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ABSTRACT 

12 

It has been one hundred years since mitochondria were first observed and recorded 

by Altman in 1890, when they were named bioblasts. Ten years later, "mitochondrion", 

which means threadlike granule, started to be used. It is still an unswered question where 

this organelle originated. More and more evidence and enthusiasm favor the hypothesis 

that mitochondria have evolved fi-om engulfed prokaryotic symbionts (Martin and Muller, 

1998). An opposing idea proposed that mitochondria just represent another kind of 

intracellular membrane system, like Golgj (Cavalier-Smith, 1987). Whichever is true, it is 

known today that mitochondria are well-defined and ubiquitous cellular structures 

compartmentalized by double membranes. They not only provide some of their own 

genetic information, but also are the site of cellular lipid synthesis and oxidative 

phosphorylation. 

Since mitochondria are such complex functional units, the study of mitochondrial 

biogenesis (a process to produce a respiratory competent organelle) is a combined issue of 

genetics, biochemistry and chemistry. It aims to answer questions regarding mitochondrial 

morphology, continuity, protein and phospholipid syntheses, protein transport, etc. This 

study is concentrated on a single regulatory step of a single mitochondrial gene in yeast, 

i.e. the stabilization of the cytochrome b (COB) mRNA, which requires the nuclear-

encoded Cbpl protein. The results of my study support that the nuclear-encoded Cbpl 

protein stabilizes COB messages in two different ways: First, it processes the 5'-
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untranslated region (UTR); second, it is required after formation of the mature 5'-end of 

COB mRNA. Evidence is provided that Cbpl physically interacts with a CCG element in 

the COB 5'-UTR, and the maintenance of this interaction is critical for COB mRNA 

accumulation. Suppressor analysis of COB 5'-UTR mutations identified Actors in general 

mitochondrial mRNA turnover pathways. Thus, in addition to studying the mechanism of 

Cbpl-dependent COB mRNA stabilization, the fixrther analysis of genes identified by 

mutation in this work may reveal previously uncharacterized components in the general 

pathways of yeast mitochondrial mRNA decay. 
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This dissertation is comprised of five chapters. The first chapter is a general 

introduction to yeast mitochondria, which aims to provide necessary background relevant 

to the mitochondria biogenesis questions in my study. The topics that are covered include 

the electron transfer chain, the yeast mitochondrial genome, and gene expression. Then 

more specifically, the current knowledge about the mitochondrial COB gene and the 

nuclear encoded Cbpl protein is summarized. Also included is a brief conclusion of my 

accomplishments in understanding the mechanism of the specific Ch^\-COB mRNA 

interaction and COB mRNA stabilization. Finally, the mRNA decay mechnisms in other 

organisms, which might be similar to the yeast mitochondrial system and which can give a 

hint to what we should look for in the fiiture fi-om yeast mitochondria, are introduced and 

discussed. 

Chapter n contains a detailed description of the materials and the methods that I 

have used for this study. Chapter IE, FV and V are the body of my research results. 

Chapter EH is essentially a reproduction of the paper published in The Journal of 

Biological Chemistry in 1994. Chapter IV is a reformatted paper that appeared in the 

journal of Molecular and Cellular Biology in 1997. Chapter V is a manuscript which will 

be submitted to the journal of Genetics in 1998. The section of Materials and Methods in 

each paper has been extracted and they are combined in Chapter II. 
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Chapter VI is a general discussion of the models of Cbpl-C05 mRNA interaction 

and mitochondrial mRNA decay in yeast. Future studies that further our understanding of 

their mechanisms are discussed. Lastly, as a separate appendix, the literature cited in this 

dissertation are listed in the Reference section. 

All the names of yeast genes and proteins in this dissertation are based on the new 

nomenclature rules. Wild-type genes are represented by italicized, upper-case letters {e.g. 

COB), and mutant genes by italicized, lower-case letters {e.g. cob). Names of yeast 

proteins begin with one capitalized letter followed by lower-case letters {e.g. Cbpl). 

Genes and gene products in other organisms are named the same way as they were in the 

literature cited. 
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Yeast mitochondria and biological function 

Yeast is a single celled facultative anaerobic eukaryotic organism. Yeast live by 

fermentation or respiration depending on the availability of the carbon source from the 

environment. When a fermentable carbon source, such as glucose, is provided, yeast carry 

on fermentation, producing ATP through glycolysis. When a non-fermentable carbon 

source, such as glycerol, is the only carbon source, yeast has to obtain ATP via oxidative 

phosphorylation, which depends on functional mitochondria in the cell. With a supply of 

Oj, however, respiration of yeast is stimulated even when they are grown in glucose. If 

only fermentation of yeast is required for study in the laboratory, the glucose 

concentration is increased up to 10 % in the media in order to repress mitochondrial 

functions. 

During respiratory growth, the volume and mass of mitochondria are dramatically 

increased in cells. Gene expression and synthesis of mitochondrial proteins are 

derepressed. Protein transport from the cytoplasm into mitochondria is enhanced. The 

electron transfer chain and oxidative phosphorylation become the major pathways to 

produce ATP. The electron transfer chain consists of four enzyme complexes in higher 

eukaryotes, all of which are localized in the inner membrane of mitochondria. They serve 

as catalysts of electron transfer, as well as structural elements of the inner membrane along 

with phospholipids. These complexes are: NADH-coenzyme Q reductase (Complex I), 
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succinate-coenzyme Q reductase (Complex II), coenzyme QHj-cytochrome c reductase 

(Complex m), and cytochrome oxidase (Complex IV). The electron transfer chain makes 

a proton gradient across the inner membrane by oxidizing NADH and FADHj and passing 

electrons along the electron transfer chain. Finally Oj is reduced to HjO. When protons 

flow back down the gradient through a specific channel in ATP synthetase (Complex V), 

ATP is synthesyzed fi^om ADP and inorganic phosphate Pj. Therefore, respiration and 

oxidative phosphorylation are two coupled processes. The energy released fi-om the 

oxidative reactions of the respiratory chain drives the endergonic synthesis of ATP. 

Yeast, different fi^om higher eukaryotes, lack NADH dehydrogenase. Succinate is used as 

an oxidation substrate which is an intermediate of the TCA cycle (for a review, see 

Tzagoloflf, 1982b). 

Mitochondrial DNA and mitochondrial gene expression 

Mitochondria of the yeast Saccharomyces cerevisiae contain approximately 400 

different proteins, but only a few of them are encoded by the mitochondrial genome, 

^tochondrial DNA (mtDNA) is a circular molecule, 73-82 kb in size, depending on the 

strain. The copy number ranges fi^om 50 to 100 per cell. Because of its low G+C content 

of 18% and subdivision into GC-clusters and AT-rich regions, yeast mitochondrial DNA 

has a lighter buoyant density than nuclear DNA and atypical melting behaviour. The 

mitochondrial genome encodes, at most, 50 genes (-27 for RNAs, 8-23 for proteins 

depending on the numbers of introns), which include seven proteins of the oxidative 
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phosphorylation machinary {COB, COX I, COX II, COXIII, ATP6, ATP8 and-i47P9), one 

protein (VARI) of the mitochondrial small ribosomal subunit, two rRNAs (21S and 15S), 

a full set of 24 tRNAs, one 9S RNA that forms the catalytic core of the tRNA-processing 

RNase P, one endonuclease involved in intron transposition, and a variable number of 

intron-encoded RNA maturases (for reviews, see Pon and Schatz, 1991; Grivell, 1989). 

Over 200 nuclear-encoded proteins are known to be imported into mitochondria 

after being translated in the cytoplasm. Mitochondrial import is a complex process that 

requires mitochondrial targeting signals (usually 15-35 residues long at the N-termini of 

the preproteins), ATP and an iimer membrane potential (Aijr), and the protein import 

machinery which is comprised of translocases in the mitochondrial outer membrane (TOM 

complex) and in the inner membrane (TIM complex) and a protease in mitochondrial 

matrix (or called MPP, mitochondrial processing peptidase) (for a review, see Neupert, 

1997). These imported proteins are not only components of metabolic processes, but they 

are also involved in regulation of gene expression in mitochondria. For example, the RNA 

polymerase for mitochondrial transcription consists of nuclear encoded Rpo41 (the 

catalytic core subunit) and Mtfl (the specificity factor). Naml and Cbp2 are some of the 

many nuclear factors required for splicing of mitochondrial RNAs of COXl and COB, 

respectively. Petl 11, Pet 122, and Cbs2 are among the factors that are required for 

translation of mitochondrial COXII, COXIII dsA COB genes, respectively. Hsp70, Masl, 

and Mpsl are representative of nuclearly encoded factors required for protein import into 

mitochondria. Obviously, it requires cross-talk and a delicate balance in gene expression 
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between the genomes of nucleus and mitochondria to produce functioning mitochondria in 

cells (for a review, see Dieckmann and Staples, 1994). 

Nuclear mutations can a£fect a single mitochondrial component, either directly or 

undirectly. For example, a mutation in the nuclear gene CYCl affects only cytochrome c, 

and a mutation in the nuclear gene CBPl affects only cytochrome b. Nuclear mutations 

can also affect mitochondrial gene expression pleiotropically if the mutations are in genes 

that generally regulate transcription or translation. Both kinds of nuclear mutations do not 

affect viability in media containing a fermentable carbon source. They do cause a PET 

(for "petite" or small) phenotype; they form smaller colonies than the wild-type strain 

when grown on glucose media. Thus, these nuclear genes are called PET genes. 

However, when grown on glycerol medium, which requires the intact respiratory function 

of mitochondria, these mutants will not grow, pet mutations can be dominant or 

recessive, and they segregate in a Mendelian fashion (2:2) during meiosis. By contrast, 

mitochondrial mutations do not follow Mendelian segregation. 

Mitochondrial mutations affecting a single protein-encoding gene are termed mif 

(e.g. cob mutants), whereas mutations that inactivate an essential component of the 

mitochondrial protein synthesis machinery are termed syrf (e.g. varl mutants). 

Mitochondria can exist with extensive deletions (p"), or without any mitochondrial DNA 

(p°) (Tzagoloffi 1982a). p° strains still have mitochondria which can serve as recipients 

for plasmid DNAs or mtDNAs. A mitochondrial gene can be mutagenized in vitro when 

present on a plasmid. After being transformed into p° mitochondria by projectile 
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bombardment, the mutations can be recombined onto the grande mitochondrial genome by 

homologous recombination during mating to an appropriate mif strain (Fox et aL, 1988; 

Johnston et aL, 1988). The availability of all these kinds of mitochondrial mutants and the 

feasibility of mitochondrial transformation provide enormous convenience for geneticists 

who study mitochondrial gene functions. Mutations in mitochondrial genomes do not 

aflfect fermentation, but only respiration. 

Expression of COB in yeast mitochondria 

Yeast mtDNA contains 19 or 20 transcriptional initiation sites (5'-ATATAAGTA-

3') scattered around the genome, with 12 transcription units having been identified. Four 

of the remaining sites are candidates of replication origins (reviewed by Grivell, 1995). 

The gene coding for cytochrome b, COB, is cotranscribed with (Figure 1.1). 

Transcription is initiated 1566 nucleotides upstream of COB, with tRNA°'" located at -

1170 to -1099 (The A of the start codon of COB is defined as +1). RNase P and tRNA 

3'-endonucIease process the initial transcript, and release tRNA®" and a COB pre-RNA 

with a 5'-end at -1098. The COB precursor undergoes intron removal and maturation of 

the 5'- and 3'-ends to produce a mature COB RNA with 5'-ends at -9557-954 (for a 

review, see Grivell, 1989). Each of these steps involves nuclear encoded proteins. 

Interestingly, introns bI2 (the second intron in strains with the long version of COB DNA), 

bI3 (intron 3) and bI4 (intron 4) encode RNA maturases which are necessary for the 

splicing of themselves in vivo (for a review, see Pon and Schatz, 1991). Trimming at the 
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Figure 1.1. Transcription unit of tRNAP*^-COB in S. cerevisiae mitochondria. 

Steps in the synthesis, maturation and translation of the mRNA for apocytochrome b are 

schematically shown for the "long" version (containing all five introns fi-om bll to bI5) of 

the gene. 
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3'-end of the mRNA occurs at a dodecamer motif AAUAAUAUUCUU which is 108 

nucleotides downstream of the COB open reading frame (ORF). This dodecamer 

sequence is present at the 3'-termini of all mitochondrial mRNAs (Osinga et aL, 1984) and 

is bound by a trimeric complex of proteins (19, 60, and 70 kDa constituents) in vivo (Min 

and Zassenhaus, 1993). The binding activity is assumed to function in mRNA stabilization 

to protect mRNAs from 3'^5' exonuclease activity. An alternative hypothesis is that the 

dodecamer sequence serves as a signal for 3'-end processing. Cleavage in the 5'-UTR at 

position -9557-954 possibly requires Cbpl, since mutation of nuclear gene CBPJ results in 

no accumulation of COB mRNA with -9557-954 ends, but only precursor with -1098 end. 

In addition, Cbpl has a role in COB mRNA stabilization, since in cbpl mutant strains, 

mature COB RNA is undetectable, and the level of COB precursor is reduced 5 fold. 

Mature COB RNA is ready for translation, with the help of nuclear encoded 

translational activators Cbsl and Cbs2 (Cbp7), which likely interact with the COB 5'-UTR 

in the region just upstream of the translation initiation site (Mittelmeier and Dieckmann, 

1995). Cytochrome 6 is a protein electron carrier belonging to Complex m in the 

respiratory chain. Since no COB mRNA accumulates in cbpl mutant strains, no 

cytochrome b protein is produced. Thus, cbpl mutants cannot respire, and cannot grow 

in glycerol medium. The requirement of the nuclear Cbpl protein in COB mRNA 

stabilization in yeast mitochondria provides a good model system to study the 

coordination between the organelle and the nucleus. 
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The nuclear CBPl gene and the gene product 

The CBPl gene is on chromosome 10. It is a unique gene existing only in yeast. 

So far no good homolog of CBPl is found in other organisms. It produces two 

transcripts of different lengths; a 2.2 kb mRNA corresponding to the full-length gene, and 

a 1.2 kb RNA which is truncated at the 3'-end. Unexpectedly the levels of the two 

transcripts are reciprocally regulated by carbon source. When yeast is switched from 

glucose to glycerol medium, the level of the short transcript is increased, whereas the level 

of the long transcript is decreased. The total RNA level is constant (Mayer and 

Dieckmann, 1989). The mature Cbpl protein is 66 kDa. It has a high percentage of 

charged residues, and contains a mitochondrial signal sequence at the amino-terminus 

which is processed after being imported into mitochondria (Weber and Dieckmann, 1990). 

Cbpl is a membrane protein, and present in cells at a very low level, thus it has not been 

purified to homogenity from wild-type yeast cells (Roberts and Dieckmann, unpublished 

data). Over-expression of Cbpl in E. coli or yeast have also failed due to aggregation and 

proteolysis (Weber, 1991). The Cbpl sequence shows no common RNA-binding motif 

(Burd and Dreyfiiss, 1994) or any other signature domain when analyzed by the GCG 

programs MOTIF or BLAST (Bairoch, 1991). Though Cbpl is such unique in its 

molecular sequence, it is possible that it share similar structure and function with some 

other protein. The goal of this study was to further study the nature of the Cbpl function 

and the mechanism of COB mRNA stabilization. 
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Previous studies and preview of the current study 

Two models were put forth on the basis of previous studies regarding how Cbpl 

interacts with COB mRNA and stabilizes it (Staples and Dieckmann, 1993; Mittehneier 

and Dieckmann, 1993). The CBPI product could be an endonuclease that participates in 

COB pre-RNA processing and releases a mature COB RNA folded into a nuclease-

resistant secondary structure, or it could be a protein barrier bound to the COB RNA, 

physically protecting it from mitochondrial nuclease, or it could be both (Chen and 

Dieckmann, 1997). 

To test the first hypothesis, i.e. to answer the question that whether precessing of 

COB precursor in the 5'-UTR is sufBcient for COB mRNA stabilization, a simple deletion 

strain was made which produced mature COB RNA directly without making any precursor 

first (Chapter HI). The dependence of this strain on CBPI for COB mRNA accumulation 

and respiratory growth are suggestive that the role of Cbpl is not solely to cleave the 

COB precursor at -955/-954. Rather, Cbpl is definitely required after maturation of the 

5'-end of COB mRNA to ensure stabilization of this message. 

