreased as derepression 

proceeded. At 12 hours after the initiation of derepression, there was almost 

twice as much short transcript as long transcript. The combined steady-state 

levels of both transcripts stayed constant during derepression, whereas the ratio 

of the 2.2 kb mRNA to 1.3 kb mRNA decreased lO-fold. 



Figure 3.5. Abundances of the 2.2 kb and 1.3 kb CBPI transcripts are 

reciprocally regulated by catabolite repression. Wild-type yeast were grown on 

minimal medium containing 10% glucose to early log phase without aeration. At 

o hours, the cells were pelleted and resuspended in 1/4 the original volume of 

minimal medium containing 5% glycerol and aerated vigorously. Poly A-enriched 

mRNA was prepared from cells harvested 0, 4, 8, and 12 hours after initiation of 

derepression. The mRNA (15 ug from each time point) was fractionated and 

blotted as indicated in Figure 3.1. The blot was hybridized to cRNA probe 1-2, 

washed and exposed to X-ray film for 8 hours. A duplicate blot was hybridized 

with an ACTI cRNA probe, washed and exposed for 15 minutes. Each signal 

was quantitated by excising the areas from the blot that contained each signal 

and counting in a liquid scintillation counter. All CBPI mRNA values were 

normalized to the amount of ACTI mRNA at each time point after correction 

for the difference in specific activity between the ACTI and CBPI probes. The 

numbers given for A, B, and A+B equal the molar ratios of CBPl/ACTl 

transcripts x 103
• 

-
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DISCUSSION 

In this report we have described the transcripts encoded by the yeast nuclear 

gene CBPl. CBP1 is a mitochondrial protein that stabilizes mitochondrial cob 

mRNA by interacting with the 5' end of the pre-mRNA (Dieckmann et aI. 

1984b; Dieckmann and Mittelmeier 1987). Two mRNAs are transcribed from 

the CBP1 locus. The 2.2 kb mRNA is required for respiration (Figure 3.3) and 

is large enough to encode a 67 kD CBP1 protein detected by immunoblotting of 

mitochondrial proteins (Homison, Ph.D. thesis; Weber and Dieckmann, 

unpublished observations). The second transcript from this region, 1.3 kb in 

length, shares common 5' ends with the 2.2 kb mRNA but terminates in the 

middle of the CBP1 coding sequence. Both the 2.2 kb and 1.3 kb mRNAs are 

expressed at very low levels, measured to be approximately 1/100th the level of 

actin mRNA. Analysis of mRNA extracted from strains that overexpress CBP1 

transcripts or from strains with insertion/ deletion mutations in the CBP1 gene 

confirmed that both mRNAs are transcribed from the CBP1 gene. We measured 

the steady state levels of the CBP1 mRNAs following a switch from media 

containing glucose to media containing glycerol and found that the two 

transcripts are reciprocally regulated by the carbon source in the growth medium. 

Regulation of CBPI mRNA 

Our purpose in analyzing the regulation of CBP1 mRNA abundance in yeast 

cells growing on glycerol or glucose was to determine if CBP 1 responds to factors 

that regulate nuclear genes encoding Complex III subunits. The levels of both 

mitochochondrially-encoded cytochrome 12 and the nuclearly-encoded Complex III 
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components are derepressed when cells are grown on nonfermentable carbon 

sources (Mueller and Getz 1986; van Loon et al. 1982; 1983). Since CBP1 

confers stability to cob mRNA, we hypothesized that derepression of CBP1 could 

allow its product to coordinate the increase in nuclearly-encoded Complex III 

subunits with an increase in the stability of cob mRNA. Because the product of 

the 2.2 kb mRNA is required for respiration, we expected that the steady state 

level of the mRNA encoding the CBP1 protein would increase when yeast cells 

were switched from a repressing to a derepressing carbon source. The surprising 

result, that the 2.2 kb mRNA decreases upon derepression, may not be 

inconsistent with the function of CBP1 in the mitochondrion. The higher level of 

2.2 kb CBP1 mRNA in repressed cells may indicate that the cells are poised to 

synthesize higher levels of cytochrome 12 upon derepression. To coordinate 

increased synthesis of cytochrome 12 with increased synthesis and import of 

nuclearly-encoded Complex III subunits, it may be necessary to have CBPI pre

existing in the mitochondria prior to derepression. Since very low amounts of 

CBP1 are required in mitochondria, the decrease in 2.2 kb CBPI mRNA may be 

tolerated in exchange for enhanced production of the 1.3 kb CBPI mRNA during 

derepression. 

We would expect that the 1.3 kb CBPI mRNA encodes a mitochondrial 

protein because it contains the same amino terminal coding sequence that targets 

the 2.2 kb mRNA encoded CBP1 protein (Homison, Ph.D. thesis) and a CBPl

lacZ fusion protein (S. Mayer, unpublished observations) to the mitochondrion. 

The products of the two CBPI transcripts most likely have the same subcellular 
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localization, but perhaps serve different functions. The sequence of CBP1 

(Dieckmann et a!. 1984a) predicts that the 2.2 kb transcript encodes a protein 

with a basic isoelectric point. Most of these basic residues are concentrated in 

the COOH-terminal portion of the gene that is lacking from the sequence 

encoded by the 1.3 kb mRNA. Therefore, if the 1.3 kb mRNA does encode a 

protein, it would be expected to have properties different from those of the 66 

kDa CBP1 protein encoded by the 2.2 kb transcript. The yeast genes ALG7 and 

GALl have been reported to encode transcripts with different 3' ends 

(Kukuruzinska and Robbins 1987; St. John and Davis 1981) Unlike CBP1 

mRNA, however, the transcripts encoded by these two genes do not have 

different coding sequences. The capability of a single yeast gene to encode two 

messages by forming alternative 3' ends is unprecedented. 

Formation of Two Transcripts from CBPl 

Some yeast proteins that are localized both in the mitochondrial and 

cytoplasmic compartments are encoded by a single gene. The two enzymes are 

translated from mRNAs that differ at the 5' end due to the use of spatia]]y 

separated promoters. The longer message encodes a polypeptide containing an 

amino-terminal mitochondrial targeting sequence, while the polypeptide encoded 

by the shorter mRNA lacks the targeting sequence and remains in the cytoplasm. 

The ability of yeast to express two proteins from one gene using this strategy is 

exemplified by the genes encoding a tRNA modifying enzyme (MOD5, [Najarian 

et a1. 1987]), histidine tRNA synthetase (HTS1, [Natsoulis et a1. 1986]), fumarase 

(FUMl, [Wu and Tzagoloff 1987]), and alpha-isopropyJmaJate synthase (LEU4, 
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[Beltzer et a1. 1986]). However, the strategy of expressing two enzymes from one 

gene is not unique to mitochondrial/cytoplasmic couples. For example, the gene 

encoding yeast invertase, SUC2 (Carlson and Botstein 1982), has two 

transcription initiation sites that not only result in messages encoding different 

amino-termini, but more importantly allow differential regulation by catabolite 

repression. The use of the upstream transcription start site is negatively 

regulated by glucose and therefore the level of secreted invertase decreases in 

response to catabolite repression. Transcription from the downstream initiation 

site, and therefore the expression of intracellular invertase, is constitutive with 

respect to the carbon source in the growth medium. 

CBP1 differs from other yeast genes that produce two transcripts in that the 

CBPI mRNAs differ at the 3' end rather than the 5' end. Either a choice 

between two transcription termination sites which in turn dictates the site of 

polyadenylation, or, differential cleavage and polyadenylation of a long precursor 

RNA, must be responsible for the two alternative forms of CBP1 transcripts. In 

prokaryotic cells, RNA 3' ends are formed by transcription termination (Platt 

1986). In higher eukaryotic cells, transcription termination occurs well 

downstream of the 3' end of the mature mRNA (Birnsteil et a1. 1985; Platt 

1986). In yeast, little is known about transcription termination. Initial studies 

seemed to indicate that yeast uses a mechanism similar to rho-dependent 

transcription termination in E. coli (Henikoff and Cohen 1984; Henikoff et a1. 

1983). It is possible that sequence elements in the CBPI mRNA are capable of 

causing RNA polymerase to pause prematurely or otherwise lose processivity at 

---._----- ---



some frequency in a region that would dictate formation of the 1.3 kb mRNA. 

Upstream termination would then dictate the use of an upstream 

polyadenylation site. The frequency of pausing at the upstream site (and 

therefore formation of the 1.3 kb mRNA) would be governed by some factor 

sensitive to glucose in the growth medium. Transcription beyond the upstream 

. pause site would result in the formation of the full-length 2.2 kb mRNA. 

63 

The CBP1 mRNAs could also be generated by alternative cleavage and 

polyadenylation of a long precursor RNA. In higher eukaryotes, most mRNA 3' 

ends are formed by cleavage and polyadenylation of a pre-mRNA (Birnsteil et al. 

1985; Platt 1986). Studies of 3' end formation in mammalian cell extracts have 

demonstrated that a consensus AAUAAA signal is required at a location 10 to 

30 nucleotides upstream of the cleavage site (Birnsteil et aI. 1985). A G/U or U

rich element that is downstream of the cleavage site determines the efficiency of 

polyadenylation site usage (Gil and Proudfoot 1987; McDevitt et aI. 1984; 

McLauchlan et aI. 1985; Sadofsky et aI. 1985). The use of one or more 

alternative polyadenylation sites in a single gene allows production of multiple 

polypeptides with different roles during the course of development. The choice 

of a polyadenylation site dictates the exon composition of the mRNA and thus 

the amino acid sequence of the protein. Variations in the sequence of the GU

rich element may allow distinction between multiple polyadenylation sites when 

there is more than one signal in a single gene (Birnsteil et aI. 1985). Trans

acting factors that are present at certain times during development or are tissue

specific are responsible for the choice between alternative sites (Leff et aI. 1986). 



64 

It has yet to be demonstrated that multiple proteins are generated from a single 

yeast gene in such a manner. 