To test the second model, it is necessaiy to map the region in COB RNA where 

Cbpl interacts. Within the 955-nucleotide long 5'-UTR of COB mRNA, the region firom 

-961 to -898 was defined previously as a cw-element that is suflBcient for Cbpl-dependent 

COB mRNA stabilization and the positioning of cleavage of COB pre-RNA at -9557-954 

(Mittelmeier and Dieckmann, 1993). The present work further maps the Cbpl-

recognizing site to a CCG sequence within the 64-nucleotide region (Chapter IV). 
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Mutation of the whole CCG or any single nucleotide of the CCG eliminates accumulation 

of COB mRNA eind leads to 5 fold reduction of COB pre-RNA. This is the same 

phenotype as that shown by cbpl mutants. More convincingly, this study provides two 

lines of genetic evidence that Cbpl directly interacts with the CCG in COB mRNA: (1) 

Over-expression of CBPl suppresses single-nucleotide mutants in CCG. (2) A single-

nucleotide mutation in CBPl, which changes codon 533 from aspartate to tyrosine, 

suppresses single-nucleotide CCG mutants. Without any feasible biochemical assay, these 

are the first data that are suggestive of binding between Cbpl and COB mRNA. 

Another finding by this study is that several protein factors other than Cbpl are 

revealed to be involved in COB mRNA stabilization/degradation. These factors were 

uncovered by their ability to suppress COB mRNA degradation (Chapter V). One protein 

identified is Pet 127, which was observed to play a role in 5'-processing and stabilization of 

mitochondrial RNAs (Wiesenberger and Fox, 1997). Another suppressor candidate is 

Dssl, which is one of the three protein subunits comprising the mitochondrial 3'-5' 

exonuclease activity (Dmochowska et al., 1995). The identities of the other three 

suppressors are still unknown. In theory, these nuclear suppressors could encode factors 

regulating the general decay pathway of mitochondrial RNAs, or factors participating in 

the COB mRNA destabilization only. These results suggest that the suppressor analysis 

provides an eflBcient tool to study COB mRNA-interacting proteins. Attempts to obtain 

additional dominant cbpl suppressors might help to map an RNA-binding domain in the 

Cbpl protein. Characterizing or cloning of the unknown semi-dominant suppressors will 
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potentially lead to unfolding a bigger picture of mitochondrial RNA turnover. 

The results of the present study favor a combination of the two models, but still a 

lot of questions in detail are to be answered; Why does Cbpl have to bind to COB mRNA, 

only to block the access of the 5'-exonuclease or to regulate COB translation as well ? Is 

Cbpl really required for the cleavage of the pre-C05 at -9557-954 ? Is the binding of 

Cbpl required before or after the cleavage, or both ? Further study of the Cbpl-C05 

mRNA interaction will definately reveal a mechanism far more complicated than what is 

described here in the two models. 

mRNA turnover in other systems 

It has been well recognized that mRNA turnover rates contribute significantly to 

gene expression, and thus potentially affect cell growth and proliferation. Much progress 

has been made during the past decade in revealing the mechanism of mRNA degradation 

in yeast, plants, and higher eukaryotic organisms. Regulation of mRNA decay is 

becoming one of the targets for genetic engineering and gene therapy. 

The mRNA decay in eukaryotic cells follows several well-defined pathways. Most 

fi-equentiy it is initiated by shortening of the poly(A) tail, which is followed by decapping 

(removal of the m'Gppp "cap" structure present at the 5'-ends of all mRNAs). Then the 

exposed 5'-end of the mRNA is accessible to a 5'-3' exonuclease. Alternatively, 3'^5' 

degradation can occur after poly(A) shortening (with m^G cap intact) in certain cases. 

Sometimes mRNA is degraded without deadenylation occurring first, or an 
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endonucleolytic cleavage can initiate mRNA degradation (for a review, see Tharun and 

Parker, 1997). mRNA stability can be regulated by many different trans-acting factors, 

such as poly(A)-binding protein (Pabl in yeast, PAB I in vertebrates), poly(A) nuclease 

(encode by PAN in yeast), decapping enzyme pyrophosphatase (encoded by DCPI in 

yeast) and its modulators, 5'-* 3' exonuciease (e.g. Xml in yeast) and endonucleases (e.g. 

the ARE(AU-rich element)-specific endonuclease in vertebrates) (for a review, see 

Schoenberg and Chemokalskaya, 1997). Meanwhile, c/j-acting sequences govern specific 

control of decay rates of certain transcripts by interrupting or modifying the fimction of 

one or more of these factors. For example, the AREs, located in the 3'-UTRs of the 

transcripts of several mammalian oncogenes and lymphokines (for a review, see Chen and 

Shyu, 1995), can promote deadenylation and thus mRNA decay; early nonsense mutations 

which result in truncated proteins trigger rapid mRNA decay by stimulating decapping 

(Muhlrad and Parker, 1994; Hagen et al, 1995); the IREs (iron-responsive elements) in 

the 3'-UTR of the transferrin receptor (TfR) mRNA allow binding of IRE-binding protein 

(IRE-BP) in response to extracellular iron concentration and thus prevent the access of 

endonuclease (Binder e/or/., 1994). 

To date 5'-cap structure and 3'-polyadenylation have not been detected for 

mitochondrial mRNAs in yeast. Taken together with the idea that mitochondria are 

evolved fi'om endosymbiotic prokaryotes, it is argued that yeast mitochondrial mRNAs 

might behave more like prokaryotic mRNAs with respect to turnover. The enzymes 

involved in mRNA turnover in E. coli include two endonucleases (RNase E and RNase 
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m), two 3'-5' exonucleases (RNase II and polynucleotide phosphorylase or PNPase), and 

poly(A) polymerase. No 5'-3' exonuclease has been identified (for a review, see 

Schoenberg and Chemokalskaya, 1997). RNase E is a single-strand-specific endonuclease 

that targets many mRNAs, polycistronic mRNAs, rRNAs in E. coli, and bacteriophage 

mRNAs. Cleavage by RNase E has been shown to be guided by structural features in the 

RNAs instead of specific sequence elements. A stable stem-loop structure adjacent to the 

cleavage site (either in 5'-UTR or 3'-UTR) was reported in all of the transcripts that are 

targeted by RNase E, e.g. the mRNAs for thioredoxin, primase, the major outer 

memberane protein ompA, and chloramphenicol acetyl transferase (CAT). RNase E also 

cleaves in the 5'-UTR of its own RNA to autoregulate the protein amount in vivo, which is 

crucial to the cell. An RNA-binding activity is localized in the central part of the protein; 

whereas the endonuclease activity is mapped into the N-terminus of RNase E 

(Taraseviciene et al., 1995). In contrast to RNase E, RNase HI cleaves double-stranded 

RNAs in the stem regions, and does not affect the decay of the bulk mRNAs in E.coli. So 

far, only the polycistronic mc-era-recO and ^\-rspO-V2-pnp transcripts are reported to be 

RNase in mRNA targets. After endonucleotic cleavage, the transcripts are subject to 

exonucleolytic degradation. RNase n and PNPase act in different modes, but are 

fimctionally redundant in terms of RNA turnover. Most transcripts can be degraded in 

cells with mutations in either exonuclease, but not in cells deficient in both. It is proposed 

that the 3'-terminal stem-loops and a still unidentified EIF (exoribonuclease impeding 

factor) act together to impede the 3-5' degradation by RNase n and PNPase in vivo (until 
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the stem-loop is removed by RNase E cleavage). Polyadenylation in bacterial RNAs has 

been known since the 1970s. The poIy(A) polymerase encoded by pcnB accounts for the 

activity and appears to stimulates 3'-5' decay by PNPase. It is coincidental that in E. coli 

the poly(A) tail can target mRNAs for degradation though its mRNA decay system shares 

little similarity to that of vertebrates. 

Copurification of RNase E, PNPase, the unidentified EIF, enolase (a glycolytic 

enzyme with unknown function in RNA metabolism), RhlB (a member of the DEAD-box 

family of ATP-dependent RNA helicase), and DnaK (a heat shock protein and a potential 

molecular chaperone) implies that prokaryotic mRNA degradation takes place in a specific 

degradative complex (degradosome) (Py et ai, 1996; Miczak et al., 1996). Very recently, 

a new activity was observed for RNase E, the ability to shorten the 3'-poly(A)- and 

poly(U)-homopolymer tails on RNA molecules (Huang et ai, 1998). Taken together, the 

E. coli degradosome is reminiscent of the ATP-dependent 3'^ 5' exoribonuciease activity in 

yeast mitochondria, which is composed of three protein factors: Suv3 (an ATP-dependent 

RNA helicase containing a DEAD-box motif), Dssl (whose mutation suppresses suv3 and 

a sequence homologue of E. coli RNase H), and an unidentified 75kDa protein (Min et ai, 

1993; Dmochowska et ai, 1995; Margossian et ai, 1996). 

The most similar gene expression system to the yeast mitochondria is actually 

found in Chlamydomonas reinhardtii, which has been dubbed "photosynthetic yeast" 

(Rochaix, 1995). This green unicellular alga provides a model system for studying 

chloroplast gene expression and concerted action of nuclear and chloroplastic genetic 
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systems. Most chloroplast mRNAs in C. reinhardtii contain inverted repeats within the 3'-

UTR, which fold into stem-loop structures. But only some of them are responsible for 

mRNA stabilization, whereas the others are involved in transcription termination, and/or 

3'-end processing. A universal decay pathway for chloroplast RNAs has not been defined. 

Two examples of nuclear factors have been shown to interact with specific 

chloroplast mRNA sequences and stabilize them. psbD is a chloroplast gene coding for 

the D2 protein of photosystem II (PSII) in C. reinhardtii. The nuclear gene NAC2 

specifically affects the stability ofpsbD mRNA. The 74-nucIeotide long 5'-UTR of psbD 

mRNA is suflBcient for the A(>lC2-dependent mRNA stabilization, as shown by a chimeric 

gene study. In vitro biochemical studies showed that a 47 kDa protein binds to the psbD 

5'-UTR in the wild-type extracts, whose binding activity is altered in the nac2-26 mutant 

extracts. This membrane-associated 47 kDa protein binds only to the psbD precursor with 

74-nucleotide-Iong 5'-UTR, but not with the mature mRNA with 5'-end at -47, which 

suggests that the binding site is in the region fi-om -74 to -47 in the RNA or overlaps with 

the cleavage site. A deletion analysis similar to what I did for COB mRNA was also 

carried out, in which the 5'-UTR sequence fi"om -74 to -47 was deleted, so that the 

resulting strain generates mature psbD message directly without producing the precursor 

first. Different fi^om what I observed for COB mRNA accumulation, however, this psbD 

deletion resulted in destabilization of psbD mRNA (for a review, see Rochaix, 1996). 

Like what has been proposed for Cbpl, we hypothesize that binding of the Nac2 protein 

to the pre-RNA invokes a secondary structure in the mRNA, which helps to stabilize it 
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after the 5'-processing event. 

Chloroplast gene petD of C. reinhardtii encodes subunit FV of the cytochrome b6/f 

complex. The stability ofpetD mRNA is specifically regulated by the nuclear gene 

MCDI. It was recently reported that the determinant ofpetD mRNA instability is in the 

5'-UTR ofpetD message. The mRNA is degraded by a 5'-3' exoribonuclease activity, 

since insertion of a poly(G) sequence into petD 5'-UTR successfiilly blocked degradation 

of the mRNA in a mutant mcdl background. It was proposed that the MCDI product 

binds to petD mRNA and protects it fi^om 5'-3' degradation (Drager et al., 1998). 

The studies of pshD mRNA-^ C2 and petD mRNA-A/CD/ interactions in C. 

reinhardtii chloroplasts provide parallel systems to the COB mRNA-Cbpl model in yeast. 

The three mRNAs might share a silimar mode of protection by the interacting proteins. 

The feasibility for the biochemical study of the psbD transcript gives a large advantage to 

revealing the nature of the specific psbD mRNA-Nac2 protein interaction. The success of 

protection ofpetD mRNA by pcly(G) insertion provides insight into a general chloroplast 

mRNA decay pathway. In contrast, to solve the questions for the C05-Cbpl interaction 

we have had to rely only on genetic methods. From any point of view, the follow-up of 

any of the three stories would be a good reference or complement to the others, and 

would help to discover more examples of gene-specific mRNA-protein 

interaction/stabilization in other transcripts in other organisms. Further study of these 

systems will surely add new information to our knowledge about specific RNA-protein 

interaction, and organellar mRNA stabilization. 
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Strains and media. The Saccharomyces cerevisiae strains used in this study are 

listed in Table 1. Yeast strains were grown in either YEPD medium (1% yeast extract, 

2% peptone, 2% glucose) or YEPG mediimi (1% yeast extract, 2% peptone, 3% 

glycerol). When selection was necessary, WO medium (0.17% yeast nitrogen base 

without amino acids or ammonium sulfate, 0.5% ammonium sulfate, 2% glucose) was 

used and amino acid supplements were added to suggested final concentrations (Rose et 

aL, 1990). Escherichia coli strains were grown in LB medium (Sambrook et al, 1989). 

Ampicillin was added to a final concentration of 50 jig/ml where it was required. Solid 

media contained 2% agar. 

Construction of piasmids by site-directed mutagenesis. Plasmid Mb247/6-74 

(Mittelmeier and Dieckmann, 1993) contains COB sequence fi'om -13 50 to+1716 ligated 

into the BamYU. site of pBluescript KS. Plasmid pTG955, which contains COB sequence 

fi'om -1350 to -1099 and -955 to +1716, was made by site-directed mutagenesis of 

Mb247/6-74. The mutagenic primer COB3167 (Table 2) was phosphorylated at the 5'-

end with T4 polynucleotide kinase in 100 jil of reaction buffer (50 pmole oligonucleotide, 

0.04 mM ATP, 8 units of T4 polynucleotide kinase, 1 x kinase buffer) incubated for 1 

hour at 37°C followed by 10 minutes at 70°C. After annealing to a uracil-containing, 

single-stranded template prepared fi'om Mb247/6-74 (Kunkel, 1985), the kinased primer 

was extended at room temperature with Klenow DNA polymerase I for 4 hours in the 
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presence of DNA ligase (Zoller and Smith. 1983), and the reaction mix was used to 

transform E. coli strain RRl. The COB deletion in pTG955 was verified by sequencing 

two ampicillin-resistant transformants. 

COB sequence from -961 to -898 was amplified by PGR using oligonucleotide 

primers GOB2906 and GOB 1718 (Table 2). The PGR Segment was digested with jEcoRI 

and ligated into pBluescript KS (Stratagene). The plasmid obtained with the COB 

sequence in the sense orientation with respect to the T3 primer was named p(Wei-I). 

p(Wei-I+2660) was made by site-directed mutagenesis of p(Wei-I) using oligonucleotide 

GOB2660. The COB fragment from -961 to -898 in p(Wei-I+2660), which contains the 

GGG - AAT mutation from position -944 to -942 of COB, was gel-purified and ligated 

into p707A (Mittelmeier and Dieckmaim, 1993), which had been partially digested with 

£coRI. The resulting plasmid with the insert at the EcoBl site at the junction of -1096 and 

-707 was named p(707A+2660). Plasmid Mb247/5-57 (Mittelmeier and Dieckmann, 

1993) contains COB sequence from -1350 to +1716, which is in the sense orientation for 

transcription from the T3 primer. Plasmid p(5-57+2661) was made by site-directed 

mutagenesis of Mb247/5-57 using oligonucleotide COB2661. The COB sequence from -

961 to -898 in p(5-57+2661), which contains the TAAT - GGGA mutation at positions -

953 to -950, was amplified by PGR using primers GOB2906 and GOB 1718 and ligated 

into p707A at the £coRI site at the -1096/-707 junction. The plasmid obtained was 

named p(707A+2661). 

Plasmid pSUF63-F (\fittelmeier and Dieckmann, 1993) contains wild-type COB 
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sequence from -961 to -898 at the -1096/-707 EcdSl site of p707A. Plasmids 

p(SlJF63F+6948), p(SUF63F+6949) and p(SUF63F+6950) were constructed by site-

directed mutagenesis of pSUF63-F using oligonucleotides COB6948, COB6949 and 

COB6950, respectively. 

Transformation of mitochondria by microprojectile bombardment Yeast 

strain lAJlOlrho^ was co-transformed with YEp351 (a multicopy plasmid carrying the 

LEU2 gene) (Hill et ai, 1986) and the plasmids pTG955, p(707A+2660), p(707A+2661), 

p(SlJF63F+6948), p(SUF63F+6949) and p(SUF63F+6950) by high-velocity 

microprojectile bombardment (Mittelmeier and Dieckmann, 1993). Leu"^ nuclear 

transformants, which were selected on regeneration plates lacking leucine (WO plus 0.75 

M sorbitol, 0.75 M mannitol, 5% glucose, 60 jig of histidine per ml, and 2% agar), were 

obtained at a frequency of about 1 per 10^ cells. Mitochondrial transformants, screened as 

described previously (Mittehneier and Dieckmann, 1993), were obtained at about 1 per 

1000 Leu"^ transformants. 

Strain construction. The transformants, which are termed mpTG955, mpAAU, 

mpCCCA, mpCAG, mpACG and mpCCU, are synthetic [rho'\ strains (Fox et ai, 1988). 

To recombine the mutations in the mp COB plasmids onto the grande mitochondrial 

genome, the transformants were crossed to the karyogamy-deficient strain JC3/M9410 

(Mittelmeier and Dieckmann, 1993). The TG955, AAU, CCCA, CAG, ACG and CCU 

recombinant cytoductants were identified by forming respiratory-competent diploids when 

mated to the synthetic [rho"\ tester strain MY7/mp232L+53R, which carries a COB 
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deletion from -231 to +52. To obtain strains with the mitochondrial genomes of the 

TG955, AAU and CCCA strains in the cbpl mutant nuclear background, the 

mitochondrial genomes were transferred from the TG955, AAU and CCCA strains to the 

isogenic CPlL/rAo" strain via cytoduction using the lairl strain Jd/rhaP (Berlin et al., 

1991). The resulting strains were named cbpHTG955, cbpI/AAU and cbpUCCCK, 

respectively. 

Isolation of spontaneous suppressors. ACG and CCU mutant strains were 

patched on YEPD plates and incubated at SCC overnight. The patches were replicated 

onto YEPG plates and incubated at 30°C for 6-10 days until faster-growing colonies 

arose in the patches. Five independent colonies were recovered from each of the ACG 

and CCU strains and purified. The suppressors isolated for ACG were named "sup-a" 

followed by numbers 1 to 5; those for CCU named "sup-u" followed by numbers 6 to 10. 

The suppressors were grown in liquid YEPD medium overnight, diluted, and plated for 

single colonies on YEPD plates, which after two days incubation at 30°C were replica-

plated to YEPG medium. Over 95 % of the colonies were able to grow on glycerol. This 

test guarantees that suppression is not due to heteroplasmic elements with mitochondrial 

DNA rearrangements. Such suppressors are otherwise not maintained on nonselectable 

media due to segregation of the suppressing rearranged molecule from the grande 

mitochondrial DNA (Dieckmann et ai, 1984b; Fox et al., 1984). 

Yeast mating type switches and changes of genetic markers. A switch of 

mating type ^omMATa IoMATa was implemented by transformation with the HO gene. 
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Plasmid pR5413//fO was constructed, with the sequence of HO from -1360 to +2510 

(Russell etal., 1986) ligated into pRS413 (Sikorski and Hieter, 1989). Transformants 

were selected on histidine dropout plates. The mating types were tested by mating with 

testers D237-10B/A21 (MATa) and CBll (MATa). Only those that could mate with 

D237-10B/A21, but not with CBl 1, -were MATsi. To get rid of the HO plasmid after the 

mating type was switched, the strains were plated for single colonies on YEPD after 

overnight growth in liquid YEPD. His" colonies were identified by replica-plating on 

histidine dropout plates. The new strains were named "a" followed by their original 

names. 

To enable the selection of diploids when the isogenic suppressors were crossed to 

each other, the auxotrophies of Xh& MATaleu2 his3 suppressors were changed to MA Ta 

Mrai toi by the following method. Plasmid U::L-F was constructed with Z£f/2 inserted 

into the Seal site of URA3, which is carried in the pUC18 (Norrander et al., 1983) 

backbone. "F' refers to LEU2 in the same transcriptional orientation as URA3. 1 ^g of 

U::L-F was digested with HindOl and the digestion mixtiire was directly transformed into 

the suppressors. Transformants were selected on leucine dropout plates. To confirm the 

disruption of the URA3 locus, chromosomal DNAs were prepared as described previously 

(Elion and Warner, 1986) except that the zymolyase buffer contained 1.2 M sorbitol, 75 

mM KPO4 (PH 7.5), 2.5 % P-mercaptoethanol, 0.2 mM EDTA (PH 7.5) and 1 mg of 

zymolyase (Seikagaku Corp.). 2 (ig of each sample was digested with HindSL and 

separated on a 1 % agarose gel. The Nytran membrane, onto which the DNA was 
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transferred, was probed with a random-priming-labeled URA3-Hindni fragment. All 

strains showed a shifted URA3::LEU2 fragment (3.3 kb) compared with the wild-type 

URA2-HindSl fragment (1.2 kb). Suppressors with changes of the auxotrophies have 

"otu" added to their original names, respectively. aLL20lrho° (MATsl leu2 his3), 

cculO/rho" (MATauraS hisS), or aulO/rho" (MATst ttraS his3) are derivatives of 

LL20/rho° (MATaleu2 his3). 

Backcrosses and linkage analysis. The "au" suppressor strains were crossed 

with slAJlQIrho". The diploids were selected on WO+histidine media, and then grown on 

YEPG plates to examine their capability for respiration at 30°C and 25°C. To examine 

whether each suppressor strain contains a single nuclear mutation, the resulting diploids 

were sporulated. 200 (il of overnight cultures of diploid cells were washed three times 

with 1 ml of HjO and suspended in 2 ml of 1 % potassium acetate. The diploids were 

shaken at 25°C for 12-20 days until tetrads could be observed. To break the ascus wall, 

2.5 mis of filter-sterilized zymolyase digestion mbc was added to 1 ml of the sporulation 

broth: 1.25 ml of 2 M sorbitol, 0.25 ml of 0.5 M KPO4 (PH 7.5), 1 ml of HjO and 6 - 7.5 

mg of zymolyase. The digestions sat at room temperature for 20 min and were stopped by 

putting in ice. About 50 ^1 was streaked on a YEPD plate and tetrads were dissected by 

micromanipulation. After two days, spores were tested for auxtrophies and capability of 

respiring, at 30°C for and 33"C for 

To cross the ten suppressors with each other, ih&MATa leu2 his3 suppressors 

were mated with theMATaura3 his3 suppressors. Diploids were selected on 
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WO+histidine medium and then sporulated. 20-40 tetrads were examined for each of the 

crosses. To determine the linkage between "sup-a" and "sup-u" strains, "au"sup-u 

suppressors were made [r/ro°] (Fox et ai, 1991) and then crossed with "a"sup-a strains 

containing The resulting diploids were sporulated as above. 

Allele specificity tests of the suppressors. To examine whether the suppressors 

have a respiratory-deficiency phenotype of their own, to examine whether sup-a 1, -a2, 

-a3, -a4 and -a5 could suppress or and to examine whether sup-u6, 

-u7, -u8, -u9, and -ulO could suppress or [rho*^^^, all ten suppressors were 

made [rhcf^ by ethidium bromide-mutagenesis (Fox et al., 1991). Lack of mitochondrial 

DNAs was confirmed by ultraviolet fluorescence microscopy of cells suspended in 1 ng/|il 

of DAPI (4', 6'-diamidino-2-phenylindole). Using karyogamy-deficient strains carrying the 

wild-type mitochondrial genome or genomes with diflferent mutations in their COB genes 

(JC3/r/io^, and ]C2lrho*^^" strains), the nuclear genomes 

containing the ten diflferent suppressors were combined with various mitochondrial 

genomes by cytoduction (Berlin e/a/., 1991). 

Suppression of single-nucleotide COB mutants by over-expression of CBPl. 

Plasmid pG60/T31 (Dieckmann et al., 1984a), which carries the entire CBPl gene in the 

yeast 2n vector YEpl3, was transformed into the ACG, CAG and CCU mutant strains. 

YEpl3 with no insert was transformed as a control. Transformants were selected on 

leucine dropout plates, replicated onto YEPG plates, and grown at 30°C. 

Suppression of single-nucleotide COB mutants by socl and petl27. To obtain 
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strains with the mitochondrial genomes of ACG, CAG and CCU in the mutant socl and 

pet 127 nuclear backgrounds, the mitochondrial genomes [rho*^'^'\ and 

[rho*'^^"'\ were transferred into RSY29/rAo° (Staples and Dieckmaim, 1994) and 

petl27lrho° via cytoduction using strains JC3/r/jo®and iCHrho". 

Linkage analysis of the suppressors with CBPl, SOCl, PET127, SUV3 and 

DSSl loci. Diploids were generated by crossing the suppressors with a cbpl strain, 

CVlUrho". Respu-atory-competent diploids were then sporulated and tetrads were 

dissected. If a suppressor is linked to CBPl, all tetrads should segregate 2*:2" (PD, 

parental ditype) for respiration; if a suppressor is not linked to CBPl, however, all three 

kinds of segregation 2^:2' (PD), 0* A' (NPD, non-parental ditype) and r:3' (TT, tetratype) 

should be observed. 

Since SOCl is not yet cloned, the relationship of the suppressors to SOCl was 

carried out by examining respiration of the diploids generated by crossing the suppressors 

(MATaleu2 his3 sup or [rho*^^"'\) •wixh 2i socl\rho'^ strain, aRSY19/r/io° 

{MATz. adel leu2 uraS cbpl" socl \rho^) (Staples and Dieckmann, 1994). Diploids were 

selected on WO+leucine medium, replicated onto YEPG plates, and grown at 30°C. If a 

suppressor is a SOCl mutation, the sup/socl diploids would be respiratory competent; if 

not, by contrast, the sup^l-^socl diploids would be as respiratory deficient as the mutants 

ACG and CCU, in that the suppressors are semi-dominant and socl is recessive. 

To examine whether a wild-type copy of PET 127, SUVS or DSSl could 

complement the suppressor functions, plasmid pGW694 (Wiesenberger and Fox, 1997), 
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YEp24(Tl) and pADlS (Dmochowska et al., 1995) were transformed into the 

suppressors, respectively. Transformants were selected on uracil or leucine dropout 

plates, then grown on glycerol plates (without uracil or leucine supplied) at 30°C. To 

examine whether the suppressors are linked to the PET 127, SUV3 or DSSI loci, 

suppressors were crossed withpetl27lrho°, suvS/rho", and dssUrho" separately. Diploids 

were selected and sporulated. If a suppressor is linked PET 127, sup!pet 127 diploids 

would only yield PD tetrads (4'^:0*) for respiration; if not, NPD (2'^:2') and TT (3^: 1") 

tetrads would also be observed. If a suppressor is linked to SUVi or DSSl, only PD 

tetrads would be observed, which segregate 2'^;2' for respiration, for knockout mutations 

of SUV3 or DSSl cause loss of mitochondrial DNA. An NPD tetrad of sup^/+suv3 or 

sup^/+dssl diploids is 0^:4" and a TT tetrad is TiS". 

The isogenic petl27lrho° strain was obtained by disruption of the PET 127 gene in 

the 9\xlQlrhoP strain. Plasmid p(Apetl27) was constructed by ligating the URA3 gene into 

Sail and A^al-digested pGW694, which truncates PET127 on the 5'-end. The 

petl27::URA3 fragment was amplified by PCR with primers PET127-U2 and PET127-L5 

(Table 2), and transformed into xalQ/rhoP strain. URA3* transformants were selected. 

Disruption of PET127 was confirmed by Southern Blot (data not shown). Plasmid 

pKS(Adssl), which carries a dssl::URA3 disruption allele on the pKS vector, was 

linearized, and transformed into the KjHOIrhaP to make an isogenic dssl/rho° strain. 

PCR amplification of mitochondrial DNAs and sequencing of the deletion 

junction in strain TG955 and COB S'-UTRs containing the point mutations. 
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Mitochondrial DNAs were prepared from mutant strains TG955, AAU, CCCA, ACG, 

CAG, CCU, and ten of the spontaneous suppressors of ACG and CCU mutant strains sup-

al, -a2, -a3, -a4, -a5 and sup-u6, -u7, -u8, -u9, and -ulO (Bonitz et ai, 1980). A segment 

of each mitochondrial genome was amplified by PCR using primers COB 1714 and 

C0B2B (Table 2). The reaction conditions were as suggested by the PCR kit supplier 

(Boehringer Mannheim Biochemicals). The PCR products were digested with BamYQ. and 

XhdL, and ligated into pBluescript KS (Stratagene). Plasmid DNA prepared from E. coli 

transformants (Cohen et ai, 1972) was sequenced with primer COB5B+3 (Table 2) and 

the Sequenase Version 2.0 DNA sequencing kit (United States Biochemical Corp.). 

Southern blot analyses. Samples (1 ng) of mitochondrial DNAs from wild-type 

strain LL20, control strain SUF63-F, the deletion strain TG955, the mutant strains AAU, 

CCCA, ACG, CAG, CCU, and the suppressor strains were digested withA^oI and the 

fragments were separated on a 1.0% agarose gel. After being transferred to a NYTRAN 

membrane (Schleicher & Schuell), the DNA bands were detected with a COB fragment 

from -1350 to +319 labeled by random priming (Boehringer Mannheim Biochemicals). 

The patterns of the COB restriction fragments of the mutant strains were compared with 

that of the LL20 or SUF63-F strain (Chen and Dieckmann, 1994, Mittelmeier and 

Dieckmann, 1993). 

Northern blot analyses. Mitochondrial RNAs were prepared from cells grown to 

stationary phase in YEPD medium (Mittelmeier and Dieckmann, 1990). Approximately 2 

^g of RNA from each of the strains was loaded on an electrophoresis gel. 
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Samples from LL20 and TG955 strains were separated on a vertical 1.0% agarose 

gel (Figure 3.5) and transferred to a NYTRAN membrane. The C05-specific '^-labeled 

probes were obtained by random priming of COB sequence extending from -1350 to 

+654. The /:RiV^°^-specific sequence (from -1170 to -1099) was therefore included in this 

probe. The 0ZJ7-specific probe was obtained by random priming of OLIl sequence 

extending from +179 to +797 relative to the OLIl AUG at +1. Northern blot bands for 

mRNA were quantitated with a Betascope (Betagen, Waltham, Mass), corrected for 

background, and normalized to the signal of the OUI transcript. 

Because of the COB deletions in SUF63-F and all the other point mutation strains 

constructed based on SUF63-F, one of the denaturing reagents (such as formaldehyde or 

methybnercury hydroxide) was added to the agarose to separate the COB RNAs from 

mitochondrial 16S rRNA, which would otherwise co-run with COB mRNA. RNAs from 

SUF63-F, AAU and CCCA were separated on a horizontal 1.0% agarose gel containing 

6.6% formaldehyde (Figure 4..4). The samples were transferred and probed as previously 

described. 

Mitochondrial RNAs from SUF63-F, AAU, ACG, CAG, CCU, and the suppressor 

strains were separated on a vertical 1.2% agarose gel containing ImM methylmercury (II) 

hydroxide (Figures 4.7). The NYTRAN membrane was hybridized to the end-labeled 

oligonucleotide COB654A (Mittehneier and Dieckmann, 1995), autoradiographed, 

stripped, and then hybridized to anATP9 probe labeled by random priming. The signals 

obtained from the COB and ATP9 transcripts were analyzed on a Phosphorlmager 
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(Molecular Dynamics). 

To examine the COB mRNA accumulation in the spontaneous suppressor strains, 

mitochondrial RNAs were isolated from cells grown to stationary phase in YEPG medium 

to enhance the production of COB mRNA. RNA samples were separated on a 

methyhnercury (II) hydroxide-containing agarose gel. The blot was hybridized to the end-

labeled oligonucleotide COB654A probe and then anATPO probe labeled by random 

priming (Figure 4.10). 