The mechanism of yeast mRNA 3' end formation is only beginning to be 

understood. Unlike higher eukaryotes, there is no consensus sequence that is 

required for 3' end formation of all yeast mRNAs. Zaret and Sherman described 

a deletion mutation in the yeast iso-I-cytochrome ~ gene (cycl-512) that 

prevented proper 3' end formation of CYCI mRNA (Zaret and Sherman 1982). 

Based on sequence comparisons of regions near the 3' ends of other yeast 

mRNAs to the segment shown to be needed for CYCI 3' end formation in vivo, 

they proposed that the tripartite sequence element 5'-TAG ... TATGT .. A/f 

rich ... TTT-3,' found upstream of some yeast mRNA 3' ends, might be involved in 

3' end formation (Zaret and Sherman 1982). A segment of the wild-type Cyel 

gene containing this sequence was required to direct accurate cleavage and 

polyadenylation of a synthetic precursor RNA in vitro by yeast extracts (Butler 

and Platt 1988). It is clear that this sequence is not required for all yeast genes, 

but it is evident that some, if not all, yeast mRNA 3' ends are formed by a 

mechanism similar to that in higher eukaryotes. 

While we were not able to determine the exact location of the' 1.3 kb 

CBPI mRNA 3' end by SI analysis (Figure 3.4), we showed by Northern analyses 

that it must be just downstream of the BgllI restriction site at position +979 of 

the CBPI coding sequence (Figure 3.2). Since the 1.3 kb transcript is properly 

formed in the CBPI disruption strain CPIL (Figure 3.3), it is likely that the 

signal(s) that dictate formation of the 1.3 kb transcript will be found upstream of 

"" ----"---
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the disruption site at position + 1767. The tripartite sequence element identified 

by Zaret and Sherman is found between positions +975 and + 1038 of the CBP1 

coding sequence. The position of this tripartite sequence element relative to the 

proposed 3' end(s) of the 1.3 kb mRNA (positions +1126 and/or +1166; Figure 

3.3) suggests that it may be important for formation of the 3' end of the 1.3 kb 

CBP1 mRNA. 

In many cases, transcription of yeast nuclear genes is up-regulated by 

trans-acting factors that interact with sequence elements upstream of the 

promoters (Giniger et a1. 1985; Olesen et a1. 1987; Struhl 1987). Our present 

study does not rule out modulation by altered rates of transcriptional initiation at 

the CBP1 promoter. However, the presence of two reciprocally regulated 

mRNAs transcribed from this locus that differ at their 3' ends might indicate that 

a post-transcriptional mechanism alters the level of CBP1 transcripts. It is 

possible that trans-acting factors that are responsive to carbon source interact 

with CBP1 in a way that affects the choice of polyadenylation or transcription 

termination sites, thereby regulating the levels of the 2.2 kb and 1.3 kb 

transcripts. We believe this is the first report of a single yeast gene encoding 

two transcripts that are regulated by a choice between alternative polyadenylation 

sites. The description of a yeast gene that encodes two mRNAs with different 3' 

ends indicates that one strategy for regulating the production of different proteins 

from a single gene may be conserved between yeast and higher eukaryotes. 

------ --- ---~--- -- -



CHAPTER FOUR 

CBPI mRNA 3' END FORMATION IS REGULATED DURING 

CARBON CATABOLITE REPRESSION 

ABSTRACT 
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Alternative mRNA processing is one mechanism for generating two or more 

polypeptides from a single gene. While many mammalian genes contain multiple 

mRNA 3' cleavage and polyadenylation signals that change the coding sequence 

of the mature mRNA when used at different developmental stages or in different 

tissues, only one yeast gene has been identified with this capacity. The yeast 

nuclear gene CBPI encodes a mitochondrial protein that is required for 

cytochrome h mRNA stability. This 66 kDa protein is encoded by a 2.2 kb 

messenger RNA transcribed from CBPl. Previously we showed that a second 1.2 

kb transcript is initiated at the CBP1 promoter but has a 3' end near the middle 

of the coding sequence. Furthermore, it was shown that these two CBP1 

transcripts are reciprocally regulated during the induction of mitochondrial 

function. 

Having proposed that regulation of 3' end formation dictates the amount of 

each CBP1 transcript we now show that a 146 bp fragment from the middle of 

CBP1 is sufficient to direct carbon source-regulated production of two transcripts 

when inserted into the yeast URA3 gene. This fragment contains seven 

polyadenylation sites for the wild-type 1.2 kb mRNA, as mapped by sequence 

analysis of CBPI cDNA clones. Deletion mutations upstream of the 

polyadenylation sites abolished formation of the 1.2 kb transcript, whereas 
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deletion of three of the sites only led to a reduction in abundance of the 1.2 kb 

mRNA. Though none of the experiments showed whether the 1.2 kb mRNA is 

formed solely by 3' processing, or if processing at this site is coupled to 

premature transcription termination, our results do indicate that regulation of the 

abundance of both CBP1 transcripts is controlled by elements in a short segment 

of the gene that directs 3' end formation of the 1.2 kb transcript, a unique case 

in yeast. 

INTRODUCTION 

Regulation of alternative mRNA 3' end processing has emerged as an 

important regulatory mechanism in higher eukaryotic cells (Alt et aI. 1980; Early 

et al. 1980; Rogers et al. 1980; Nevins and Wilson 1981; Amara et al. 1984; 

Mather et al. 1984; Helfman et al. 1986; Carswell and Alwine 1989; DeZazzo 

and Imperiale 1989; Falck-Pedersen and Logan 1989; Russnak and Ganem 1990; 

Saez et al. 1990). Along with 5' end capping and exon splicing, cleavage and 

polyadenylation of the 3' end are required steps in mRNA maturation (Nevins 

1983). In mammalian cells, the consensus sequence AAUAAA located 10-30 

nucleotides upstream of the cleavage site (Fitzgerald and Shenk 1981; Montell et 

al. 1983; Wickens and Stephenson 1984; Zarkower et al. 1986) and a downstream 

GU-rich element (Simonsen and Levinson 1983; Gil and Proudfoot 1984, 1987; 

McDevitt et al. 1984, 1986; Woychik et aI. 1984; for review see Humphrey and 

Proudfoot 1988) are required for cleavage and polyadenylation. When multiple 

polyadenylation signals are located in a single gene, choice of alternative signals 
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in different tissues or at different developmental stages generates structurally 

diverse transcripts that produce multiple polypeptide isoforms (Leff et a1. 1986). 

We recently reported that a yeast nuclear gene, CBP1, like some mammalian 

genes, produces two different messenger RNA molecules via alternative 3' end 

formation (Mayer and Dieckmann 1989). The full-length, 2.2 kb CBP1 transcript 

spans the entire open reading frame and encodes a 66 kD mitochondrial protein 

required for cytochrome 12 mRNA stability (Dieckmann et a1. 1984b; Weber and 

Dieckmann 1990). CBP1 also produces a 1.2 kb transcript that has its 3' end 

within the coding sequence. As a unicellular organism, yeast does not have many 

developmental processes, however as a facultative anaerobe it undergoes 

significant changes in mitochondrial structure and function when switched from 

fermentation to aerobic growth (see Grivell 1989 for review). Surprisingly, the 

abundance of the two CBPl transcripts is reciprocally regulated during induction 

of mitochondrial function by growth on a non-fermentable carbon source. 

Regulated use of the alternative CBP1 mRNA 3' processing sites could be 

influenced by several mechanisms. For instance, factors assembled with RNA 

polymerase II specifically at the CBPl promoter could inhibit procession through 

pause sites in the middle of the CBP1 coding sequence and cause 3' end 

processing to occur at the upstream site. Alternatively, convergent transcription 

from either of two genes that closely flank CBP1 could proceed into the CBP1 

coding sequence, occluding elements necessary for the formation of CBP1 mRNA 

3' ends and thus influencing the abundance of the two CBP1 transcripts. A final 

model proposes that regulatory factors might act directly at the sites of 3' 
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processing without influence from flanking gene expression or the CBP1 

promoter. Here we report analyses designed to test the hypothesis that the 

production of two transcripts from CBP1 is governed by carbon-source dependent 

alternative 3' end formation. We find that a 146 bp segment of CBP1 that 

includes the 1.2 kb mRNA polyadenylation sites contains the elements that are 

necessary and sufficient for the regulation of both CBP1 transcripts during the 

induction of mitochondrial function. 

RESULTS 

CBPI mRNA Regulation Is Not Influenced By Expression of Convergently 

Transcribed Genes 

We previously reported that the yeast nuclear CBP1 gene encodes two 

transcripts that are reciprocally regulated during the induction of mitochondrial 

development (Mayer and Dieckmann 1989). A full-length 2.2 kb transcript 

encodes the 66 kD mitochondrial CBP1 protein (Weber and Dieckmann 1989) 

that is required for mitochondrial cytochrome h mRNA stability (Dieckmann et 

al. 1984b). A shorter 1.2 kb transcript shares transcription initiation sites with 

the full-length message, but has a 3' end within the CBP1 coding sequence 

(Mayer and Dieckmann 1989). The ratio of 1.2 kb transcripts to 2.2 kb 

transcripts increases ten-fold when mitochondrial function is induced by replacing 

glucose medium with one containing a non-fermentable carbon source such as 

glycerol (Mayer and Dieckmann 1989). The reciprocal change in the level of 

these two transcripts has led us to begin to identify the cis-elements that are 
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required for (i) the 3' end formation of each of the CBP1 transcripts and (ii) the 

regulation of alternative use of these 3' ends to dictate CBP1 mRNA levels. 