Primer extension analyses. Total cellular RNAs were isolated from all of the 

yeast strains grown to OD5oo= 0.6-0.8 (Caponigro etai, 1993). COB5B+3, C0B6B and 

COX4242 primers were 5'-end-labeled as follows: 1 nl of 100 pmol/(il primer, 10 nl of 

lOxphosphorylation buflFer, 10 ^1 of 160 nCi/^1 [y-'^]ATP, 20 units of T4 

polynucleotide kinase (buffer and kinase from Boehringer Mannheim Biochemicals), and 

diethyl pyrocarbonate (DEPC)-treated HjO were mixed in a total volume of 100 jil and 

incubated at 37°C for 1 hour and then 65"C for 15 minutes. Excess [y-^^]ATP was 

removed by passing the probe through a Sephadex G-25 (SIGMA) column. 8 ^g of total 

cellular RNA from each strain was hybridized to 10 pmol of COB5B+3 or C0B6B primer 

and 10 pmol of COX4242 primer. This primer:RNA ratio was shown to be saturating for 

COB mRNA (data not shown). The extension reactions were carried out as described 

previously (Mittehneier and Dieckmann, 1993). 4 ^l of each reaction mixture was 

separated on a 7M urea, 6% polyacrylamide wedged sequencing gel. Sequencing 

reactions served as size markers. Signals obtained from COB pre-mRNA and the mature 
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message were quantitated on a Phosphorlmager and normalized to the signal from the 

C0X2 transcripts in the same strain. 

PGR, T/A cloning, and sequencing of CBPl, PET127f and DSSl in the 

suppressor strains. Chromosomal DNAs were prepared from the suppressor strains 

(Elion and Warner, 1986). The entire CBPI gene copy in wild-type SUF63-F, the ACG 

mutant and the suppressor strain sup-a2 were PCR-amplified with primer CBPI-263 and 

aCBPl+2041 (Table 2), purified with QIAquick Spin PCR Purification Kit (QIAGEN), 

and sequenced with the two PCR primers and two internal primers, CBPI+621 and 

aCBP 1+774 (Table 2). The PCR products containing the CBPI gene from SUF63-F, the 

ACG strain and sup-a2 were then cloned into yeast vector pRS413 (Sikorski and Hieter, 

1989), and transformed into the ACG mutant (Gietz and Schiestl, 1991). The 

transformants were selected on histidine dropout plates and then grown on YEPG plates 

to examine whether the CBPI gene in sup-a2 is sufiBcient to restore the respiratory 

deficiency of ACG. 

The PET 127 genes of SUF63-F and the group II suppressors were amplified by 

PCR using primers PET127-U2 and PET127-L2 (Table 2). The DSSl gene of SUF63-F 

and sup-ul 1 was amplified by primers DSSl-Ul and DSSl-Ll (Table 2). The PCR 

products were directly ligated to the pGEM-T Easy vector (Promega). The cloned 

PET 127 and DSSl genes from the suppressors were sequenced (UA facility), with primers 

PET127-U2, PET127-L2, PET127-U3, PET127-L3, DSSl-Ul, DSS1-U2, DSS1-U3, and 

DSSl-Ll (Table 2). 



45 

Table 1. Names and genotypes of yeast strains used in this study 

Strain Genotype or description Reference 

UJlQ/rho" a [rAo®] leu2-3 leu2-II2 his3-II his3-I5 2\im* 58 

iLUlQ/rho" LL20/rho° switched to MA Tsi by HO This study* 

axUOIrhoP a [rAo°] ura3::LEU2 his3-ll his3-15 2\im* This study 

au20/rAo° a [r/io"] ura3::LEU2 his3-II his3-l5 2\im* This study 

ICilrho" a [rAo®] karl-1 ade2 lys2 2" 

JCl/rho" a [rAo"] karl-I leu2 2 

CPlL/r/io" a [r/io°] LEU2 insertion at the Pstl site of CBPI 
in strain LL20 

58 

LL20 a \rho*'\ leu2-3 Ieu2-I12 his3-II his3-15 2\ji* 73 

cbpinJLlQ a \rho''\ in CPIL This study 

TG955 a in LL20 This study 

cbpIHG9S5 a in CPIL This study 

SUF63-F a in LL20 65 

cAp//SUF63-F a in CPIL 65 

AAU a in LL20 This study 

cbpHAMJ a in CPIL This study 

CCCA a in LL20 This study 

cbpllCCCK a in CPIL This study 

CAG a \rhd^^°] in LL20 This study 

ACG a in LL20 This study 

sup-al a with/'£r/27-S310 mutation This study 

sup-a2 a with D533 Y mutation in CBPI This study 

sup-a3 a with supa-3 mutation This study 



46 

Table 1. Names and genotypes of yeast strains used in this study - Continued 

Strain Genotype or description Reference 

sup-a4 a with supa-4 mutation This study 

sup-a5 a with supa-5 mutation This study 

ccu a in LL20 This study 

sup-u6 a with PETJ27-S533 mutation This study 

sup-u7 a [rho^^] with/'£7727-S345 mutation This study 

sup-u8 a [rho^^] with PETJ27-S131 mutation This study 

sup-u9 a with sup-u9 mutation in LL20 This study 

sup-ulO a [r/jo*^^] with sup-ulO mutation in LL20 This study 

sup-ull a with sup-ull mutation linked toDSSJ This study 

D273-10B/A21 a [rho*^'] metd E" 0" P" 98 

CBll a [r/jo*] adel 93 

M17-162 a [rho* mif'\ met6 98 

aM17-162-4A a [rho* miadel 98 

JC3/M9410 a m i f ]  in JC3 65 

MY7/mp232L+53R a [rho'] lysl This study 

RSYlQ/r/jo" a [rAo"] adel leu2-3 leu2-l 12 ura3-52 socl-1 90 

aRSYlQ/rAo" a [rho'*] adel leu2-3 leu2-112 ura3-52 
cbpl-26(ts) socl-1 

90 

peU27lrho° a [rho'^petl27::URA3 in M}20lrho° This study 

suv-Slrho" a [rho'^ ura3-52 CBPl-biotin nuci suv-3 in S150 77 

dss-llrho° a [rAo"] dss-l::URA3 in su20lrho° This study 

a. American Type Culture Collection (ATCC) reference code 201578. 
b. American Type Culture Collection (ATCC) reference code 201577. 
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Primer 5' - 3' sequence of oliao Position in genes 

COBS 167 TTCCGATTAAGGTTAAATAATAAATACCG 
A 

COB-1113 • 
and -955 -

'-1099 
' -941 

COX4242 GATACTAAACCTAAAATAACTAATAA COX^\(A - +139 

COB5B+3 CAATTATTATTATTATTATTATACATAAA COB -826 - -854 

COB1714 AGGAGTGATGGATCCCTTTGG COB -1360 -' -1341 

C0B2B TCCTCGAGCAATAATTTATTGTTAATATG COB -648 - -668 

COB2660 TATAATAACAATATTTATTTATTATTATG* COB -930 - -958 

COB2661 CAATCGGTATTTTGGGTTATGAATATAT COB -938 - -965 

COB6948 CATAATAATAAATACAGATTGTTATTATA COB -958 - -930 

COB6949 CATAATAATAAATAACGATTGTTATTATA COB -958 - -930 

COB6950 CATAATAATAAATACCIATTGTTATTATA COB -958 - -930 

COB2906 AATACAAATAATGAATTCATAA COB -975 - -954 

COB1718 CCGAATTCTAATGAAAAATATATTATATA COB -898 - -918 

C0B6B AATTTTTATATTATTTATTAATATTGTT COB -601 - -628 

COB654A GAATGCATTGGAATTCTATC COB +668 - +649 

CBP1-263 CGTTCCCTCGCTTGTATCTC CBP I -263 - -244 

CBP1+621 ACAACTGAACTCTCTGTTCG CBP I +621 -• +640 

aCBPl 
+774 

TCAAATCGTTAGTCAAAGAA CBP I +793 -• +774 

aCBPl 
+2041 

TTAGGATGCAATGCTTGGAT CBP I +2060 
+2041 

-
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Table 2. Oligonucleotide primers used in this study - Continued 

Primer 5' - 3' sequence of oligo Position in eenes 

PET127-U2 CAGGGCACTTGAGAGAGCAC PET127-233 - -314 

PET127-L2 CCCAACGCTGACTACTGTCT P£7'/27+2154-+2135 

PET127-U3 CGCTACAAAAATTGAGAGATA PETI27+3\3 -+331 

PET127-L3 CCTCGTACTCAGGTGACA ^£7/27+1507- +1490 

PET127-L5 AAGCGAATGGTGTGATGAAATC PET127 +2667 - +2646 

DSSl-Ul CAGCGGAATAAATAAAGACAG DSSl -24 ^ -4 

DSSl-Ll GCATGGTCTATTGAATTTTATA DSSl +2952 - +2931 

DSS1-U2 GTAGCAAGGCAGCTAATAAC DSSl +754 - +773 

DSS1-U3 ACCCAACTCAATACCCAATC DSSl +1419 - +1438 

* The underlined sequences are mutations introduced into the COB gene by site-directed 
mutageneses or are restriction sites introduced by PGR. 
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CHAPTER m. Cbpl IS REQUIRED FOR MESSAGE STABILITY FOLLOWING 5'-

PROCESSING OF COB mRNA 

Abstract 

Cbpl is a nuclear-encoded protein required for stabilization of mitochondrial COB 

mRNA, which codes for apocytochrome 6 in the yeast Saccharomyces cerevisiae. The 

COB gene is co-transcribed with the upstream tRNA°'" gene. Release of tRNA®" from the 

initial transcript generates a precursor mRNA with a 5'-end at position -1098. The 5'-end 

of mature COB message is generated by cleavage of the pre-mRNA at nucleotide -955 or 

-954. Previous work indicated that Cbpl acts through cis elements near these cleavage 

sites. Here we have tested whether Cbpl stabilizes COB mRNA solely by stimulating the 

processing of COB precursor RNA at -955/-954. Yeast strain TG955 was constructed 

such that the -955 COB mRNA 5'-processing site coincides with the upstream 3'-tRNA 

endonuclease site at -1098, allowing the 5'-end of COB mRNA to be formed by the 3'-

tRNA processing enzyme. Respiratory growth and stability of COB mRNA in TG955 is 

Cbpl-dependent. Therefore, we conclude that Cbpl is important for the stabilization of 

COB mRNA after 5'-processing. 

Introduction 

Seven protein components of the terminal respiratory chain and ATP synthase in 

yeast are encoded by the mitochondrial genome. Expression of the mitochondrial genes is 



regulated by nuclear-encoded factors (for reviews, see Dieckmann and Staples, 1994; 

Bolotin-Fukuhara and Grivell, 1992; Costanzo and Fox, 1990; Tzagoloflf and Myers, 

1986). The mitochondrial gene, COB, which encodes apocytochrome b, is one example of 

a mitochondrial gene governed by several post-transcriptional factors. In the presence of 

the nuclear gene product Cbpl, the COB transcript is stable. In cbpl mutant strains, the 

steady-state level of COB mRNA is too low to be detected and the strains are respiratory 

deficient (Dieckmann et ai, 1984b). Our interest is in how nuclear-encoded Cbpl 

stabilizes mitochondrial COB mRNA. 

In a wild-type yeast strain such as LL20, the initial COB transcript contains both 

tRNA®*" and the COB mRNA Processing of the transcript at -1170 and -1098 (all 

positions are numbered relative to the COB initiator AUG which is defined as +1), by 

mitochondrial RNase P and tRNA 3'-endonuclease respectively (Martin et al., 1985; 

Hollingsworth and Martin, 1986; Chen and Martin, 1988), releases the tRNA fi-om the 

transcript. Cleavage at -955 or -954 forms the 5'-end of the mature COB mRNA (Figure 

3.1 A). A previous study has identified a cw-element in the 5'-lJTR (untranslated region) 

of COB RNA that is required for positioning the cleavage of the pre-mRNA at -955/-954 

and for stability of the mRNA (Mittehneier and Dieckmann, 1993). One hypothesis is that 

Cbpl promotes COB mRNA stability by stimulating 5'-processing of the pre-mRNA 

Alternatively or in addition, Cbp 1 may prevent degradation of COB mRNA more directly 

by blocking the activity of a mitochondrial nuclease. 

If Cbpl functions only to stimulate COB RNA processing at positions -955 and 
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-954, and if the mature message subsequently folds into a structure that is resistant to 

degradation, then an mRNA formed by a nuclease other than a Cbpl-dependent enzyme 

should be stable in a cbpl mutant strain. The mitochondrial tRNA 3'-endonuclease 

cleaves the initial COB transcript between nucleotides -1099 and -1098, which releases 

tRNA®" (Figure 3.1 A). liCOB sequence from -1098 to -956 is deleted, the 3'-tRNA 

endonuclease will not only release the tRNA, but will also create the 5'-end of COB 

mRNA (Figure 3. IB). If the resulting mRNA is stable in a cbpl mutant strain, we can 

conclude that Cbpl is not required for the stability of the mRNA after 5-end formation. If 

the mRNA is not stable, then we can conclude that Cbpl is required to enhance the 

stability of the mRNA after cleavage. 

Here we show that COB mRNA stability is Cbpl-dependent in a strain with a 

deletion of COB sequence from -1098 to -956. This result indicates that Cbpl must have 

a function essential for the protection of COB transcripts after 5'-processing. 

Results 

Construction of strain TG955. To test if COB transcripts are protected from 

degradation by 5'-end processing, yeast strain TG955 was generated by deleting 

mitochondrial COB RNA 5'-UTR sequence from -1098 to -956. This deletion juxtaposes 

the tRNA 3'-processing site with the COB 5'-mRNA cleavage site at -955. Therefore, the 

initial COB transcript in TG955 can be processed at -955 by either the tRNA 3'-

endonuclease or the mRNA 5'-processing enzyme to release tRNA®" and mature COB 
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Figure 3.1. Processing of the initial tRNA^'"-COB transcript. (A) Mitochondrial 

RNase P cleaves the precursor at position -1170 and a 3'-tRNA endonuclease cleaves at 

position -1098, releasing tRNA®". Further processing at -955 and -954 generates mature 

COB message. (B) Putative processing events in the deletion strain TG955. After 

cleavage by the tRNA processing enzymes at positions -1170 and -1098, tRNA®" and 

mature COB message are produced without fiirther processing. Alternatively, the 

cleavage at position -1098/-955 could be made by the mRNA 5'-processing enzyme. 
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message (Figure 3. IB). 

The 143 nucleotides from -1098 to -956 were deleted by site-directed mutagenesis 

of plasmid Mb247/6-74, which contains COB sequence from -1350 to +1716. The 

plasmid with the deletion, pTG955, was introduced into yeast mitochondria that lacked 

mitochondrial DNA (mtDNA) by microprojectile bombardment (Mittelmeier and 

Dieckmann, 1993). The deletion was recombined onto the yeast grande genome by 

mating the pTG955 synthetic petite strain to stiain aJC3/M9410 that has a deletion of 

COB sequence from -975 to -64, and is therefore respiratory incompetent. The 

recombinant genome was transferred from strain TG955 to an isogenic cbpl strain via 

cytoduction. 

TG955 mtDNA was digested with A/Jol, transferred to Nytran and the blot was 

probed with a labeled COB fragment with sequence from -1350 to +319 (Figure 3.2). As 

expected, strain TG955 has an ~1500-base pair (exact size is 1526 bp) Mbol fragment in 

contrast to the ~1700-base pair (exact size is 1669 bp) fragment in the wild-type LL20 

strain. To further confirm the sequence at the deletion junction, mtDNA between -1360 

and -648 was amplified by PCR. The PCR product was ligated into pBluescript and the 

ligation was used to transform E. coli strain RRl. The inserts of the plasmids isolated 

from two transformants were sequenced using the T3 primer. The sequences were the 

same and indicate the deletion junction is as expected. One of the sequences is shown in 

Figure 3.3. 