During the determination of the structure of the CBP1 gene, we learned that 

two genes closely flank the CBP1 locus (Liu and Dieckmann 1989; Mayer 

unpublished observations). These genes are convergently transcribed toward 

CBP1 and we wondered if the expression of these genes could influence the 

regulation of CBP1 mRNA levels. To determine if CBP1 mRNA regulation was 

affected by convergent transcription, disruption mutations were constructed in 

each of the genes flanking CBPl. The first mutant (B2L) has a disruption in the 

3' end of an open reading frame (URF, unknown function) which ends 260 base 

pairs (bp) upstream of the CBP1 translational start codon and is transcribed 

from the same strand as CBP1 (Mayer and Dieckmann 1989). A second mutant 

(LNUC, Liu and Dieckmann 1989) has a disruption in the NUC1 open reading 

frame located downstream of CBP1 on the opposite strand. NUCI encodes a 

non-specific mitochondrial nuclease (Vincent et a1. 1988) and the reading frame 

ends just 244 bp downstream of CBP1. Both URF and NUC1 encode transcripts 

that are regulated during the induction of respiration (Mayer and Dieckmann, 

unpublished observations), however neither the urf nor nuc1 disruption 

mutations affect the ability of the cells to respire. Northern analyses of 

transcripts from the urf and nucl mutant strains demonstrated that both 

disruptions prevented transcription from converging upon CBP1 (data not 

shown). 

To assess the effect of these disruptions on the regulation of CBPI mRNA 
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abundance, we compared CBP1 mRNA levels in repressed and derepressed 

cultures of B2L and LNUC to the wild type parent, LL2 (Figure 4.1). Poly (At 

RNA was isolated from wild-type and mutant cells grown to early log-phase on 

glucose (0 hour) medium and from cells switched to glycerol medium for 8 hours 

to induce mitochondrial function. The RNA was analyzed on duplicate Northern 

blots hybridized to either a CBP1 probe or to an actin (ACT1) probe which 

served to normalize for the amount of poly (At RNA loaded in each lane. The 

ratio of 1.2 kb CBP1 transcripts to 2.2 kb CBP1 transcripts increased in strains 

harboring the B2L (Lanes 3 and 4) and LNUC (Lanes 5 and 6) disruption 

mutations in amounts similar to those observed in the wild-type strain (Lanes 1 

and 2). Since these mutants illustrated the wild-type pattern of CBPI mRNA 

regulation, we conclude that the regulation of CBP1 mRNA levels is not affected 

by expression of the URF and NUCI genes. 

We previously demonstrated that a disruption mutation in the 3' end of the 

CBPI coding sequence allowed proper production of the 1.2 kb message even 

though the full-length transcript was not correctly formed (Mayer and Dieckmann 

1989). This mutant, CP1L, does not respire because it lacks stable cytochrome 

12 mRNA, a phenotype equivalent to that of cbp1 point mutants (Mayer, 

unpublished observations). To determine if this mutation affected the regulation 

of 1.2 kb mRNA levels, CBPI mRNA extracted from repressed and derepressed 

cultures of CPIL was analyzed on Northern blots. To allow respiratory growth 

of CPIL on glycerol, the cbpl mutation was suppressed by a rearranged 

mitochondrial genome (pinI4
0

35) that expresses cytochrome 12 in the absence of 



Figure 4.1. Disruption mutations in CBP1 and its flanking genes demonstrate 

that convergent transcription into CBP1 and proper formation of 2.2 kb mRNA 

are not required for CBP1 mRNA regulation. Disruption mutations B2L and 

LNUC were constructed by inserting the yeast LEU2 gene into the 3' ends of the 

URF and NUCl coding regions. CP1L contains LEU2 inserted into CBP1 

downstream of the 1.2 kb mRNA 3' end (Mayer and Dieckmann 1989). The 

disrupted genes were used to replace the wild-type chromosomal copies in yeast 

strain LL2 by homologous recombination (Rothstein 1983). 12 J-Lg of poly A + 

RNA isolated from repressed (0 hour) and derepressed (8 hour) cultures of each 

strain was characterized by Northern analysis. Northern blots were hybridized 

with cRNA probes complementary to either the 5' half of the CBPl coding 

sequence (pBSl-2) or to ACfl (pBS-ACT), then washed and exposed as 

indicated in Methods. Restriction sites are abbreviated as: B = BamHI; P = 

Pst!. 
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CBP1 function (Dieckmann and Gandy 1987). Figure 4.1, Lanes 7 and 8 show 

that the abundance of the 1.2 kb CBP1 transcript increased during derepression 

in CP1L. Thus we conclude that proper formation of the full-length CBP1 

transcript is not required for regulation of CBP1 mRNA levels. This result 

implies that the sequences responsible for CBP1 mRNA regulation are contained 

within the CBP1 gene, upstream of the the site of the disruption in CP1L. Since 

we had previously shown that CBP1 transcripts were properly formed when the 

gene was driven by a heterologous promoter (Mayer and Dieckmann 1989), the 

simplest model that would account for the increase in 1.2 kb mRNA in CP1L 

and the reciprocal switch in CBP1 expression in wild-type strains would be one in 

which regulation of 1.2 kb mRNA 3' end formation would dictate the level of 

both transcripts. 

Localization of sequences required to regulate CBPI mRNA formation. 

To more precisely locate the region of CBP1 that directs the regulated 

production of two transcripts from this gene, we sought to identify segments of 

CBP1 that were sufficient to confer regulated alternative mRNA 3' end 

formation on a heterologous gene. Based on Northern analyses with various 

probes subcloned from CBPl, the location of the 1.2 kb mRNA 3' end had 

previously been assigned to a region near a BgllI site located near the middle of 

the CBP1 coding sequence (+977 relative to the translational start codon; Mayer 

and Dieckmann 1989). An 800 bp HincH and a 146 bp Hinfl fragment of CBP1 

each contain this BglII site and were inserted into a Stu I restriction site in the 

middle of the yeast URA3 gene, which encodes a single, unregulated 1.0 kb 



transcript (Figure 4.2, Lanes 1 and 2). Poly A + mRNA was extracted from a 

yeast strain containing a multicopy plasmid with the URA3 gene alone or a 

URA3 gene that had been disrupted by the HincH fragment (pHc-R) or the 

HinfI fragment inserted in either orientation (pHf-R and pHf-L). 
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Transcripts initiated at the URA3 promoter in pHc-R should be 

approximately 800 nucleotides long if they utilize the upstream CBPI mRNA 

polyadenylation site and 1800 nucleotides long if they end in URA3. A URA3 

cRNA probe detected both long (1.8 kb) and short (0.9 kb) transcripts on a 

Northern blot of RNA extracted from repressed and derepressed cultures of this 

strain (Figure 4.2, Lanes 3 and 4). Moreover, the abundance of the two 

transcripts changed reciprocally during derepression in the manner expected for 

the wild-type CBPI transcripts. Even the small 146 bp CBPI fragment in pHf-R 

was competent in directing the respiration-regulated production of two 

appropriately sized, 1200 and 600 nucleotide long transcripts (Lanes 5 and 6). 

When this small fragment was inserted in an orientation opposite to that found 

in the CBPI gene (pHf-L; Lanes 7 and 8), only one 700 nucleotide long 

transcript was observed. This truncated URA3 transcript observed in pHf-L may 

result from activation of a cryptic 3' end site near the URA3-CBPI boundary. 

Alternatively, since longer transcripts were not observed in pHf-L RNA, the 3' 

end forming element in the inserted CBPI segment might be more efficient in 

the wrong orientation. These results rule out the involvement of the CBPI 

promoter in regulation of CBPI mRNA production and support the hypothesis 

that regulation of 1.2 kb CBPI mRNA 3' end formation dictates the levels of 



Figure 4.2. A 146 bp CBPl fragment is sufficient to direct carbon source 

regulated 3' end formation in the middle of another gene. pURA contains the 

yeast URA3 inserted into the polyJinker of the multicopy plasmid YEp351. 

Either the 800 bp HincH or the 146 bp HinfI CBP1 fragments were inserted into 

the unique Stu I site of URA3 in pURA. pHf-R and pHf-L contain the HinfI 

fragment inserted in the CBPl sense and antisense orientations, respectively. 

Plasmids bearing either the wild-type or disrupted URA3 genes were transformed 

into the yeast strain S150 which contains a TY element disruption of the 

chromosomal URA3 gene caned ura3-52 (Rose and Winston 1984). The 

expression of the ura3-52 transcript is not related to the expression of the 

plasmid-borne wild-type URA3 copy in YpURA. 12 J,Lg of Poly A + RNA 

extracted from repressed and derepressed yeast cultures was analyzed on 

Northern blots by hybridization to the pBS-URA5' and pBS-ACT cRNA probes 

as indicated. Restriction sites: HcH = HincH; HfI = HinfI. 

- _._-_.-----
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both CBP1 transcripts during derepression. 

Location of CBPl mRNA 3' ends. 
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To ensure that the 146 bp Hinfl fragment inserted into URA3 contained the 

sequences directing production of the wild-type CBP1 1.2 kb mRNA 3' end, it 

was first necessary to precisely map the position of the polyadenylation site 

within the CBP1 coding sequence. As we were unable to map the position of 

that 3' end by nuclease protection experiments (Mayer and Dieckmann 1989), we 

decided to sequence cDNA clones of CBP1 mRNA 3' ends. CBP1-specific 

clones from a library of oligo-dT primed cDNA copied from 8 hour derepressed 

poly A + mRNA were selectively amplified by the PCR-RACE protocol 

(Frohman et al. 1988). Sequence data from 23 independently isolated clones 

identified seven different polyadenylation sites for the 1.2 kb CBP1 message 

(Figure 4.3). The sites were located in three clusters: cluster I included sites at 

position + 1003, + 1007 and + 1010; cluster II, sites at + 1020 and + 1021; and 

cluster III, sites at + 1043 and + 1049. All of the 1.2 kb mRNA polyadenylation 

sites were located near the middle of the 146 bp Hinfl fragment from CBP1 

shown to be sufficient for carbon source dependent regulation of alternative 3' 

end formation of URA3 mRNA. Polyadenylation sites at positions + 1003 

(cluster I) and + 1049 (cluster III) were each represented by more than 25% of 

the clones sequenced. Five of the seven polyadenylation sites identified were 

located at pyrimidine-A dinucleotides, the other two were at C-U dinucleotides, 

with polyadenylate being added to the C. Interestingly, only one of the seven 

polyadenylation sites (+ 1021) would be converted to an in-frame UAA 

- ~ -~-- ----



Figure 4.3. Sequences of PCR-amplified eDNA clones define the CBP1 mRNA 

polyadenylation sites. A eDNA library copied from oligo dT-primed, 8 hour 

derepressed, poly A + RNA was amplified according to the RACE protocol 

(Frohman et. al. 1988). Seven poly (A) sites utilized by the 1.2 kb mRNA were 

localized to regions designated cluster I, II and III (shown at top, middle). A 

single poly (A) site corresponding to the 2.2 kb mRNA 3' end was identified 

(shown at bottom, right). The underlined nucleotides are homologous to a 

sequence upstream of the yeast CYC1 gene poly (A) sites (Zaret and Sherman 

1982). 
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translational stop codon upon polyadenylation. Since CBP1 only has one open 

reading frame and both CBP1 transcripts are associated with polyribosomes 

(Mayer unpublished obseIVation), we presume that transcripts polyadenylated at 

sites other than + 1021 are translated into polypeptides containing poly-lysine 

carboxyl termini. 

The sequence of eight cDNA clones of the 3' end of the 2.2 kb CBP1 

transcript amplified according to the RACE protocol identified a single U-A 

dinucleotide at position +2059 as the polyadenylation site, a position previously 

mapped by S1 nuclease protection assays (Mayer and Dieckmann 1989). The 

analysis of the CBP1 cDNA clones refined our earlier estimation of the position 

of the 3' end of the 1.2 kb mRNA and ascertained that the 146 bp HinfI 

fragment inserted in URA3 contains the 1.2 kb CBPI mRNA polyadenylation 

sites of the wild-type gene. 

Localization of sequences required for CBPI mRNA 3' end formation 

To complement our analysis of CBP1 sequences that were sufficient to 

regulate 3' end formation of the 1.2 kb mRNA we wanted to identify sequences 

required to produce the 3' end of that transcript. As CBP1 is expressed at very 

low levels in wild-type strains, deletion mutations in the region of the 1.2 kb 

mRNA 3' end were constructed in a plasmid-borne GALlO promoter-CBP1 

transcription fusion which overexpresses both CBP1 transcripts several hundred

fold when induced by growth on galactose (Mayer and Dieckmann 1989). Each 

CBP1 deletion was expressed in a strain which has a cbpl disruption mutation in 

the chromosome that produces no CBP1 transcripts. To allow respiratory growth 
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of these strains, the cbp1 mutations were suppressed by the pint4-35 mitochondrial 

genome (Dieckman and Gandy 1987). Since the unique BgllI site at +977 of the 

CBP1 coding sequence is conveniently located 25 bp upstream of the 1.2 kb 

mRNA polyadenylation sites, we chose this restriction site as a central point for 

deletions. The mutation in dHG (Figure 4.4) removed 311 bp of CBP1 coding 

sequence between a Hpal site at position +667 and the downstream BgllI site. 

The mutation in dGS was constructed by deleting 28 bp of coding sequence 

containing the cluster I polyadenylation sites between the BgllI site and a 

downstream Seal site. A third mutation extended the deleted sequences in dGS 

another 62 bp beyond the Seal site to an MscI site at position + 1087. The 

mutation in this strain, dGM, deleted all three polyadenylation clusters plus an 

additional 40 bp of CBP1 coding sequence. dC3' and dF3' have truncations of 

CBP1 at positions + 1602 and + 1803 in the coding sequence respectively. Both 

truncations delete the 2.2 kb CBP1 mRNA polyadenylation site. 

The CBP1 transcripts produced by these five mutant constructs were 

compared to those of the parent GALlO-CBP1 fusion plasmid, G::-26. Following 

galactose induction of these strains, total RNA was isolated and analyzed on 

Northern blots for transcripts that hybridized to a CBP1 cRNA probe (Figure 

4.4). The abundance of all CBP1 transcripts was determined by directly 

quantitating the ~-decays from the Northern blot (see Figure 4 legend). As 

shown in Lane 1, this probe detected both CBP1 transcripts which were 

overexpressed from the G::-26 plasmid. The mutation in dHG (lane 2) 

prevented the formation of the 1.2 kb transcript, yet allowed the generation of 



Figure 4.4. Deletion mutations define regions of CBPI necessary for production 

of the short transcript. Deletion mutations were constructed by removing the 

indicated restriction fragments from a GALlO promoter::CBPl transcription 

fusion gene (G::-26; Mayer and Dieckmann 1989). 12 J-Lg of total RNA isolated 

from galactose-induced cells was analyzed on Northern blots for CBPI transcripts 

with the pBSI-2 probe as described in Methods. The bands in each lane were 

quantitated by direct counting of the J3-decays from the filter. After subtraction 

of background levels from each lane the counts for the full-length and truncated 

transcripts, respectively, were as follows: G::-26, 178 cpm and 112 cpm; LlHG, 

316 cpm and 0 cpm; LlGS, 441 cpm and 23 cpm; LlGM, 421 cpm and 0 cpm; 

LlC3', 290 cpm and 200 cpm; LlF3', 321 cpm and 171 cpm. The spotted box 

represents the GALlO promoter fused to CBP1 at position -26 relative to the 

CBP1 coding sequence, which is represented by the filled box. Restriction sites 

are abbreviated as: C = ClaI; F = FspI; G = BglII + Klenow; H = HpaI; M = 

MscI; S = Scal. 
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a transcript equivalent to the 2.2 kb mRNA with a 300 nucleotide internal 

deletion. This result suggests that sequences more than 30 bp upstream of the 

most 5' 1.2 kb mRNA polyadenylation site are required to produce the 3' end of 

that transcript. Since the 1.2 kb mRNA polyadenylation sites were left intact by 

the mutation in LlHG, these sites were necessary but not sufficient to direct 3' 

end formation of the transcript. Interestingly, the mutation in LlGS (Lane 3), 

which deleted three of the seven 1.2 kb mRNA polyadenylation sites, allowed 

accumulation of one-tenth the amount of the 1.2 kb message measured for the 

G::-26 control strain (Lane 1). Production of the 1.2 kb transcript was 

completely abolished when the deletion endpoint was extended downstream to 

the Msc I site, removing all of the 1.2 kb mRNA polyadenylation sites (Lane 4). 

The truncation mutations in LlC3' and LlF3' allowed formation of the 1.2 kb 

mRNA, but prevented proper 3' end formation of the 2.2 kb message (Lanes 5 

and 6). Instead, we observed much longer transcripts that ended in vector 

sequences, presumably because the normal 2.2 kb mRNA 3' end formation 

signals were missing in those constructs. That the 1.2 kb mRNA is properly 

formed in LlC3' and LlF3' is consistent with our earlier observations (Figure 4.1 

and Mayer and Dieckmann 1989) that formation of the 1.2 kb message is not 

dependent on proper formation of the 2.2 kb transcript. In the three mutants 

that were unable to form the 1.2 kb transcript, there was a coordinate increase in 

the steady-state abundance of 2.2 kb transcript formed (as determined by 13-

decay counting), suggesting that nascent RNA molecules that did not acquire 

ends at the upstream sites became full-length transcripts. Together, the results 
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presented in Figure 4 support our hypothesis that the level of 2.2 kb message is 

determined by the frequency of 1.2 kb mRNA 3' end formation. 

DISCUSSION 

The process of mitochondrial biogenesis during the induction of respiration is 

dependent on the coordinated biosynthesis of both nuclearly and mitochondrially 

encoded gene products (for reviews see Grivell 1989; Tzagoloff and Myers 1986). 

The majority of components of the coenzyme QHz-cytochrome £ reductase 

complex (Complex III) are encoded by nuclear genes (van Loon et al. 1982; 

1983), whereas cytochrome h is the only subunit synthesized in the mitochondria. 

In addition to the structural subunits of Complex III, several auxiliary nuclear 

gene products are required specifically for the production of cytOChrome Q from 

the mitochondrial cob gene (McGraw and Tzagoloff 1983; Dieckmann et al. 

1984a; 1984b; Dieckmann and Tzagoloff 1985; Radel et a!. 1985; Radel and Fox 

1987; Gampel and Tzagoloff 1989, Wu and Tzagoloff 1989). One of these 

factors is the CBP1 gene product which is required for stabilization of 

cytochrome Q mRNA (Dieckmann et al. 1982, 1984b; Dieckmann and 

Mittelmeier 1987; Weber and Dieckmann 1990). We previously reported that 

the yeast CBPI gene encodes two transcripts that have different 3' ends, and that 

the steady-state levels of the two transcripts are reciprocally regulated during the 

induction of mitochondrial function (Mayer and Dieckmann 1989). Our 

observations on CBPI mRNA abundance were made while testing the hypothesis 

that regulation of CBPI expression might coordinate nuclear and mitochondrial 
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contributions to Complex III. We found that the abundance of the 2.2 kb CBP1 

mRNA decreases during derepression, whereas the abundance of the 1.2 kb 

message rises reciprocally. Knowing that the 66 kDa product of the 2.2 kb 

mRNA is required for respiratory growth (Mayer and Dieckmann 1989; Weber 

and Dieckmann 1990), we found it odd that the level of the full-length message 

would drop when cells were switched from fermenting on glucose medium to 

aerobic growth on glycerol medium. Though we have not solved this mystery, we 

have investigated the nature of the reciprocal regulation of CBP1 mRNA 3' end 

formation. Here we have presented evidence that regulated production of the 

1.2 kb CBP1 mRNA 3' end dictates the steady-state levels of both CBP1 

transcripts during the course of derepression on glycerol medium. 