Growth of strain TG9S5 on a medium requiring respiration is Cbpl-
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Figure 3.2. Southern blot of mtDNA in wild-type strain LL20 and deletion strain 

TG955. (A) Diagram showing the mtDNA fragments detected in the Southern blot in the 

wild-type and deletion strains. M9410, a strain with a deletion in COB from -positions 

975 to -64, was used as a negative control. (B) Southern blot of mtDNA showing that 

the strains carry recombinant grande mitochondrial genomes. Nfitochondrial DNA was 

isolated from all strains, digested with restriction enzyme A/Jol, and hybridized to a COB 

fragment with sequence from positions -1350 to +319. The molecular weight markers are 

shown on the left. 
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Figure 3.3. Sequence of the deletion junction in TG955. The COB fragment 

which extends from positions -1360 to -648 in strain TG955 was obtained by PCR, 

digested with BamYU. and Xhdl, and ligated into pBluescript. The sequencing reactions 

were done with primer COB5B+3 which hybridizes to COB sequence from positions -854 

to -826. 
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dependent. Two-day colonies from rich glucose medium of TG955, cbpI/TCQSS, wild-

type LL20 and cbpIHAJlO were streaked on a rich glycerol plate to test for the ability of 

the strains to respire. The plate was photographed after 4 days of incubation at SO'C 

(Figure 3.4). The TG955 strain grew as well as the wild-type strain LL20. Therefore, the 

deletion in the mitochondrial genome of TG955 does not affect respiration in the presence 

of Cbpl. cbpirYG955, however, did not grow at all on the non-fermentable carbon 

source, implying that Cbpl function is still required in this strain. 

Mature COB message is degraded in the cbpirTG955 strain. To determine 

whether the respiratory deficient phenotype of c^p//TG955 was due to COB mRNA 

degradation, mtRNA from cbpinC^SS, TG955, cbpI/LUlQ and the wild-type strain 

LL20 was analyzed by Northem blot. 1 ng of mtRNA from each strain was subjected to 

electrophoresis on a non-denaturing agarose gel, blotted onto Nytran, and hybridized to a 

tRNA°'"-C05 probe from positions -1350 to +654. As a control for the amount of RNA 

loaded, an OUI (the mitochondrial gene coding for subunit 9 of ATP synthase, currently 

named ATP9) probe containing sequence from +179 to +794 was included (Figure 3.5). 

After a long exposure of the blot, an equivalent level of tRNA®" was observed in all four 

strains. Thus, the deletion in TG955 does not affect the level of tRNA°'"and primary 

transcription. 

To examine the levels of processed COB transcript, each COB signal was 

quantitated on a Betascope and normalized to the OUI signal in the same lane. If the 

COB mRNA level in LL20 is set at 100%, the level in cbplfLUlQ is <1% (below the level 



60 

Figure 3.4. Growth of TG955 on medium requiring respiration. The strains were 

streaked on a nonfermentable carbon source (YEPG plate) and incubated at 30°C for 4 

days. 
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Figure 3.5. Northern blot analysis of C05 mRNA levels. mtRNA was isolated 

from wild-type strain LL20, cbplfLLlO, TG955, and c6p//TG955; separated on a 

nondenaturing agarose gel; and blotted onto Nytran. A COB DNA fragment (positions 

-1350 to +654), which also contains tRNA°'", and an OLIl DNA fragment (positions +179 

to +797) were labeled by the random-priming method (Boehringer mannheim) in the 

presence of ^^-dATP and used as probes. The tRNA®" signals are from a longer 

exposure of the film. 
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of detection) as previously reported (Mittelmeier and Dieckmann, 1993). Likewise, using 

levels of COB mRNA in LL20 wild-type as a standard at 100%, COB message in TG955 

and cbpiriG9SS were 95% and <1%, respectively. These data indicate that the 143-

nucleotide deletion between the 3'-end of the tRNA and the 5'-end of the mature COB 

mRNA in TG955 does not affect respiratory capability nor the steady-state level of COB 

transcript when compared to the wild-type strain. Therefore, the lack of COB mRNA, and 

thus respiration, in cbpinG95S is due to the lack of Cbpl. 

5'-ends of COB RNA in TG955 are at positions -955 and -954. The tRNA 3' 

endonuclease should cleave the precursor COB RNA in TG955 between nucleotides -956 

and -955. To investigate the position of the 5'-end of COB mRNA in TG955, COB 

transcripts in total yeast cellular RNA were analyzed by primer extension using the 

COB5B+3 primer, which hybridizes to COB sequence from positions -826 to -854. The 

extension products expected in LL20 wild-type RNA are 273 nucleotides long (RNA with 

a 5'-end at the 3'-end of the tRNA) and 130/129 nucleotides long (COB mRNAs with 5'-

ends at positions -955 and -954). In TG955, we expected to see a 130-nucleotide primer 

extension product representing COB mRNA with a 5'-end at -955 formed by the 3'-tRNA 

endonuclease. Also, 130- and 129-nucleotide products were expected as products of the 

COB mRNA 5'-processing enzyme. To measure the abundance of the COB transcripts, 

the signals were normalized to those of the 219-nucleotide primer extension product 

copied from the mRNA of COX2, the mitochondrial gene coding for cytochrome c 

oxidase subunit n. The M9410 strain was used as a negative control because it has a 
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mtDNA deletion of the region where the COB5B+3 primer binds to the RNA. Therefore, 

the only band present in M9410 is from C0X2 mRNA. The primer extension products 

were separated on a wedged sequencing gel to aid in distinguishing the 129- and 130-

nucleotide products (Figure 3.6). As expected, when the levels of COB precursor RNA 

(273-nucleotide product) and the mature message (130- and 129-nucleotide products) in 

LL20 are each set at 100%, the level of COB precursor in cbpl/ULlO is 20%, and the 

mature message is below the level of detection (<1%), which is consistent with previous 

findings (Mittelmeier and Dieckmann, 1993; Staples and Dieckmann, 1993). COB 

precursor RNA with a 5'-end at position -1098 was absent in strain TG955 as expected 

due to the deletion. 5'-ends of COB RNA mapping to both positions -955 and -954 were 

observed in TG955 at 65% the level in LL20. The -955 ends could have been formed by 

either the tRNA 3'-endonuclease or the mRNA 5'-processing enzyme. However, the -954 

ends must all be products of the mRNA 5'-processing enzyme. In cbpinG955, molecules 

with -954 ends are not detectable and are either not produced or are unstable. Ends 

mapping to position -955 in cbpIflC^SS are similar in abundance to those mapping to 

position -1098 in cbpllLhlQ. As for RNAs with ends at position -1098, those with ends 

at position -955 in c6p//TG955 must contain introns or are otherwise not fully processed, 

since they are not visible as mature COB RNA in the Northern blot. 

Discussion 

Apocytochrome b, one of the components of the respiratory chain, is encoded by 



66 

Figure 3 .6. Primer extension analysis of the 5'-ends of C05 transcripts. Total 

cellular RNA was isolated from the strains and annealed to end-labeled COB5B+3 and 

COX4242 primers simultaneously. Extension reactions were carried out in the presence 

of avian myeloblastosis virus (AMV) reverse transcriptase (Boehringer Mannheim). 4 fil 

of each of the reaction mixtures were separated on a 7M urea, 6% polyacrylamide wedged 

sequencing gel. Using sequencing reactions as size markers, the corresponding nucleotide 

positions of 5'-ends of the precursor and the mature COB message are marked on the left. 

The shorter exposure shown below is to demonstrate the separation of -955 from -954 

COB messages. 
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the mitochondrial gene COB. Transcription of the gene and processing and translation of 

the mRNA are regulated by the products of nuclear PET genes (for a review, see 

TzagoloflF and Dieckmann, 1990). Mutations in PET genes result in small or petite 

colonies on fermentable carbon sources {e.g. glucose), and no growth on non-fermentable 

carbon sources {e.g. glycerol, ethanol). The study of these genes and their gene products 

[Cbpl, Cbp2 (Dieckmann and TzagoloflF, 1985; McGraw and Tzagolofl^ 1983), Cbsl and 

Cbs2 (Rodel et ai, Rodel, 1986)], should provide insight into the coordinate regulation of 

nuclear and organelle gene expression. 

Cbpl, which is imported into mitochondria after translation in the cytoplasm 

(Weber and Dieckmann, 1990), plays an essential role in stabilizing the COB transcript. 

cbpl mutant strains cannot grow on nonfermentable carbon sources due to degradation of 

COB transcripts. Though the exact correlation between COB transcript level and the 

respiratory capability of a strain is not yet clear, it is known that as little as 6% of the wild-

type steady-state level of COB mRNA is enough to allow growth on glycerol (Mittelmeier 

and Dieckmann, 1993). Previous work identified cw-elements in primary COB transcript 

via which Cbpl acts to stabilize COB transcripts (Mittelmeier and Dieckmann, 1993). 

Deletion series fi^om both the 5'- and 3'- directions have shown that COB sequence fi-om -

961 to -898 is suflBcient for Cbpl-dependent COB mRNA stability. The primary sequence 

fi-om -948 to -938 is particularly important within this interval. This same element is 

important for positioning the 5'-mRNA processing sites at positions -955 and -954. In 

addition, the resuhs fi-om the characterization of temperature-sensitive cbpl mutants are 
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suggestive that Cbpl is the nuclease or promotes the nuclease activity of another 

polypeptide acting at positions -955 and -954 (Staples and Dieckmann, 1993). 

Based on our collective findings, two hypotheses have been suggested for how 

Cbpl may interact with the cw-acting elements to stabilize the COB message. Cbpl may 

interact directly with the 5'-UTR, recognizing secondary structure or particular 

nucleotides within the -961 to -898 region (Chapter IV). Binding of Cbpl to COB mRNA 

would protect the message against the enzymes in the RNA turnover pathway. In an 

alternative model, Cbpl could promote processing of COB pre-mRNA at -9557-954 and 

allow the mRNA 5'-end to fold into a nuclease-resistant structure. 

This study was designed to test the model that 5'-processing confers stability on 

the mRNA. By deleting the sequence between the 3'-end of tRNA®" and the -955 

processing site, the 5'-end of mature COB RNA can be generated in strain TG955 by the 

tRNA 3'-endonuclease without further processing. Therefore, if 5'-processing is the only 

requirement for COB mRNA stability, respiratory growth of TG955 should be Cbpl-

independent, i.e. strain cbpHTG9S5 should grow on glycerol plates. However, the strain 

was respiratory deficient due to degradation of COB mRNA. Therefore, Cbpl is required 

for the stability of COB mRNA after the 5'-cleavage event, perhaps by binding and 

protecting the RNA or by catalyzing the formation of a protective complex of proteins on 

the RNA. 

Primer extension analysis revealed that COB RNA in strain TG955 has both -955 

and -954 ends. The tRNA 3'-endonuclease should only produce mRNAs with -955 ends 
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(Chen and Martin, 1988). Therefore, the -954 ends seen in TG955 must be generated by a 

different enzyme. This enzyme may be Cbpl or may be directed by Cbpl to the -954 

cleavage site (Staples and Dieckmann, 1993). 

There are several other systems where mRNA stability is linked with processing. 

3'-processing of yeast mitochondrial mRNA precursors occurs a few nucleotides 

downstream of the 3'-border of a conserved dodecamer site (Min and Zassenhaus, 

personal communication). Three polypeptides protect mRNAs from 3'-'5' exonucleolytic 

digestion by binding the mRNA at the dodecamer sequence within the 3'-UTR (Min and 

Zassenhaus, 1993). The nuclear-encoded chloroplast protein 28RNP in spinach, which 

recognizes a 3'-inverted repeat sequence, is required for 3'-end processing and/or stability 

of several chloroplast mRNAs. It is also hypothesized that 28RNP associates with the 3'-

RNA processing activity (Schuster and Gruissem, 1991). Chlcanydomonas nxxcloax 

NAC2 locus specijQcally affects stability of the chloroplast psbD transcript encoding 

polypeptide D2 of PSn both in its mature form and when it is part of the primary 

transcript of the psaA exon 2. The hypothesis is that the NAC2 gene product physically 

interacts with the 5'-end of the psbD message, protecting it from 5'-3' nucleolytic 

degradation (Kuchka et aL, 1989). The activity of Cbpl may be similar to that of Nac2 

protein. In light of our past and present findings, we favor the hypothesis that Cbpl is 

required for COB mRNA 5'-processing and must also participate in other events which are 

required for COB mRNA stabilization after 5'-processing. 
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CHAPTER IV. GENETIC EVIDENCE FOR INTERACTION BETWEEN Cbpl AND 

SPECIFIC NUCLEOTIDES IN THE 5'-UTR OF MITOCHONDRIAL CYTOCHROME 

b mRNA IN SACCHAROMYCES CEREVISIAE 

Abstract 

The cytochrome b {COB) gene is encoded by the mitochondrial genome; however, 

its expression requires the participation of several nuclear-encoded protein factors. The 

yeast Cbpl protein, which is encoded by the nuclear CBPI gene, is required for the 

stabilization of COB mRNA. A previous deletion analysis identified an 11-nucleotide-long 

sequence within the 5'-untranslated region of COB mRNA that is important for Cbpl-

dependent COB mRNA stability. In the present study, site-directed mutagenesis 

experiments were carried out to define fiirther the features of this c/5-element. The 

sequence CCG within this region was shown to be necessary for stability. A change in 

residue 533 of Cbpl fi-om aspartate to tyrosine suppresses the effects of a single-base 

change in the CCG element. This is strong genetic evidence that the nuclear-encoded 

Cbpl protein may recognize and bind directly to the sequence containing CCG and thus 

protect COB mRNA fi-om degradation. 

Introduction 

Mitochondrial biogenesis is a coordinated process that requires the fimction of 

both nuclear and mitochondrial gene products. For example, cytochrome 6 is an electron 

carrier located in the inner membrane of mitochondria along with other components of 
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the respiratory chain and is encoded by the mitochondrial gene COB. Expression of COB 

requires participation of nuclear-encoded proteins. For example, Cbp2 (McGraw and 

TzagolofiE^ 1983; Weeks and Cech, 1996), Mrsl (Rreike etaL, 1986; Kreike etai, 1987; 

Bousquet et al., 1990), Mrs2 (Koll et aL, 1987; Wiesenberger et al., 1992) and Nani2 

(Labouesse et al., 1987; Li et al., 1992) are required for intron splicing; Cbpl stabilizes 

COB mRNA (Dieckmaim et aL, 1984b); and Cbsl (Rodel et al., 1985; Michaelis et al., 

1991) and Cbs2 (Cbp7) (Rodel, 1986; Muroflf and Tzagolofif, 1990; Michaelis et al., 

1991) are C(95-specific translation factors. None of these nuclear-encoded factors is 

essential for growth of yeast on fermentable carbon sources (e.g. glucose), but null 

mutations in the genes encoding these factors have a PET (petite) phenotype; they form 

smaller colonies than the wild-type strains on glucose media. PET mutants cannot grow 

on nonfermentable carbon sources {e.g. glycerol or ethanol), which require mitochondrial 

function for utilization. 

In yeast mitochondria, the tUNA^'" and COB genes are cotranscribed as a unit 

(Figure 4.1). Transcription begins at position -1566, with the A of the AUG initiation 

codon of COB defined as +1. RNase P and tRNA 3'-endonuclease process the initial 

transcript at the 5'- and 3'-ends of tRNA^*", respectively (Chen and Martin, 1988; 

Hollingsworth and Martin, 1986), which releases tRNA®" and COB precursor RNA with a 

5'-end extending to -1098. Further processing of COB precursor RNA generates the 

mature COB message with a 5'-end at -955 or -954 (Bonitz et al., 1982). 

Cbpl was identified because it is required for the stabilization of COB mRNA 

(Dieckmann et al., 1984b). In cbpl mutant strains, the level of tRNA®" is wild type, 

COB precursor RNA is decreased to -20% of the wild-type level, and mature COB 



Figure 4.1. Formation of COB precursor RNA and mature mRNA in wild-type 

Saccharomyces cerevisiae. Mitochondrial (mito) RNase P and tRNA 3'-endonuclease 

process tRNA®" from the initial tRNA^'^-COB transcript, releasing tRNA®" and COB 

precursor RNA. Further processing at positions -955 or -954 generates the mature COB 

message. 
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message is undetectable. Since inadequate apocytochrome b is produced, cbpl mutant 

strains cannot respire. We previously used deletion analysis to locate a small region in the 

COB 5'-UTR (untranslated region) which is essential for two Cbpl-dependent functions: 

positioning of the -955/-954 cleavage site and COB message stability after 5'-processing 

(Mittelmeier and Dieckmann, 1993; Chen and Dieckmann, 1994). The focus of the study 

in this chapter was to localize further the m-element within this region. 