The discovery that regulation of the short CBP1 transcript was not 

dependent on proper formation of the full-length, 2.2 kb transcript (Figure 4.1) 

focused our attention on the region encompassing the 3' end of the 1.2 kb 

mRNA. Northern blot analyses of strains carrying cbp1 deletion mutations in 

this region (Figure 4.4) suggested that formation of the 1.2 kb transcript is 

dependent on the presence of sequences both upstream of the multiple 

po!yadenylation sites (Figure 4.3) as well as the the region including the sites 

themselves. As blockage of 1.2 kb mRNA formation by these mutations was 

concommitant with an increase in the amount of full-length mRNA observed, we 

conclude that the level of the 2.2 kb mRNA is dictated by the frequency of 3' 

end formation in the middle of the CBP1 coding sequence. Furthermore, our 

results indicated that a small 146 bp segment of CBPl DNA containing the 1.2 
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kb mRNA polyadenylation sites is sufficient to confer regulated alternative 

mRNA 3' end formation on another yeast gene, URA3, in an orientation

dependent fashion (Figure 4.2). These results suggest that regulation of CBP1 

1.2 kb mRNA 3' end formation is directed by the region very near the sites of 3' 

end processing. 

During the induction of mitochondrial development by a switch to a non

fermentable carbon source, trans-acting factors stimulate transcriptional initiation 

of several yeast nuclear genes that encode mitochondrial proteins (Olesen et al. 

1987, Dorsman et al. 1988). Though it also encodes a mitochondrial polypeptide, 

CBP1 is the only yeast gene described to date that is regulated via differential 

mRNA 3' end formation rather than transcriptional initiation. However, in 

higher eukaryotes, alternative 3' end processing, splicing and transcription 

termination have been demonstrated to play a significant role in the 

developmental and tissue-specific regulation of complex transcription units (for 

reviews see Birnsteil et aI. 1985; Leff et al. 1986; Proudfoot 1989; Smith et al. 

1990). Experimental evidence suggests that differential use of multiple mRNA 3' 

end processing sites in a single gene generates structurally diverse polypeptides 

by altering the coding sequences included in the mature message. In mammalian 

cells for example, infection with herpes simplex virus induces the production of a 

nuclear factor that regulates utilization of alternative polyadenylation sites in the 

viral genome (McLauchlan et al. 1989). Regulation of alternative 

polyadenylation signals has also been suggested to control diversity of protein 

expression from adenovirus, SV40 and hepatitis B virus genomes (Ziff 1980; 
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Carswell and Alwine 1989; Falck-Pedersen and Logan 1989; Russnak and Ganem 

1990) as well as immunoglobulin ~ genes (Alt et al. 1980; Early et al. 1980) and 

the human non muscle myosin heavy chain gene (Saez et al. 1990). Regulation of 

transcriptional termination between Ig f.L exons has been suggested to determine 

use of alternative 3' processing sites, ultimately directing the production of either 

the membrane bound or secreted form of this protein in plasma cells (Mather et 

al. 1984). Interestingly, regulation of polyadenylation site utilization in several 

viral genomes reportedly involves sequences upstream of those sites (Carswell 

and Alwine 1989; DeZazzo and Imperiale 1989; Russnak and Ganem 1990). It 

is clear that sequence elements upstream of the 1.2 kb CBP1 mRNA 

polyadenylation sites are required to form that transcript (Figure 4). Signals in 

this region may modulate the efficiency of the polyadenylation sites located just 

downstream. The observation that CBPI encodes two transcripts that are 

differentia]]y regulated by 3' end formation suggests that, like higher eukaryotes, 

yeast may also exploit alternative mRNA processing to express different proteins 

from a single gene. 

The work described here has determined that the short region of CBP1 

which directs formation of the 1.2 kb message 3' end is sufficient to regulate the 

production of both CBPI transcripts. However, we do not know if transcription 

termination or cleavage and polyadenylation is the regulated step in formation of 

this 3' end. Comparison of the 3' untranslated regions of many yeast genes has 

failed to locate a strictly conserved signal such as AAUAAA that is required for 

mammalian mRNA 3' processing. Other studies have indicated that unlike 
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higher eukaryotic genes, yeast genes have closely juxtaposed 3' processing and 

transcription termination sites. For example, an 82 bp segment of the yeast iso

I-cytochrome £ gene (CYCl) acts as an efficient transcription terminator in a 

variety of assays (Osborne and Guarente 1988, 1989; Snyder et a1. 1988; Russo 

and Sherman 1989), and also contains the signal for cleavage and polyadenylation 

of precursor RNA in vitro (Butler and Platt 1988). Regulation of 1.2 kb CBPI 

mRNA 3' end formation could be achieved by influencing transcriptional 

termination between the 1.2 kb and 2.2 kb mRNA polyadenylation sites. In this 

model termination at a site upstream of the 2.2 kb mRNA polyadenylation sites 

would force processing to occur at the 1.2 kb mRNA polyadenylation sites. 

Alternatively, a full-length CBPI precursor RNA could be cleaved at either the 

upstream or downstream polyadenylation sites to form the truncated or full

length messages, respectively. Either the termination or processing steps could 

be influenced by factors responsive to the respiratory status of the cell. As the 

results of our experiments on sequences required to form the 1.2 kb CBPI 

mRNA parallel those showing the juxtaposition of the CYCI mRNA termination 

and processing signals, we suggest that in addition to polyadenylation signals 

there may be a transcriptional terminator or pause site in the middle of CBP1. 

The phenotype of the .1GS mutant (Figure 4.4) is very similar to that of the 

cycl-512 mutant originally described by Zaret and Sherman (1982) in which both 

transcriptional termination (Russo and Sherman 1989) and the cleavage

polyadenylation activities are inhibited (Butler and Platt 1988). Both mutations 

are small deletions «40 bp) upstream of the respective polyadenylation sites, 
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and they each decrease the amount of properly formed transcript by at least 

90%. Prevention of 3' end formation by both cbpl and cyc1 alleles results in use 

of the next downstream 3' end formation site (Figure 3 and Zaret and Sherman 

1982). For example, transcripts initiated at the GALlO promoter in the .6.GS 

gene end at the 2.2 kb polyadenylation site, as evidenced by the increase in levels 

of 2.2 kb message compared to the wild-type gene (Figure 4.4). Finally, there is 

a high degree of sequence similarity between the region just upstream of the 1.2 

kb CBPI mRNA 3' end and the region of CYCI deleted in the cyc1-5l2 allele 

(Figure 4.3 and Mayer and Dieckmann 1989), suggesting that formation of the 

1.2 kb mRNA may involve both termination and cleavage and polyadenylation 

reactions. 

One difference between the upstream CBPI mRNA 3' end formation site and 

the CYCI site is that a precursor RNA transcribed in vitro containing the 1.2 kb 

transcript polyadenylation sites is not accurately cleaved and polyadenylated by a 

yeast extract (Platt and Butler, personal communication), while substrates 

containing either the CYC1 or the 2.2 kb CBP1 mRNA polyadenylation sites are 

processed very efficiently by the activity in the in vitro reaction (Butler et al. 

1990). The inability of the 1.2 kb mRNA 3' end to be formed in vitro might 

indicate that the truncated transcript is not formed by processing in vivo. Such a 

model would require the 1.2 kb mRNA 3' end to be produced by polyadenylation 

of a terminated RNA in the absence of the cleavage reaction. However, since it 

has been shown that cleavage of the pre-mRNA is required before 

polyadenylation can occur in vitro (Butler et aJ. 1990), at least two more likely 

--------- ----- --- -
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explanations are envisioned. The observation that the 3' ends of 1.2 kb mRNA 

molecules are formed at several closely spaced polyadenylation sites (Figure 4.3) 

suggests that 3' end processing is directed by relatively weak signals in this 

region. Specific factors required to activate the use of these sites may be lost in 

preparation of the processing extract. One might also suspect that the specific 

RNA substrates corresponding to the 1.2 kb mRNA 3' processing site prepared 

for the in vitro cleavage reaction may form higher order structures that inhibit 

the cleavage reaction. Such structures may form in the 2.2 kb message in vivo to 

prevent the cleavage and polyadenylation of all CBP1 mRNA at the position of 

the 1.2 kb mRNA 3' end. 

Whether the purpose for switching the level of expression of the two CBPI 

transcripts is to induce the level of expression of a protein encoded by the 

truncated transcript or to down-regulate the level of CBP1 protein encoded by 

the full-length transcript (Weber and Dieckmann 1990) is unknown, as it is yet to 

be determined if the 1.2 kb mRNA encodes a stable protein. However, based 

on the information presented here, we propose that pausing of polymerase near 

the mid-gene polyadenylation sites in concert with inefficient cleavage and 

polyadenylation forms the mature 3' end of the 1.2 kb CBPI message. 

Conversely, transcription through the pause site to the end of the coding 

sequence would allow formation of structures which inhibit cleavage at the 1.2 kb 

mRNA polyadenylation site, and ensure proper formation of the full-length 

transcript. Factors sensitive to the carbon source in the growth media could 

regulate CBPI expression by altering the frequency or duration of a 



transcriptional pause or the efficiency of the cleavage and polyadenylation 

reaction. 
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CHAPTER FIVE 

GENETIC AND BIOCHEMICAL ANALYSES OF 

1.2 KB CBPI mRNA FORMATION AND FUNCTION 

INTRODUCTION 

90 

Synthesis of yeast CBPI mRNA is regulated by formation of a 1.2 kb 

mRNA with a 3' end near the middle of the CBPI coding sequence. In yeast 

cultures that are grown on glucose and therefore lack functional mitochondria, a 

full-length 2.2 kb mRNA is the predominant CBP1 transcript formed. This 

transcript encodes the 66 kDa CBP1 polypeptide that is required for 

mitochondrial cob mRNA stability. When mitochondrial biogenesis is initiated by 

a switch to growth on glycerol, a nonfermentable carbon source, the steady state 

level of the 2.2 kb mRNA decreases. During the same time course the 1.2 kb 

CBP1 transcript, synthesized at low levels in repressed cells, is induced. It is not 

known what function is served by induction of the 1.2 kb mRNA or if that 

transcript encodes a protein. The cis-acting signals that direct the carbon source 

dependent regulation of CBP1 mRNA levels are contained within a 146 bp 

restriction fragment from the middle of the CBPI coding sequence that contains 

the 1.2 kb mRNA polyadenylation sites (Chapter Four). 