It is shown here that the sequence CCG, located at positions -944 to -942 in the 

COB 5'-UTR, is essential for COB mRNA accumulation. Single-nucleotide mutations 

within the CCG element cause a dramatic reduction in the level of COB message. Further, 

an amino acid change in Cbpl was shown to act as a dominant suppressor of one such 

single-base change in the CCG element. This is strong genetic evidence that Cbpl binds 

directly to the CCG element in the COB 5'-UTR and protects the message from 

degradation. 

Results 

In our previous study, a 64-nucIeotide region of the COB 5'-UTR, which spans the 

site of the cleavages that form the mature 5'-ends of the mRNAs, was shown to be 

sufl5cient for Cbpl-dependent stability of the messages (Mittelmeier and Dieckmann, 

1993). We wondered whether the secondary structure of this region (between -961 and -

898) was important for stability. As predicted by the Zuker FOLD program (Zuker, 1989; 

Zuker, 1994; Freier et ai, 1986), the 64-nucleotide sequence folds into two stem-loops 

(Figure 4.2). Not all of the 64 nucleotides are necessary for stability, since several 

deletions constructed previously changed sequences either upstream of -948 or 
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Figure 4.2. Secondary structure putatively present in COB sequence from -961 to 

-898 as predicted by the GCG program FOLD. The energy of the structure is -5.5 

kcal/mol. The mutations introduced by site-directed mutagenesis into this region (arrows) 

and the names of the mutant strains (in boxes) are as labeled. 
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downstream of -938, yet enough COB mRNA accumulated in these strains to allow 

respiration (Mittelmeier and Dieckmann, 1993). The sequence from -948 to -938 

describes the first loop sequence and a few nucleotides in the adjoining stem. We decided 

to test the hypothesis that disturbing the putative stem adjacent to the critical loop 

sequence might afiect COB mRNA stability and to test whether the eleven nucleotides 

between -948 and -938 contain specific sequence elements essential for Cbpl interaction. 

Base-pairing adjacent to -948 to -938 is not required for respiration. In 

previously studied constructs, bases in the first putative stem region had been changed; 

however, the substitutions were accompanied by other changes outside of this region that 

could have led to the formation of alternative stems (Mittehneier and Dieckmann, 1993). 

To disrupt the base-pairing in the putative stem-loop without altering other 5'-UTR 

sequence, nucleotides UAAU at positions -953 to -950 were changed to CCCA by site-

directed mutagenesis. CCCA was chosen because the complementary UGGG sequence 

does not occur in the entire 5'-UTR and thus could not be involved in an alternative stem 

structure. A previous study (Mittehneier and Dieckmann, 1993) showed that the COB 

deletion strain SUF63-F, which contains only the 64-nucleotide -961 to -898 sequence in a 

400-nucleotide-long gap from -1096 to -707, can respire and accumulate COB RNAs 

(both the precursor and the mature message) as well as the wild-type LL20 strain (Figure 

4.3A). Therefore, the SUF63-F strain was used as the wild-type control in this study, and 

all of the mutations were introduced into this mitochondrial genome by microprojectile 

bombardment and homologous recombination. 

Southern blots and sequencing of the COB region containing the mutations 

showed that the mutant strain CCCA contains the expected TAAT - CCCA mutation 
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(data not shown). The mutant mitochondrial genome was transferred by cytoduction into 

an isogenic strain that was deleted for the CBPI gene to obtain the double mutant strain. 

Figure 4.3B shows growth of the strains on rich glycerol medium, YEPG, which requires 

the strains to have functional mitochondria for use as a carbon source. Growth of wild-

type SUF63-F was observed after 2 days of incubation at 30''C. The cA/;//SUF63-F strain 

did not grow at all, showing that Cbpl is required for growth of SUF63-F. The CCCA 

mutant grew as well as SUF63-F, and growth was still dependent on the presence of the 

wild-type CBPI gene. This suggests that the putative stem-loop does not exist or is not 

important for Cbpl-dependent stability of COB mRNA. 

The CCG in the -948 to -938 interval of COB mRNA is important for 

respiration. With elimination of the stem-loop as an important feature for COB mRNA 

stability, our focus turned to the primary sequence of the -948 to -938 interval. The 

eleven nucleotide sequence, AATACCGATTG, is only found at one location in the 

78521-bp Saccharomyces cerevisiae grande mitochondrial genome (deZamaroczy and 

Bemardi, 1986), in the 5'-UTR of COB. The CCG at positions -944 to -942 was 

particularly striking as an unusual sequence feature within the -948 to -938 interval that 

might be involved in a specific protein-RNA mteraction, since the sequence is not found at 

any other location in the extremely AU-rich regions of mitochondrial mRNA 5'- and 3'-

UTRs. Therefore, the CCG was mutated to AAU to test the necessity of these 

nucleotides for COB mRNA stability. Mutation of CCG to AAU is assumed not to 

change the secondary structure of COB 5'-UTR, since the same stem-loop structure as 

Figure 4.2 was derived when the sequence with mutation was analyzed. As shown in 

Figure 4.3B, the AAU mutant strain was completely respiratory-deficient on glycerol 



78 

Figure 4.3. Respiratory growth of control and C05 mutant strains. (A) Map of 

the COB genes in the wild-type control strain SUF63-F and the mutant strains AAU and 

CCCA compared to that of wild-type strain LL20. The boxed letters E refer to the EcoRl 

linkers that were introduced into the COB gene when the constructs were made. (B) All 

of the strains shown were streaked on a YEPG plate and incubated at 30°C for 6 days. 

Mitochondrial function is required for growth on YEPG medium. 
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medium. 

The AAU mutant strain has no stable COB mRNA. To examine whether the 

respiratory incompetency of the AAU strain was due to degradation of COB mRNA as it 

is for cbpl mutant strains, mitochondrial RNAs were prepared from all of the control and 

mutant strains. 2 of each RNA was separated on a denaturing agarose gel and 

analyzed by Northern blotting with ^^-radiolabeled probes. The abundance of 

mitochondrial .(4 7P9 mRNA, which codes for subunit 9 of ATP synthase, was used to 

normalize the loading of RNA in each lane. 

The tRNA^'" and COB genes are co-transcribed, and the tRNA and COB mRNA 

are processed from a common precursor RNA (Figure 4.1). It was observed that the 

tRNA®*" level in the AAU strain was comparable to that in the wild-type strain (data not 

shown), implying that the AAU mutation does not aflfect transcription of the tRNA°'"-COB 

unit or processing or stability of tRNA®". If the level of COB mRNA in SUF63-F is 

defined as 100% (Figure 4.4), that in the cbpl mutant is below the level of detection 

(approximately 4% of the message level in the wild-type strain). In contrast to SUF63-F, 

no COB mRNA can be detected in the AAU strain. Thus, similar to the phenotype of 

cbpl mutants, the respiratory deficiency of the AAU mutant is due to the degradation of 

COB mRNA. Consistant with its respiratory-competent phenotype, the CCCA mutant 

accumulated COB message to a steady-state level similar to that in the SUF63-F strain, 

and cbpl/CCCA has no COB mRNA, similar to all other cbpl mutant strains. 

As shown in Figure 4.1, COB precursor RNA has a 5'-end at position -1098 

produced by processing of tRNA®" by tRNA 3'-endonuclease. Mature COB mRNA is 

generated by processing of the precursor at position -955 or -954. In cbpl mutant strains. 
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Figure 4.4. Northern blot analysis of the steady-state levels of COB mRNA in the 

mutant strains. ATP9 is a mitochondrial gene coding for subunit 9 of ATP synthaseM7P9 

mRNA abundance was used to normalize the amount of RNA loaded. Approximately 2 

^g of mitochondrial RNA was applied in each lane of a formaldehyde-containing agarose 

gel. The gel was blotted to Nytran and hybridized to COB and A TP9 probes 

simutaneously. The signals between those for COB and ATP9 mRNAs result from the 

nonspecific hybridization of the COB probe with mitochondrial 16s rRNA. The steady-

state levels of COB mRNAs normalized to ATP9 message levels were as follows: SUF63-

F, 100%; cdp//SUF63-F, 4±2%; AAU, 2±2%; c6p//AAU, 2±2%; CCCA, 130±50%; 

cbpUCCCA^ 3±2%. All of these percentages were obtained from the averages and 

standard deviations of four gels. 
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we have previously observed by primer extension analyses that RNAs with mature 5'-ends 

at -955 and -954 are not detected, whereas precursor RNAs with 5'-ends at -1098 are 

present at about 20% of wild-type levels (Mittelmeier and Dieckmann, 1993; Chen and 

Dieckmann, 1994). To determine if the AAU mutant strain indeed has a phenotype similar 

to cbpl mutant strains, primer extension analysis was used to determine the abundance of 

RNAs with precursor and mature 5'-ends (Figure 4.5 and Table 3). Total cellular RNAs 

were prepared from both the wild-type control and mutant strains. Strain M9410 was 

used as a negative control, since it has a deletion in COB from -975 to -64 and thus has no 

hybridization site for the primer. The abundance of COB RNAs was normalized to the 

abundance of C0X2 mRNA by including a primer complementary to the C0X2 5'-UTR in 

the extension reactions. C0X2 is the mitochondrial gene coding for subunit 2 of 

cytochrome oxidase. Using primer C0B6B, the COB precursor RNA produced a 181-

nucleotide-long extension product, whereas the mature COB message produced 169- and 

170-nucleotide-Iong fragments. 

In the wild-type SUF63-F strain, both COB precursor RNA and mature message 

were observed, as shown in Figure 4.5. The level of COB precursor in the c^»/7//SUF63-F 

strain is decreased to 25% of that in SUF63-F, whereas the mature COB message is below 

the level of detection (about 4% of the message level in wild-type SUF63-F). Similar to a 

cbpl mutant, the respiratory-deficient AAU mutant contains 21% of the level of COB 

precursor seen in SUF63-F, and mature COB message is at too low a level to be detected. 

In contrast, in the respiratory-competent CCCA mutant, COB precursor accumulated to 

about half of the wild-type level, and mature message levels were as high as those in wild-

type. Without a functional CBPl gene, the level of COB precursor RNA in the 



Figure 4.5. Analysis of the abundance of COB precursor and mature RNAs by 

primer extension. 10 pmol of end-labeled COB6B and COX4242 primers were annealed 

to 8 ng of total cellular RNA and extended by reverse transcriptase. About 1/8 of the 

reaction mixture was loaded in each lane. Levels of COB RNAs normalized to C0X2 

message levels are shown in Table 3. 
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Table 3. Levels of COB RNAs* in the 5'-UTR mutant strains 
analyzed by primer extension assay 

Strain COB precursor mature COB RNA 

SUF63-F lOO*" 100 

cbpl/SUF63-¥ 25±8 _ c  

AAU 21±3 -

cbpHAAU 18±3 -

CCCA 58±4 103±10 

cbpUCCCK 19±5 -

ACG 32±4 -

CAG 25±3 -

CCU 36±5 -

a. Numbers are obtained from the averages and standard deviations of five gels. 
b. COB precursor is approximately 25-30 % of the mature COB RNA in SUF63-F strain. 
c. Values are as low as the background level, which is about 3 % of the RNA level in wild-
type strain. 
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cbpl/CCCA strain decreases to 19% of that in SUF63-F and the mature message is below 

the level of detection. In addition to the normal levels of COB RNA, the 5'-ends of the 

messages are positioned ten nucleotides upstreanti of the CCG element in the CCC A 

mutant, as they are for wild-type mRNAs. 

Single-base changes in CCG yield noncondltional and conditional mutant 

strains. To define the essential nature of the CCG more exactly and to facilitate a search 

for suppressor mutations, single-base changes were made. As shown in Figure 4.6B, the 

strain with a change of the central C at position -943 to A (CAG) was completely 

respiratory deficient at all temperatures, while changing the first C at position -944 to A 

(ACG) or the G at position -942 to T (CCU) allowed slow growth at 25°C (Figure 4.6C). 

At SOX the CCU strain grew very slowly, whereas the ACG strain could not grow at all. 

Curiously, both ACG and CCU strains were cold sensitive for growth at 11 °C (Figure 

4.6C). Importantly, both conditional mutant strains generated faster-growing colonies 

that could grow on the nonfermentable carbon source glycerol at 30°C, indicating the 

possibility that pseudo-reversion could occur (see below). 

Mitochondrial RNAs fi'om the single-nucleotide mutants grown in glucose medium 

at 30 °C were analyzed by Northern blotting. To avoid the nonspecific hybridization 

signals of rRNAs, an end-labeled COB654A probe was used to detect COB mRNA levels. 

Signals fi^om A TP9 RNA were used for normalization. As shown in Figure 4.7, none of 

the single-nucleotide mutants, ACG, CAG and CCU, has detectable COB mRNA. Primer 

extension analysis of COB RNAs fi-om each mutant strain yielded results similar to those 
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Figure 4.6. Respiratory growth of the CCG single-nucleotide mutants. (A) Maps 

of the COB 5'-UTRs and growth of the single-nucleotide mutants. Growth levels: ++, 

growth that can be observed after 2 days; +, growth that can be observed after 4-5 days; 

- *, growth that cannot be observed within 10 days, but spontaneous revertants arise 

during this period; no growth observed at all. (B) Growth on glycerol of the single-

nucleotide mutants compared to that of the wild-type strain and the AAU mutant when 

incubated at 30°C. Pictures were taken at days 6 and 12 of incubation. (C) Respiratory 

growth of the single-nucleotide mutants at 11 °C, 25°C, and 37°C. 
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Figure 4.7. Northern blot analysis of COB mRNA levels in the COB 5'-UTR 

single-nucleotide mutant strains ACG, CAG, and CCU. Approximately 2 ng of 

mitochondrial RNA was loaded in each lane of a denaturing agarose gel containing 1 mM 

methylmercury hydroxide, which was blotted onto Nytran and hybridized with a COB 

probe and mATP9 probe separately. 
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Figure 4.8. The abundance of COB precursor and mature RNAs in the COB 5'-

UTR single-nucleotide mutant strains analyzed by primer extension. The method is the 

same as described in Figure 4.5. Levels of COB RNAs normalized to C0X2 message 

levels are shown in Table 3. 
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of the Northern blot (Figure 4.8 and Table 3); all of the single-nucleotide mutants had 20 

to 40% of the wild-type COB precursor RNA level, and the level of mature COB message 

was below the 4% threshold for detection. Since the ACG and the CCU mutants can 

indeed grow slowly on glycerol medium, they must have a small amount of COB mRNA 

to support the limited respiratory capability observed. 

Suppressor analysis provides genetic evidence for a direct interaction 

between Cbpl and the 5'-UTR of COB mRNA. Faster-growing colonies arose 

spontaneously on the patches of the ACG and CCU strains at SO'C. One possibility is 

that these variants had acquired mutations in Cbpl that restore the interaction between the 

protein and COB mRNA. Ten of the pseudo-revertants were picked and subjected to 

further analysis (Chapter V). One of the suppressors of the ACG strain, sup-a2 (Figure 

4.9A), was shown to contain a dominant nuclear suppressor mutation genetically linked to 

CBPl. Dominance of the suppressor was demonstrated by a cross to a wild-type strain 

with no mtDNA (mitochondrial DNA), LUlOlrho". The diploid was respiratory 

competent at 30°C on glycerol medium (Figure 4.9B). Twenty-two tetrads from this 

cross segregated 2:2 for respiration, demonstrating that sup-a2 contains a single nuclear 

mutation. To test whether the suppressor gene in sup-a2 is linked to CBPl, the 

suppressor (MATa) was crossed to a cbpl strain with no mtDNA, CPlUrhaP. Forty 

tetrads from this cross segregated 2:2 for respiration, showing that the suppressor 

mutation in sup-a2 is linked to CBPl. 

To determine the mutation in CBPl in the suppressor strain sup-a2, the CBPl 



genes from the original wild-type SUF63-F, the ACG mutant, and sup-a2 were amplified 

by PGR from genomic DNA and sequenced. A single-base mutation in CBPl was 

detected only in the sequence recovered from the dominant suppressor strain sup-a2. The 

mutation changed codon 533 from GAT to TAT, thus changing the amino acid sequence 

from an aspartate (D) to a tyrosine (Y) at this position. The PGR products were ligated 

into the centromere-based shuttle vector pRS413. The recombinant plasmids were 

transformed into the AGG strain, which has a wild-type copy of CBPI in the genome. 

The strain transformed with the D533 Y-bearing plasmid could grow on glycerol medium 

at 30''C, whereas the strain transformed with the additional wild-type CBPl* gene could 

not (Figure 4.9G). The phenotype of the transformants is consistent with the hypothesis 

that the single mutation is responsible for the dominant suppression phenotype of the 

original revertant strain. 

To test whether the D533Y mutation itself confers a growth defect on glycerol 

medium, a wild-type mitochondrial genome was introduced into a sup-a2 strain lacking 

mtDNA, D533 Y/rAo". The resulting D533 Y/rAo"^ strain grew like wild-type at all 

temperatures on YEPG. To test whether the D533 Y mutation could suppress the other 

single-base changes in the COB mRNA, the \rho*^°'\ and mitochondrial 

genomes were transferred into D533Y//-Ao'' by cytoduction. The D533Y mutation allows 

the strain with the GGU mutation to grow on glycerol. However, it cannot rescue the 

GAG mutant strain (Figure 4.9D). The return of COB mRNA in the sup-a2 strain is 

documented in the Northern blot shown in Figure 4.10. The suppressor sup-a2 
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Figure 4.9. Strain sup-a2 is a dominant suppressor of the ACG and CCU 

mutations. All strains are designated by the genotype at the nuclear CBPl locus followed 

by a virgule and the genotype at the mitochondrial COB locus. All plates shown are 

YEPG medium incubated at 30° C for 4 days. (A) Respiratory growth of the spontaneous 

suppressor strain, sup-a2, compared with wild-type control SIJF63-F and mutant ACG. 

(B) Dominance of sup-a2 as demonstrated by the respiratory growth of the diploids from 

crosses of iLLlQIrhoP to SIJF63-F, ACG, and sup-a2. (C) Respiratory growth of the 

ACG mutant strain transformed with pRS413 plasmids bearing CBPl isolated from the 

wild-type, ACG, and sup-a2 strains. (D) D533Y has no respiratory negative phenotype of 

its own as shown by the growth oiT>S33Ylrho* on a YEPG plate. D533Y can suppress 

the ACG and the CCU mutations, but not the C AG mutation, as demonstrated by the 

growth of D533Y/r/jo"''^° D533Y/r/io'^° and D533Y/r/io"^^^. 
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Figure 4.10. Northern blot analysis of COB mRNA levels in the suppressor sup-a2 

strain. Mitochondrial RNAs were isolated from SUF63-F and sup-a2 strains grown to 

stationary phase in YEPG medium. Approximately 2 jig of each sample was loaded in a 

methylmercury hydroxide-containing agarose gel. 
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accumulated 10% of the level of COB mRNA in wild-type strain. 

Discussion 

Based on previous genetic and molecular studies of CBPl temperature-sensitive 

mutants (Staples and Dieckmann, 1993) and mutants with deletions in COB mRNA 

(Mittelmeier and Dieckmarm, 1993), two models have been proposed to explain how the 

nuclear-encoded Cbpl protein interacts with COB mRNA to stabilize it (Figure 4.11). 

One model predicts that Cbpl acts as an enzyme, processing or promoting the processing 

of the COB precursor RNA to mature message. The newly generated mRNA might then 

fold into a nuclease-resistant structure such as a stem-loop. However, we learned from 

Chapter in that Cbp 1 is still required for COB mRNA stability after processing of the 

COB precursor, which suggests that secondary structure of the RNA alone does not 

protect the mRNA. The second model predicts that Cbpl or a protecting apparatus 

directed by Cbpl binds directly to the COB 5'-UTR and physically protects the message 

from the action of mitochondrial nucleases. A secondary structure of the RNA could be 

required for recognition by Cbp 1. 

The current study builds on a previous deletion analysis of the COB 5'-UTR 

(Mittelmeier and Dieckmann, 1993) to localize the c/s-element regulating COB mRNA 

stability and thus to identify the potential Cbpl-recognition site in the COB 5'-UTR. The 

64 nucleotides from position -961 to -898 of COB were shown previously to be suflBcient 

to confer Cbpl-dependent mRNA stability. We proposed that a stem-loop structure 

predicted in the -961 to -898 COB RNA suflBciency region by the Zuker FOLD program 
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Figure 4.11. Two models that describe how Cbpl protein might be interacting 

with COB mRNA and protecting it from degradation by mitochondrial nucleases. 
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might be important for recognition by Cbp 1. Since the destruction of intramolecular base 

pairing in a putative stem by mutation of sequence from -953 to -950 of COB did not 

affect COB mRNA accimiulation (Figures 4.3 and 4.4), we have concluded that this 

structure is not required for recognition by Cbpl. It is possible that an alternative paired 

structure forms in vivo to take the place of the wild-type stem, bulging out the mutated 

nucleotides. 

In the previous study, various deletions resulted in replacement of portions of the 

-961 to -898 "sufiBciency" region with other AT-rich mitochondrial sequence or linkers 

used for mutant constructions. These results focused our attention on the -948 to -938 

interval, which was present in all strains that had stable COB mRNA and absent in strains 

with degraded COB messages. The CCG in the middle of this otherwise AU-rich 

sequence was particularly striking, since such a combination of three nucleotides is not 

found in AU-rich UTRs of any other mitochondrial mRNAs other than in short, very GC-

rich repetitive elements called "GC-clusters" (deZamaroczy and Bemardi, 1986). As 

shown here, the CCG at positions -944 to -942 is absolutely required for COB mRNA 

stability. Since the phenotype of the mutants with changes at these positions is 

indistinguishable from that of a cbpl mutant, the results suggest that the CCG is required 

for recognition of the RNA by Cbpl. Also, since the CCG cannot form conventional 

basepairs with any other sequence in the COB 5'-UTR sufiBciency element due to the 

remarkable AU richness of the leader, we hypothesize that Cbpl is either a sequence-

specific single-stranded RNA-binding protein similar to Sm (Jones and Guthrie, 1990), 
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heterogeneous nuclear ribonucleoprotein particle proteins (hnRNP proteins) (Dreyfuss et 

ai, 1993), and U2AF (Zamore et ai, 1992) or the CCG is in a secondary structure formed 

by non-Watson-Crick base pair interactions (Holbrook etaL, 1991; Le et ai, 1994). 

Cbpl, however, does not contain the consensus RNA-binding motifs (Bairoch, 1991) 

found in many of the sequence-specific single-stranded RNA-binding proteins (Dreyfuss et 

ai, 1993). 

Although no sequences or structures governing processing or stability have been 

shown to be common to all mitochondrial 5'-UTRs, the dodecamer sequence 

AAUAA(U/C)AUUCUU present at the 3'-end of all the yeast mitochondrial mRNAs has 

been identified as a binding site for a trimeric complex and serves as a site for processing 

of pre-mRNAs to mature mRNAs (Min and Zassenhaus, 1993). Unstructured 

dodecameric oligonucleotides bind to the trimeric complex; thus, it appears that the 3'-

UTR protection complex is recognizing the sequence of the RNA in a single-stranded 

context. Therefore, the 3'-UTR protection complex is a good example of a mitochondrial 

sequence-specific single-stranded RNA-binding protein. Cbpl may be similar in 

specifically binding to the 5'-UTR of COB to protect it against degradation. 

Although we have shown that the CCG in the COB 5'-UTR is necessary for 

recognition by Cbpl, it is clearly not suflScient. There are 32 CCG sequences in 

transcribed regions of the mitochondrial genome that are not part of bona fide GC 

clusters. Binding of Cbpl to the other 31 sequences is not important for mitochondrial 

fimction since no other mitochondrial RNAs are affected by the loss of Cbpl (Dieckmann 
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et al., 1984b). All but three of the 31 CCGs are in highly structured tRNAs, rRNAs, and 

introns. The other three are found in the reading frames of the genes for cytochrome 

oxidase subunits 1 and 3. One site in COXi matches 7 of 11 nucleotides in the -948 to 

-938 interval of the COB 5'-UTR. Either the sequence or structural context of these other 

sites precludes binding of Cbpl, or binding to these sites does not lead to cleavage of the 

RNA 10 nucleotides upstream of the CCG as it does in the COB 5'-UTR. 

Our hypothesis that Cbpl recognizes the CCG in the 5'-UTR of COB RNA is 

strengthened by the recovery of a mutation in Cbpl that suppresses the phenotype of a 

point mutation in the RNA element. A change of position -944 of COB from C to A is 

suppressed by a change of amino acid 533 of Cbpl from aspartate to tyrosine. The 

suppressor mutation can also suppress the change of position -942 from G to U, but 

cannot suppress the change of position -943 from C to A. Thus, the suppressor is not 

completely allele-specific, which suggests that weak contacts are being strengthened or 

new contacts are being created (Sandrock et aL, 1997). Since the aspartate-to-tyrosine 

change occurs adjacent to two lysine residues (K531 and K532), the change to a neutral 

charge could increase the aflBnity of electrostatic interactions between the lysines in Cbpl 

and phosphates in the RNA, or the tyrosine could be involved in a new hydrogen bond 

between the protein and a specific base in the RNA backbone. An alternative hypothesis is 

that Cbpl is part of a complex of proteins and that the D533Y mutation alters the 

conformation of the complex so that it can recognize the altered RNA. Distinguishing 

between these two hypotheses will require additional investigation. 
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CHAPTER V. SUPPRESSOR ANALYSIS OF MUTATIONS IN THE 5'-UTR OF COB 

mRNA IDENTIFIES COMPONENTS OF GENERAL PATHWAYS FOR 

MITOCHONDRIAL mRNA PROCESSESTG AND DECAY IN SACCHAROMYCES 

CEREVISIAE. 

Abstract 

The cytochrome b gene in Saccharomyces cerevisiae, COB, is encoded by the 

mitochondrial genome. Nuclear-encoded Cbpl protein is required specifically for COB 

mRNA stabilization. Cbpl interacts with a CCG element in a 64-nucleotide sequence in 

the 5'-UTR (untranslated region) of COB mRNA. Mutation of any nucleotide in the CCG 

causes the same phenotype as cbpl mutations, i.e. destabilization of both COB precursor 

and mature message. In this study, eleven nuclear suppressors of single-nucleotide CCG 

mutants were isolated and characterized. One dominant suppressor is in CBPl, while the 

other ten semi-dominant suppressors define five distinct linkage groups. One group of 

four mutations are in PETI27, which is required for 5'-end processing of several 

mitochondrial mRNAs. Another mutation is linked to DSSI, which is a subunit of 

mitochondrial exoribonuclease. We hypothesize that the products of the three 

uncharacterized genes also affect mitochondrial RNA turnover. 

Introductioa 

Gene expression in yeast mitochondria is a coordinated process that requires the 
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functions of both nuclearly and mitochondrially encoded proteins. Mitochondrial COB 

mRNA, which encodes cytochrome b, is a good model to study this type of fine regulation 

in Saccharomyces cerevisiae. Nuclear protein factors specific to the COB transcript have 

been shown to be required for processing of introns, production of the 5'-end of the 

mRNA, mRNA stability, and mRNA translation. In this study, we have used genetic 

suppressor analysis to uncover factors involved in general pathways of mRNA decay in 

yeast mitochondria. 

The nuclear-encoded protein Cbpl stabilizes COB mRNA but none of the other six 

mitochondrial mRNAs (Dieckmann et ai, 1984). COB mRNA is undetectable in cbpl 

mutants, thus the mutants are respiratory-deficient; they can grow on a fermentable carbon 

source, such as glucose, but not on a non-fermentable carbon source, such as glycerol. 

Our recent study supports the idea that Cbpl protein physically interacts with the RNA to 

protect it fi'om nucleolytic degradation (Chen and Dieckmann, 1997). We showed that a 

CCG element at positions -944 to -942 of the COB 5'-UTR (with start codon AUG of 

COB defined as +1) plays a critical role in COB mRNA stabilization. Mutation of any 

single nucleotide of this CCG eliminates COB mRNA accumulation and reduces the level 

of pre-C05 RNA five fold, a phenotype equivalent to that of cbpl mutants. Since the 

single-nucleotide mutations affect COB mRNA levels drastically, the respiratory growth of 

the mutants on glycerol was affected. Mutant CAG (CCG-CAG) is like mutant AAU 

fCCG-AAU). and does not grow at all at any temperature. However, mutants ACG 

(CCG-ACG) and CCU (CCG^CCU) grow slowly at 25''C and 30°C, and faster-growing 
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suppressors arise spontaneously (Chen and Dieckmann, 1997). 

In this chapter, we have characterized eleven of these suppressors. The 

suppressors are nuciearly encoded. One is a dominant mutation resulting from a single 

nucleotide mutation in CBPl (Chapter FV). The other ten suppressors are semi-dominant, 

and fall into five different linkage groups. One of the linkage groups is defined by pet 127 

mutations. PET127 functions in 5'-processing and turnover of mitochondrial RNAs 

(Wiesenberger and Fox, 1997). Another suppressor is linked to DSSl. DSSl encodes one 

of the three protein components comprising the 3'-5' exoribonuclease activity in yeast 

mitochondria (referred to as mtEXO) (Dmochowska et al., 1995). The other three 

linkage groups define unknown loci. 

Results 

Single-nucleotide mutations in COB mRNA allow recovery of spontaneous 

suppressors. In a previous study of the COB 5'-UTR, a 64-nucleotide sequence was 

defined as suflScient for COB mRNA stabilization (Mittehneier and Dieckmann, 1993). 

Within this c/5-eIement, the sequence CCG located at positions -944 to -942 was shown to 

be particularly important, since mutation of any of the three nucleotides leads to 

degradation of COB messages and thus respiratory deficiency (Chen and Dieckmann, 

1997). The AAU mutant, in which the CCG is mutated to AAU, and the CAG mutant, 

with CCG mutated to CAG, are strong enough to disallow any growth on glycerol 

medium at all temperatures. However, the ACG mutant, with CCG mutated to ACG, and 
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the CCU mutant, with CCG mutated to CCU, grow slowly on medium containing a 

nonfermentable carbon source and give rise to faster-growing colonies (Chen and 

Dieckmann, 1997). Ten independent strains carrying suppressors were isolated, five fi-om 

the ACG mutant, sup-al, sup-a2, sup-a3, sup-a4, and sup-a5, and five fi^om the CCU 

mutant, sup-u6, sup-u7, sup-u8, sup-u9 and sup-ulO (Figure 5.1). All ten suppressors 

were shown to be mitotically stable (see Materials and Methods); suppression was not 

lost after overnight growth in rich glucose medium, which is non-selective fiar respiration. 

This implies that the suppressors are due to stable and heritable genomic mutations. 

To determine whether the suppressor mutations were nuclear or in the 

mitochondrial genome, the mitochondrial genomes of the ten suppressor strains were 

transferred into the wild-type LL20 nuclear background via cytoduction using a 

karyogamy-deficient strain. The resulting strains were as respiratory-deficient as the 

original ACG and CCU mutants (data not shown). Thus, the suppressor mutations were 

in the nuclear genome. 

To test dominance, the suppressors (MATauraS his3) were outcrossed to the 

aLL20/rho° strain and respiration of the diploids was examined. As shown in Figure 5.2, 

only the sup-a2/+[r/io'^^'^'^] diploids showed respiratory competence similar to that of the 

haploid, which implies that sup-a2 contains a dominant suppressor. One might have 

expected that the and diploids would grow similarly to the 

respective and haploid strains. However, the diploids grew slower 

than the haploids on glycerol (i.e. and < 
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Figure 5.1. Respiratory growth of the spontaneous suppressors of the ACG and 

CCU mutant strains. All strains were streaked on YEPD plates, and after overnight 

incubation replicated onto YEPG plates. Pictures were taken after 4 days of incubation on 

YEPG at 30°C. SUF63-F is the wild-type control strain. 