The identification of the sequences that form the 1.2 kb mRNA 3' end are 

of interest for two reasons. One way to determine the function encoded by the 

1.2 kb mRNA would be to isolate mutations that prevent its expression and 

identify the mutant strain's phenotype. Isolating these mutations is complicated 

since the 1.2 kb mRNA coding sequence is a subset of the 2.2 kb transcript. 
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Therefore, any mutation that simply affects the 1.2 kb coding sequence will also 

interfere with translation of the 66 kDA CBP1 polypeptide. The resulting 

respiratory deficient phenotype due to lack of the full-length protein will mask 

any effect caused by a deficiency in only the 1.2 kb mRNA. To circumvent the 

obligatory effect of mutations in the 1.2 kb mRNA coding sequence on CBP1 

protein synthesis, a mutation must be identified that prevents 1.2 kb mRNA 3' 

end formation but is silent with respect to the 2.2 kb mRNA coding sequence. 

As the exact signals that direct yeast mRNA 3' end formation are not yet known, 

the sequences must first be identified before 3' end formation of the 1.2 kb 

mRNA can be so precisely prevented. These mutations would also be 

informative in the identification of the cis- and trans- acting elements required 

for regulation of CBPI mRNA levels during the induction of mitochondrial 

biogenesis. 

This chapter will describe the development of a mutant selection and 

screen that will allow the detection of mutations that either enhance or prevent 

1.2 kb mRNA 3' end formation within the 146 bp fragment sufficient for 

regulation of CBPI mRNA levels. Also, the results of a complementary 

approach to biochemically identify the 1.2 kb mRNA translation product will be 

described. Initial attempts to utilize the mutant selection have pointed to 

necessary modifications to the system that are required for the selection to be 

useful and these will be described. Finally, reasons why the 1.2 kb mRNA is 

translated yet no stable protein can be identified will be discussed. 
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RESULTS 

In the previous chapter it was demonstrated that a 146 bp fragment that 

contains the 1.2 kb CBP1 mRNA polyadenylation sites is sufficient to direct 

carbon-source regulated production of CBP1 mRNA. In an effort to further 

characterize the cis-acting elements that direct regulation and formation of the 

1.2 kb message in this segment of CBP1, I developed a selection and screen for 

mutations that affect 1.2 kb mRNA 3' end formation. Mutations that prevent 1.2 

kb mRNA production, but still produce the 2.2 kb mRNA would be especially 

valuable because they could aid in the assignment of a function encoded by the 

1.2 kb mRNA. 

To create a gene fusion useful for mutant selections, the 146 bp CBPl 

fragment was linked to the yeast copper binding protein gene CUPl (Karin et al. 

1984). The CUP1 protein chelates copper and allows yeast to grow in the 

presence of this toxic metal. The amount of CUP1 produced by a yeast strain 

determines the concentration of copper in the growth media that strain can 

tolerate. If the fragment sufficient for CBP1 1.2 kb mRNA 3' end formation is 

placed between an RNA polymerase II promoter and the CUP1 coding 

sequence, it should affect the amount of CUP1 mRNA produced and therefore 

the resistance of the cell to a given concentration of copper. Similarly, mutations 

in the 146 bp fragment that increase read through will increase the amount of 

CUP I-containing full-length message formed and can be selected for on plates 

containing concentrations of copper that prevent growth of strains carrying the 

wild-type fragment. Mutations that decrease readthrough will lower the level of 
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CUP1 produced and can be screened for on plates with concentrations of copper 

below the threshold level that allows growth of strains carrying the wild-type 

fragment. 

To limit the mutations in the 146 bp fragment identified by this protocol 

to those that only affect 3' end formation and not translation of the CUP1 

coding sequence, the first construct I utilized contained the 5' end of the coding 

sequence from the yeast actin gene, ACT1, including the ACT1 intron, fused in 

frame to CUP1 (Figure 5.1). The 146 bp CBP1 fragment was then inserted into 

the ACT1 intron. If the CBP1 fragment does not cause transcriptional 

termination, then the intron branchpoint and 3' splice site will be transcribed 

thus allowing the intron, including the CBPI sequences, to be excised from the 

pre-mRNA. The sequences inserted into the intron will only affect the reading 

frame of the ACTI-CUPI coding sequence if they prevent transcriptional 

readthrough into CUPl. Since the inserted fragments, whether wild-type or 

mutant, are not in a protein coding region they do not have to be in frame with 

the ACTI-CUPI fusion coding sequence. Thus, only mutations that affect 3' end 

formation in the CBPI fragment will be identified. 

Table 5.1 shows the results of growth of a cupl deletion mutant strain 

that harbors one of three mUlticopy yeast expression plasm ids on copper 

containing plates. Plasmid pGl-L contains the ACTl-CUPl fusion gene inserted 

between the yeast glyceraldehyde phosphate dehydrogenase (GPD) promoter and 

the phosphoglycerate kinase (PGK) terminator to allow efficient expression of 

the ACT1-CUP1 fusion protein in yeast. Plasmids pHFX-R and pHFX-L are 
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pG1-L with the 146 bp CBP1 fragment inserted into the ACT1 intron in the 

forward (R) and reverse (L) orientations, respectively. These plasmids were used 

to transform the cup] deletion mutant strain 14. The untransformed strain did 

not grow on plates containing 0.2 mM CuS04, while the strain transformed with 

pG1-L grew on plates containing up to 1.0 mM CuS04• Based on the prior 

observation that the 146 bp CBP1 fragment caused truncation of a portion of 

URA3 mRNA when inserted into that gene in the sense CBP1 orientation and 

caused truncation of all of the URA3 mRNA in the antisense CBP1 orientation, 

I expected this fragment to have similar effects when inserted into the ACT1 

intron. However, as shown in Table 5.1, when the strain with the CBP1 

fragment in the sense orientation (pHfX-R) was compared to the strain with no 

insert at all (pG1-L), there was no dramatic difference in copper sensitivity. 

When the CBP1 fragment was inserted into pG1-L in the reverse orientation 

(pHfX-L), the cells were unable to grow on 0.2 mM CuS04• Presumeably this 

effect was observed because, as when inserted into URA3, this fragment 

completely blocks full-length message formation in the reverse orientation. 

At the outset of this study, it was predicted that if formation of the 1.2 kb 

mRNA 3' end requires transcriptional termination, then the frequency of 

termination in the ACT] intron would inversely correlated with the amount of 

CuS04 that particular yeast strain could tolerate. The prediction was satisfied in 

the case of pG1-L and pHfX-L, but not for pHfX-R. To ensure that there was 

a correlation between the amount of truncated transcript formed and the 

.- ----_._---



Table 5.1 Growth on copper of CUP1 fusion containing strains. 

Strain [CuS041 (mM)1 Relative growth2 

Glucose Glycerol 

aI4 0.2 (-) (-) 

1.0 (-) (-) 

1.2 (-) (-) 

pG1-L 0.2 (+++) (+++) 

1.0 (+++) (++) 

1.2 (-) (-) 

pHtx-R 0.2 (+++) (+++) 

1.0 (+++) (+) 

1.2 (-) (-) 

pHtx-L 0.2 (-) (-) 

1.0 (-) (-) 

1.2 (-) (-) 

1 The actual range of CuS04 concentration tested was from 0.0 - 2.4 mM in 0.2 

mM increments. 

2 Growth was tested on synthetic medium plates without leucine and containing 

2% glycerol or 2% glucose as indicated. 

95 



Figure 5.1 Northern analysis of RNA extracted from ACf1-CUPl fusion 

containing strains. As shown in the diagram at the top, the 146 bp CBP1 Hinfl 

fragment was excised from the CBP1 subclone CBPl-3.5 (Chapter 3). Before 

insertion into the ACf1-CUPl vector pG1-L, the fragment was subcIoned into 

the Smal site of pBS+ and then removed with BamHI and Kpnl. The ends 

were blunted with mung bean nuclease and the fragment was ligated to Xhol 

linkers, digested with Xhol and inserted into the unique Xhol site located in the 

ACf1 intron in pG1-L. pHfX-R contains the CBP1 fragment in its sense 

orientation with respect to the ACfl-CUPl coding sequence, while pHfX-L is in 

the antisense orientation. 

Total RNA was extracted from repressed (0 hr) and derepressed (8 hour) 

cultures of the cupl deletion strain 14 containing each plasmid. 12 p,g of total 

RNA was fractionated and blotted. The blot was hybridized with a cRNA probe 

complementary to the ACfl-CUPl fusion gene. The amount of RNA loaded in 

each lane is normalized to the 1.4 kb ACfl message transcribed from the 

chromosomal ACTI gene. Therefore, at least 5 times more RNA was loaded in 

Lane 6 than in Lanes 1-5. 

-------- -------- ----
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observed sensitivity to growth on CuS04, the levels of ACf1-CUP1 transcripts 

from these strains were determined by Northern analysis. In Figure 5.1, total 

yeast RNA extracted from the untransformed cup1 deletion strain 14 (Lane 1), or 

14 transformed with pG1-L (Lane 2), pHfX-R (Lanes 3-5) or pHfX-L plasmids 

(Lane 6) was fractionated and blotted to Nytran memebrane. When the blotted 

RNA was hybridized to a probe complementary to the ACf1-CUP1 fusion gene, 

the 1.4 kb ACI'l transcript was detected in the untransformed 14 strain. In the 

pG1-L transformed strain (Lane 2) the 1.4 kb chromosomal ACf1 transcript was 

detected along with two shorter transcripts approximately 0.8 and 0.9 kb long. 

These same three transcripts were observed in the pHfX-R and pHfX-L strains. 

The 0.9 kb message is of a size expected from the spliced ACf1-CUP1 message. 

No transcript of the expected 0.3 kb size class formed by 3' end formation within 

the intron was observed in any of the strains. That this truncated transcript was 

not formed by pG1-L and pHtx-R is consistent with their phenotype with 

respect to growth on copper containing medium. Interestingly, no truncated 

transcript was detected in pHfX-L RNA even though the amount of full-length 

transcript is reduced compared to the other two strains and this strain did not 

grow on 0.2 mM CuS04• Therefore it is unclear if presence of the truncated 

transcript correlates with a reduction in copper resistance. However it is 

apparent that the ACI'1-CUP1 system for selection of mutants with increased 

copper resistance is unsatisfactory, therefore the CBP1-CUP1 fusion must be 

redesigned so that the 146 bp CBP1 fragment will function as it does both in its 

wild-type context and in URA3. 
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Identification of polypeptides translated from overexpressed CBPI mRNA. 

As a complementary tactic to a genetic assay of the 1.2 kb CBP1 mRNA 

function, a direct biochemical approach was undertaken to identify the 

polypeptide encoded by this transcript. To determine if the 1.2 kb transcript is 

translated by yeast cytoplasmic polyribosomes, I decided to measure the amount 

of CBP1 mRNA associated with ribosome fractions purified by sucrose gradient 

ultracentrifugation. Figure 5.2a shows the absorbancy profile of ribosome 

fractions from the sucrose gradients prepared as described by Bairn et aI. (1985). 

To determine which of these fractions contained CBPl mRNA, the nucleic acid 

in each fraction was dissociated from the ribosomes by treatment with EDT A 

and fractionated on a 1.2% denaturing agarose gel as described in Materials and 

Methods. After blotting to Nytran membrane, the RNA was hybridized to an 

antisense riboprobe complementary to CBP1. As shown in Figure 5.2b, both 

CBPl transcripts were detected in Fractions 4-11 which contained polyribosomes, 

as seen in the absorbancy profile (5.2a). To locate where the yeast ACTl 

transcript was distributed in this sucrose gradient, the blot was rehybridized with 

an antisense riboprobe complementary to ACT1. Figure 5.2c shows that ACTI 

mRNA is co-distributed with both CBP1 transcripts in the polyribosome Fractions 

4-11. Since the 1.2 kb CBPI transcript was contained in the same ribosome 

fractions as two other transcripts with characterized translation products, it 

seemed reasonable that a polypeptide was translated from the 1.2 kb message. 

The 66 kDa mitochondrial polypeptide translated from the 2.2 kb CBPI 

mRNA was previously detected by Western analysis of yeast mitochondrial 



Figure 5.2a. Absorbancy profile of sucrose gradient fractions of yeast ribosome 

extracts. Cytoplasmic ribosome extracts were prepared and fractionated as 

described in Materials and Methods. The absorbance of each fraction was 

measured by an in-line ultraviolet spectrophotometer at 280 nm wavelength. The 

absorbancy units are arbitrary units corrected for a two-fold change in scale on 

the plotter at the broken line. 
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Figure 5.2b,c. Northern analysis of polyribu::'ome fractions. The fractions 

collected in Figure 5.2a were extracted as described, precipitated and 

resuspended in 20 I.d DEPC water. 1O,u1 was fractionated on a methylmercury 

denaturing gel and blotted. (b) The blot was hybridized to the CBP1 

complementary RNA probe 1-2, washed as described and exposed for 20 hours. 

e c) The same blot was hybridized to a cRNA probe complementary to ACT1 

that was synthesized with a low specific act!vity to allow visuaIizaticn of ACT! 

and CBP1 transcripts at the same exposure. 



(8) 100 

1 2 3 4 5 6 7 8 9 10 11 

- 2.2 kb 

-1.2 kb 

-2.2 kb 

-1.2 kb 

1 2 3 4 5 6 7 8 9 10 11 

1.4 kb 

, . 

. :~1.4 kb 



101 

extracts (Weber and Dieckmann 1990) from a culture that overexpressed both 

CBPI transcripts (Mayer and Dieckmann 1989; Chapters 2 and 3). The 

monoclonal antibody used in this analysis was raised against a polypeptide 

encoded by a restriction fragment of CBPI that is common to the region 

encoding the 1.2 kb CBPI transcript. Therefore, this antibody should recognize 

epitopes on a protein encoded by the 1.2 kb transcript as well as the full-length 

66 kDa CBPI protein encoded by the 2.2 kb message. 

The CBPI monoclonal antibody was used to probe Western blots of yeast 

whole-cell (Figure 5.3) and mitochondrial protein (Figure 5.4) isolated from 

galactose induced cultures of G::-26, aGS, aGM and aC3'. As shown in Chapter 

3, G::-26 overexpresses both CBPI transcripts, while aGS and aGM overexpress 

only the full-length CBPI message and produce the short transcript at either 5% 

the level of full-length (aGS) or not at all (aGM). The deletions in both aGS 

and aGM create frameshift mutations that encode translational termination 

codons just downstream of the Bgl II site at +977 of the CBPI coding sequence 

which is also just upstream of the 3' end of the 1.2 kb transcript. Therefore, 

these strains should contain very little or no protein encoded by the 1.2 kb 

transcript, yet should contain a truncated protein translated from the mutant 2.2 

kb mRNA. This truncated polypeptide should serve as a size standard for the 

protein encoded by the wild-type 1.2 kb mRNA in G::-26. Lastly, aC3' is a 

truncation of CBPl at + 1602 of the coding sequence. It was shown in Chapter 3 

that this gene produces large amounts of the 1.2 kb mRNA and a transcript 

greater than 4 kb long that is transcribed through the deleted 2.2 kb termination 



Figure 5.3 Western analysis of whole-cell protein extracted from strains that 

overexpress the 1.2 kb transcript. The GALlO-CBPl (G::-26) and GALIO-cbpl 

(hoC3', hoGS and hoGM) constructs are shown at the top and are described in 

Chapter 4 (Figure 4.4). Lane 1 (SMP) contains 20 JLg sub-mitochondrial particles 

isolated from G::-26 as a control for CBPl. Whole-cell extracts and western 

blots were prepared as described in Materials and Methods. 
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Figure 5.4 Western analysis of mitochondrial protein isolated from strains that 

overexpress the 1.2 kb transcript. Cultures of the same strains shown in Figure 

5.3 were spheroplasted and the mitochondria were isolated, fractionated and 

blotted as described in Materials and Methods. 
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site into 3' flanking plasmid sequences. It is expected that this strain will 

overexpress any protein encoded by the 1.2 kb message but no 66 kDa protein 

should be made. The strategy of this analysis, then, is to use the CBPI amino 

terminus-directed monoclonal antibody to probe Western blots of yeast whole

cell and mitochondrial protein for a polypeptide encoded by the 1.2 kb mRNA in 

G::-26 and aC3' that is of a size similar to the truncated protein encoded by the 

mutant 2.2 kb mRNA in aGS and aGM. 

Figures 5.3 and 5.4 show the results of the Western analyses of the 1.2 kb 

mRNA encoded polypeptide. In both the blot of total cell protein (Figure 5.3) 

and mitochondrial protein (Figure 5.4), the 66 kDa CBPI protein is observed in 

the G::-26 lanes. However, no band is observed in the region of 30 kDa that 

would be encoded by the 1.2 kb mRNA produced in either G::-26 or aC3'. A 

protein of this approximate size is observed in both aGS and aGM that is 

translated from the mutant 2.2 kb mRNA produced by these strains. Since these 

strains do not produce the 1.2 kb message, no protein encoded by this transcript 

is expected to be observed in aGS and aGM. Therefore, it is apparent from this 

study that even though the 1.2 kb message appears to be translated, the protein 

product is undetectable by Western analysis of either whole-cell or mitochondrial 

proteins extracted from a strain that producess large amounts of the transcript. 

DISCUSSION 

The experiments described in this chapter sought to identify (i) the exact 

sequences required to produce the 1.2 kb CBPI transcript, and (ii) the protein 
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encoded by this transcript. To satisfy both goals, the copper resistance selection 

protocol (Figure 1) was developed. However, insertion of the 1.2 kb mRNA 3' 

end forming element into an ACfl-CUPl fusion gene failed to diminish the 

amount of CUPl copper-binding protein to an extent that was measureable by 

comparing growth rates on copper-containing medium. Northern analysis of the 

mRNA formed by these strains failed to detect a transcript that was formed by 3' 

end processing within the actin intron. Therefore, the construct as described 

here was not valuable in the identification of mutations that prevent 1.2 kb 

mRNA 3' end formation. To complement the copper selection protocol in 

determining whether the 1.2 kb mRNA encodes a protein, efforts were made to 

identify the 1.2 kb mRNA translation product biochemically. Analysis of mRNA 

contained in yeast cytoplasmic polyribosome fractions showed that the 1.2 kb 

mRNA cofractionates with two known proteins, actin and the 66 kDa CBPl 

protein in polysomes. Interestingly, however, no protein of the size predicted to 

be translated from this message could be detected by Western analysis of strains 

that overexpress both CBPl transcripts under conditions that do detect the 66 

kDa CBPl polypeptide. 

Mechanism of CBPI mRNA 3' end formation. 

That the 146 bp fragment that forms the 1.2 kb mRNA 3' end in both 

CBP1 and in the heterologous URA3-CBPl construct did not function in the 

ACfl intron could be due to one of several factors. It is possible that 

overexpression of the ACfl-CUPl fusion gene by the yeast GPD promoter may 

have saturated the trans-acting factors required to produce an mRNA 3' end 
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within the 146 bp CBP1 fragment. This explanation seems unJikely in Jight of 

the observation that the 1.2 kb mRNA is properly produced when overexpressed 

by the GALlO promoter in strain G::-26 (Chapter 4). A more likely possibility is 

that the CBP1 fragment is not in a proper context in ACT1 to produce mRNA 

processing. Such a context effect could be soley due to structural environment of 

the ACT1 intron. Alternatively, it is possible that the 146 bp CBP1 fragment 

does not contain a transcriptional termination signal as do other yeast mRNA 3' 

end forming elements. If the 146 bp fragment inserted into the actin intron only 

contains an RNA cleavage and polyadenylation signal, the inability of this 

fragment to form a 3' end in the actin intron could be due to competition 

between the splicing and 3' processing reactions. Such a competition might 

prevent 3' end formation in the intron if the processing signal was excised prior 

to the 3' end cleavage reaction. 

The temporal order of spJicing and 3' end processing in yeast has never 

been studied. The actual order may be determined by kinetic parameters. For 

instance, a "strong" splice signal may direct intron excision before a "weak" 

processing site can order cleavage and polyadenylation. Inhibition of either 

splicing or 3' processing would address the issue of competition between 3' 

processing directed by the 146 bp CBPI fragment and spJicing of the ACT1 

intron in the heterologous construct described here. An act1 5' splice site 

mutation would be useful in this regard. If the truncated product with a 3' end 

in the mutant actin intron accumulates to levels higher than those observed in 

the wild-type actin intron it could be concluded that mRNA 3' end processing 



forms the 1.2 kb mRNA in the absence of transcriptional termination. 

Further development of copper resistance selection protocol. 
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As stated above, the inability to assay the presence of the the 146 bp 

CBP1 3' end forming element in the ACT1-CUP1 fusion gene by copper 

sensitivity most likely resulted from inefficient function of the CBP1 fragment in 

the ACT1 intron. To overcome the problem of competition between splicing and 

3' processing, a similar selction scheme will be utilized in which the CBP1 

fragment will be fused in-frame to CUP1. If the CBP1-CUP1 fusion causes yeast 

to grow differently on copper medium than cells containing the native CUP1 

gene, mutations can be identified that affect CBP1 mRNA 3' end formation 

directed by the 146 bp fragment. Since the desired mutations will block function 

of the fragment and cause increased CUPl expression, these mutations can be 

selected for on high copper levels and mutations that negatively affect the CBPl

CUPI reading frame wi11 not be identified. These mutations will then serve to 

fulfill the goals stated at the beginning of this chapter: (i) identify the sequences 

required for regulation of CBP1 mRNA 3' end formation and (ii) identify a 

mutant which does not produce the 1.2 kb mRNA and detemine its phenotype. 

Where is the 1.2 kb mRNA translation product? 

It is unclear why the 1.2 kb mRNA is translated yet no protein product 

can be identified by Western analyses of either yeast whole-cell or mitochondrial 

proteins. There are some observations which may bear on this conundrum. The 

deletions in aGS and AGM create termination codons in the 2.2 kb transcript 

near the region of the 1.2 kb mRNA polyadenylation sites. As observed in 

~-~ ~ ----- -----~ ._------
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Figures 5.3 and 5.4, the proteins formed from the mutant 2.2 kb transcripts are 

stable. So what are the differences between the proteins translated from the 

mutant 2.2 kb mRNA and the protein translated from the 1.2 kb mRNA? 

As described in Chapter 4, only one of the seven 1.2 kb mRNA 

polyadenylation sites would create an in-frame translational termination codon 

(T AA) upon polyadenylation. The Western analyses (Figures 5.3 and 5.4) were 

sensitive enough to detect a protein encoded by one out of seven 1.2 kb CBP 1 

transcripts, therefore lack of a proper translational termination codon is not the 

only factor preventing synthesis of a stable protein from the 1.2 kb message. 

The 1.2 kb messages are also anomolous in that they do not have a 3' 

untranslated region between the translational termination codon and the poly A 

tail. However, the mutant 2.2 kb message would have a long 3' untranslated 

region between the frameshift termination codon at + 1031 and the 

polyadenylation site at + 2067. Therefore, one obvious difference between the 

1.2 kb message and the mutant 2.2 kb message is the position of the poly A tail 

relative to the termination codon. Presumably, translation of the poly A tail on 

transcripts that do not contain the termination codon would produce a 

polypeptide wiyh a poly-lysine carboxyl terminus. It is possible that such a 

protein would be a target for degradation within the cell. Another possibility 

would take into account the requirement of yeast poly A tail binding protein for 

translation (Sachs and Davis 1989). The absence of a 3' untranslated region in 

the 1.2 kb mRNA may cause interference between the ribosome and poly A 

binding protein such that ribosomes cannot proceed through the poly A tail and 
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terminate translation. Therefore, the transcript would be loaded with ribosomes, 

as shown in Figure 5.2, but very little full-length translation product would be 

synthesized. 
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CHAPTER SIX 

GENERAL CONCLUSIONS AND FUTURE DIRECTIONS 

The studies described in this dissertation have demonstrated that the yeast 

CBP1 gene is expressed by a very unusual mechanism in comparison to other 

yeast genes described so far. Northern analyses demonstrated that two mRNAs, 

2.2 kb and 1.2 kb long, are transcribed from CBP1 that differ in the position of 

their 3' ends. Since such an observation could also be explained if structurally 

related RNAs were transcribed from different genes, I characterized RNA from 

yeast strains that overexpress CBP1 RNA or that have disruption or deletion 

mutations in CBP1. The resultant discovery that manipulations of the CBP1 

gene had predictable effects on the structure of CBP1 transcripts confirmed that 

both messages are indeed transcribed from the single CBP1 gene. 

Subsequent analyses of CBP1 mRNA by nuclease protection and cDNA 

sequencing verified that the difference in size between the two transcripts was in 

the position of the 3' end of the messages. The 2.2 kb message has a 3' end at 

position +2059 relative to the start of CBP1 translation. Since the CBP1 open 

reading frame is 1965 bp long, the 2.2 kb message encodes the 66 kDa CBP1 

polypeptide identified in yeast mitochondria (Weber and Dieckmann 1990). In 

fact, disruption of CBP1 in such a way that only the 2.2 kb transcript is mutated 

prevented respiratory competency. The 1.2 kb mRNA has seven polyadenylation 

sites between + 1003 and + 1049 in the middle of the CBP1 coding sequence. 

Western analyses of both whole-cell and mitochondrial protein protein isolated 
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from cells that overexpress CBPI mRNA failed to detect a protein translated 

from the 1.2 kb transcript, despite the observation that this transcript is 

associated with polyribosomes. Therefore it is unclear what purpose production 

of the 1.2 kb mRNA serves. 

My interest in CBPI mRNA synthesis was primarily in determining if this 

gene, which encodes a protein required for mitochondrial cob mRNA stability, 

was regulated during the induction of mitochondrial function. The observation 

that the two CBPI transcripts were reciprocally regulated during the release from 

glucose repression of mitochondrial function was exciting for two reasons. First, 

reciprocal nature of the switch between 2.2 kb mRNA and 1.2 kb mRNA 

predominance suggested that the regulation occured at the level of 3' end 

formation. Regulation of mRNA 3' processing is a common method of 

generating protein diversity from a single gene in mammalian cells, but has never 

before been described in yeast. Second, the observation that the full-length 2.2 

kb message actually decreased during the induction of mitochondrial function 

while the 1.2 kb message increased deepened the mystery concerning the 

function of the products of both transcripts. 

That regulation of 1.2 kb mRNA 3' end formation governed the level of 

both CBPI transcripts during derepression was clearly demonstrated by a gene 

fusion assay. A 146 bp fragment of CBPI that contained the 1.2 kb mRNA 

polyadenylation sites was sufficient to direct carbon-source dependent alternative 

mRNA 3' end formation upon a heterologous gene, URA3. Deletion analyses of 

this same region in CBPI demonstrated that sequences contained within the 146 
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bp fragment are required for 1.2 kb mRNA 3' end formation. If a 3' end is not 

formed at this position, the transcript becomes 2.2 kb long. Therefore, 

modulation of the 1.2 kb mRNA 3' end forming element can dictate the amounts 

of both CBPI transcripts produced. Since yeast mRNA 3' ends are formed by 

juxtaposed transcriptional termination and 3' end processing activities, it is not 

clear which event is governed in the production of the 1.2 kb mRNA 3' end. 

Three questions remain unanswered at the conclusion of this dissertation. 

The first is concerned with identifying the factors that modulate 3' end formation 

at the 1.2 kb mRNA polyadenylation sites. The second question bears on the 

first in that it asks what the mechanism of 1.2 kb mRNA 3' end formation is and 

how is it regulated. The last question is in regards to the purpose of inducing 

the 1.2 kb CBPI mRNA during derepression at the expense of the 2.2 kb 

message, even though the long transcript encodes a mitochondrial protein 

required for respiration. 

The first and last questions are best answered with the isolation of 

mutants that are altered in their ability to form the 1.2 kb mRNA 3' end. A 

mutant that lacks the 1.2 kb message yet stilI produces a functional CBPl 

polypeptide would allow the determination of the function associated with 

production of the 1.2 kb mRNA. Mutations in CBPI that alter 1.2 kb mRNA 

production will also both identify the cis-elements required for production of the 

1.2 kb message and allow suppressor mutations to be selected that affect trans

acting factors necessary for 1.2 kb mRNA 3' end formation. The mutant 

selection and screen developed in Chapter Five will serve these purposes when it 

----- --- ------. 
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becomes fully operational. 

Finally, identification of a transcriptional termination activity in the middle 

of CBPI will best determine the mechanism of 1.2 kb mRNA 3' end formation. 

If transcription terminates upstream of the 2.2 kb mRNA 3' end, then either the 

termination event or the cleavage and polyadenylation activities could be the 

regulated steps. However, if a full-length pre-mRNA containing both 

polyadenylation sites is always transcribed then modulation of 1.2 kb mRNA 3' 

end processing is the most likely regulatory mechanism. 
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