SUF63-F SUF63-F 
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Figure 5.2. Dominance test of the suppressors. The eleven suppressors, control 

strain SUF63-F, and the ACG and CCU mutant strains were crossed to alAJlOlrhaP. All 

haploid and diploid strains were streaked on YEPD plates, and then replicated onto 

YEPG plates after overnight incubation. Pictures were taken after 6 days of incubation at 

see on YEPG. All strains are named by nuclear genome, followed by mitochondrial 

genome. (A) The mitochondrial genomes are if not specified. The plate was 

incubated at 28°C instead of 30°C to better show the growth difference between 

diploid and sup/-^\rho*'^'^°'\ diploids. (B) The mitochondrial genomes are 

if not specified. 
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Upon combining any one of the other nine suppressors with wild-type 

{supl+), a level of growth between that of the respiratory-incompetent +/+ diploids and 

diploid suppressor strains sup!sup was observed. Thus, except for sup-a2, aU of the other 

nine suppressor mutations are defined as semi-dominant (+/+ <supl-^ <sup/sup). 

To examine whether each of the suppressor strains contained single nuclear 

mutations, the diploids were sporulated and 20-40 tetrads were dissected for each diploid. 

The tetrads were grown on YEPD and replica-plated onto YEPG medium. Eight 

suppressor diploids yielded tetrads that were 2:2 for respiration, demonstrating that these 

eight suppressors contain single nuclear mutations. The majority of the sup-u9 diploids 

that were dissected showed 2:2 segregation, however, one diploid yielded two unlinked 

suppressors. The second suppressor was isolated fi"om an NPD (non-parental ^type) 

tetrad of this sup-u9 diploid, and was named sup-ull. sup-ul 1 showed very similar 

features to the other five CCU suppressors, containing a single nuclear semi-dominant 

mutation (Figure 5.2). Since the diploids do not respire well, we believe that the second 

suppressor arose during the respiratorily selective growth in the acetate-containing 

sporulation medium. 

Eleven suppressors define six linkage groups. Since the mutations behaved in a 

dominant or semi-dominant fashion, it was not possible to use complementation analysis 

to group the suppressors. Thus, linkage analysis was required for determining groupings. 

To be able to cross the suppressors to each other, the original Tar suppressors were 

converted to isogenic 7a strains by mating-type switching. To facilitate the selection 
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of diploids on minimal medium, the URA3 locus of each oftheA£4 Tar suppressors was 

disrupted by insertion ofLEU2 (see Materials and Methods). Diploids oiMATauraS 

his3 sup I X MATa Ieu2 his3 sup2 were selected on WO+histidine medium. The diploids 

from all crosses were respiratory competent, which is consistent with our observation that 

the suppressors are semi-dominant. The diploids were sporulated and tetrads were 

dissected. After scoring the tetrads for respiration from all crosses, the eleven suppressors 

were categorized into six linkage groups (Table 4). The dominant sup-a2 suppressor was 

shown to be a cbpl mutation and has been described in detail previously (Chapter IV). 

None of the other ten suppressors was linked to CBPl, and they fell into five different 

linkage groups. 

Suppressors show some allele specificity and have no phenotype of their own. 

One possibility for gain-of-fimction suppressors is that they may have a phenotype of their 

own when separated from the original mutation (Adams and Botstein, 1989). The semi-

dominant suppressors do not have a respiratory deficient phenotype of their own when 

combined with a wild-type mitochondrial genome (Table 5). This result is consistant with 

the hypothesis that these suppressors are loss-of-fiinction mutations. 

Some dominant reciprocal suppressors are also allele specific. To examine 

whether the suppressors can suppress [rho*^°'\ and and whether 

the suppressors can suppress and different "sup" nuclear 

backgrounds were combined with different mitochondrial mutant genomes by cytoduction. 

The respiratory growth at 30°C of all new strain combinations are summarized in Table 5. 
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Table 4. The linkage groups of the suppressors of COB 5'-UTR mutants 

Linkage group Suppressor strains Locus Dominance 

I sup-a2 CBPl dominant 

n sup-al, sup-u6, sup-u7, and sup-u8 PET127 semi-dominant 

m sup-a3, sup-a4, and sup-u9 7 semi-dominant 

IV sup-a5 ? semi-dominant 

V sup-ulO ? semi-dominant 

\a sup-ull DSS-1 ? semi-dominant 

Table 5. Allele specificity as shown by respiratory growth of different combinations of 
nuclear {sup) and mitochondrial (rho) mutations 

nucleus 
mito 

LL20 sup-
al 

sup-
a2 

sup-
a3 

sup-
a4 

sup-
a5 

sup-
u6 

sup-
u7 

sup-
u8 

sup-
u9 

sup-
ulO 

rho' -H- -H- -H- -H- ++ ++ -H- ++ ++ + ++ 

_ •  -H- -H- -H- -H- ++ ++ -H- -H- + + 

- +» - - - -
_ *  _ •  

-

+» ++ ++ ++ 

-H- growth observed after 2-4 days of incubation 
+ growth observed after 5-8 days of incubation 
- no growth observed after 10 days of incubation 
* faster-growing colonies observed 
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All of the suppressors can suppress all of the \rho*^^"'\ suppressors 

can suppress [rho*'*^^'\, though most of the suppressors are unable to suppress [rho*^^]. 

Thus, the suppression of COB S'-UTR mutations by the suppressors isolated here are 

partially but not completely allele-specific. This result is also consistant with these 

mutations being loss-of-fiinction alleles. 

Over-expression of CBPl suppresses the ACG and CCU mutations but not 

the CAG mutation. Previous genetic evidence showed that Cbpl interacts with COB 

mRNA (Chapter IV). We wondered whether the interaction with mutated COB mRNA 

could also be suppressed by increasing the level of wild-type Cbpl protein in vivo. The 

pG60/T31 plasmid, which contains the CBPl gene in the 2\i YEpl3 backbone, was 

transformed into the ACG CAG and CCU strains. 

Transformation of YEpl3 alone into these strains was used as a control. Figure 5.3 shows 

growth of the transformants on glycerol medium. Approximately 10-fold over-expression 

of CBPl suppressed the respiratory deficiency of the and mutants, but 

not the [rho*^°] mutant. Consistent with our previous findings, this is another piece of 

evidence that the Cbpl protein interacts with COB mRNA. Presumably the binding 

aflBnity between Cbpl and COB 5'-UTR is lowered because of the mutations in CCG, but 

the affinity is strong enough that binding can be restored by increasing the level of Cbpl 

several fold in the cell. 

RNA analysis reveals processing defects in some suppressor strains. To begin 

to analyze the function of the suppressors we wanted to examine COB mRNA in these 
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Figure 5.3. Suppression of the ACG, CAG and CCU mutants by over-expression 

of CBPl. Plasmid p60/T31 which contains CBPl in the 2n vector Yepl3 [lane 

"p(CBPl)"], and an empty YEpl3 (lane "vector") were transformed into control strain 

SIJF63-F, and the mutants ACG, CAG and CCU. The picture was taken after 6 days of 

incubation at 30°C on YEPG. 
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strains. Mitochondrial function was induced by growing the suppressors in YEPG media 

and total cellular RNAs were prepared. To compare COB RNA processing in the 

suppressors with that in the wild-type strain, primer extension reactions were utilized to 

examine the ratio of COB pre-RNA to mature message (Figure 5.4A). Group n 

suppressors showed a striking RNA phenotype; COB precursor accumulated to a level 4-5 

fold higher than that in the wild-type strain. However, no mature COB message was 

detected. This implies that COB pre-RNA can be translated since the strains respire 

(discussed below). Suppressors in the other linkage groups accumulated both COB 

precursor and mature message, however, at levels 2-5 fold lower than those in wild-type 

(Table 6). Figure 5.4B shows the primer extension assay for the four spores from an NPD 

tetrad of sup-u9 and sup-ul 1. 

Survey of RNA turnover genes. Since the phenotype of the Group II 

suppressors was indicative of a loss-of-function in 5'-trimming of COB pre-mRNA, we 

decided to survey genes encoding known components of mitochondrial mRNA processing 

and turnover machinery as likely candidates mutated in our suppressor strains. PET 127 

was a good candidate because it was shown to have a role in RNA 5'-triinming and 

turnover of a broad range of mitochondrial transcripts including COB (Wiesenberger and 

Fox, 1997). pet 127 mutants accumulate COB pre-RNA and have no mature message, 

similar to the Group n suppressors in this study. Another good candidate is encoded by 

the nuclear SOCl gene, socl mutations suppress cbpl" mutations, and cause 

accumulation of precursor and mature COB mRNA in levels similar to Group HI - VI 
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Figure 5.4. Accumulation of COB pre-RNAs and mature messages in the 

suppressor strains analyzed by primer extension assay. Total cellular RNAs were prepared 

from each strain grown in glycerol medium. 10 pmol of C0B6B and COX4242 primers 

were end-labeled and hybridized in a saturation ratio to 8 (ig of RNA. cDNAs were 

synthesized by reverse transcriptase and separated on a sequencing gel. Signals from 

C0X2 mRNA were used for normalization. (A) Strain sup-al, -a2, -a3, -a4, -a5, and sup-

u6, -u7, -u8, and -ulO. (B) Strain sup-u9 and sup-ul 1 shown as segregated from an NPD 

tetrad. 
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Table 6. Levels of COB RNAs* in the spontaneous suppressor strains of the COB 5'-UTR 
single-nucleotide mutations 

Strain COB 
precursor 

mature 
C05RNA 

Strain COB 
precursor 

mature 
COBKNA 

SUF63-F 100" 100 sup-u6 499±30 -

sup-al 405±30 sup-u7 444±50 -

sup-a2 20±5 8±3 sup-u8 521±70 -

sup-a3 30±5 4±1 sup-u9 38±10 13±3 

sup-a4 48±5 7±2 sup-ulO 42±3 8±1 

sup-a5 31±3 8±1 sup-ull 69±11 14±1 

a. Numbers are obtained from the averages and standard deviations of five gels. 
b. COB precursor is approximately 25-30 % of the mature COB RNA in SUF63-F strain. 
c. Values are as low as the background level, which is about 3 % of the RNA level in wild-
type strain. 
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suppressors, socl mutations increase RNA accumulation in mitochondria generally 

(Staples and Dieckmann, 1994). We also tested to see whether our suppressors are in 

SUV3 or DSSI. Along with a third 75 kDa protein, Suv3 and Dssl constitute a 

mitochondrial 3'-5' exonuclease (mtEXO) activity (Margossian et aL, 1996; Dmochowska 

et aL, 1995). Therefore aU the candidates described above play a role in general RNA 

turnover pathways in yeast mitochondria. 

Group n suppressors arepetl27 mutations. PET127 was originally identified 

as a suppressor of mutations in the mitochondrial translationai activator. Pet 122, which is 

required for translation initiation of C0X2 (Haffier and Fox, 1992). Recently it was 

found that Pet 127 is required for proper S'-trimming and turnover of mitochondrial RNAs 

(Wiesenberger and Fox, 1997). We found that our group n suppressors had a phenotype 

similar to that of the petI27lcox3 double mutants in that study. To examine the possibility 

that group EL suppressors were in the PETl27 \ocus, plasmid pGW694, which carries a 

wild-type copy of PETl 27 on the Yplac33 backbone, was transformed into all eleven 

suppressor strains containing the URA3::LEU2 disruption. Transformants of linkage 

group n suppressors were as respiratory-deficient as the original and 

mutants, whereas transformants of the other groups maintained respiratory competence. 

To test whether a mutant pet 127 nuclear background would suppress mutations in 

CCG, [rho*^'^'\ and mitochondrial genomes were combined with a 

pet 127 nuclear genome via cytoduction. Respiratory growth of recombined strains 

pet 12 7lrho*'^^°, pet 12 7lrho*^° and pet 12 7lrho*^^" are shown in Figure 5.5 A. The pet 127 
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mutation did suppress the respiratory deficiency of the ACG and CCU mutants, and 

allowed very slow growth of the CAG mutant at 30°C (observed after seven days of 

incubation). 

To examine whether group n suppressors are indeed linked to PET127, they were 

crossed to an isogenicpetllV/rho" strain. The diploids were sporulated, and 20 tetrads 

were scored fi-om each cross. All tetrads segregated 4^:0" for respiration, implying that 

group n suppressors are tightly linked to PETI27. 

To examine the molecular nature of the pet 127 genes in group II suppressors, the 

genes were amplified by PCR, cloned, and sequenced. Compared with the wild-type 

PET 127 gene in the LL20 strain, all four group II suppressors were found to contain 

mutations in PETI27. sup-al contained a single nucleotide deletion at position +585 

(with A of start codon AUG defined +1), which results in a premature termination at 

codon 310 of the wild-type protein. sup-u6 contained a single nucleotide mutation of G -

T at position +1597, which changes codon 533 from Glu (GAA) to a stop codon (UAA). 

sup-u7 contained a single nucleotide deletion at position +997, which results in a peptide 

truncated at codon 345. Finally, sup-u8 contained three mutations; the most upstream 

one was a G-T mutation at +391, which changes codon 131 from Glu to a stop codon. 

These data show that all group II suppressors contain either nonsense mutations or 

frameshift mutations in PET 127, which are likely knockouts of gene fimction. 

None of the suppressors is a socl mutation, but a socl mutation can suppress 

ACG and CCU mutations, but not the CAG mutation, socl mutations were identified 
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Figure 5.5. Suppression of the ACG, CAG and CCU mutations in COB by pet 127 

(A) and socl (B) nuclear mutations. Pictures were taken after 4 days of incubation at 

see on YEPG plates. (A) Respiratory growth of the strains petI27lrho*'^^°, 

petl27lrhd"^°, andpetl27lrho*^^^. Thepetl27lrho*^'^ strain started to show light 

growth after 7 days (data not shown). (B) Respiratory growth of the strains socHrho*^^'^, 

socllrho*^°, and socHrho*^^". Growth of socllrho*^° could not be observed after 10 

days of incubation (data not shown). 
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previously as nuclear suppressors of cbpl" mutations (Staples and Dieckmann, 1994). 

socl behaves as a true recessive suppressor of the cbpl" mutations. cbpV socl mutants 

showed accumulation of both COB precursor and mature message, though both in 

reduced levels compared with those in the wild-type strain. To examine whether any of 

the suppressors in the present study were socl, the ten semi-dominant suppressors were 

crossed with aRSY19/rAo° which is a socl mutant strain containing no mitochondrial 

DNA. We reasoned that if a suppressor is in the socl locus, a cross of the two strains 

(socl/socl) should yield respiratory-competent diploids, whereas if the suppressor is not 

socl, the diploids would be partially respiratory-deficient. All diploids were as 

respiratory-deficient as the original ACG or CCU mutants (data not shown). This implies 

that none of the suppressors is socl. 

To examine whether socl can suppress CCG cob mutations in a haploid strain, 

socllrho*'^^^, socllrho*^°, and socUrho*'^^" strains were made via cytoduction. 

Respiratory growth of these strains are shown in Figure 5.5B. socl can indeed suppress 

the ACG and CCU mutations in COB mRNA, but not the CAG mutation. This finding 

strengthens the idea that SOCl plays a role in mitochondrial RNA decay. 

The suppressors are not suv3 mutations. SUV3 was originally identified by a 

nuclear suppressor that affects a variety of post-transcriptional processes in yeast 

mitochondria (Zhu et al., 1989) and was recently identified as a helicase component of the 

mitochondrial 3'-5' exonuclease (mtEXO) (Margossian et al, 1996). suvS mutations lead 

to pleiotropic mitochondrial RNA defects including: accumulation of excised group I 
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introns, unspliced aI5- or bD-containing precursors, and reduced COB and COXl mRNA 

levels (Conrad-Webb et al., 1990). We did observe intron bI4- and bI5-containing 

processing intermediates in some of the group n and group HI cob suppressors (Northern 

blot not shown), consistent with the observations of Conrad-Webb et al. (1990). To study 

whether any of the suppressors might be in the SUV3 locus, plasmid YEp24(Tl), which 

contains a wild-type SUV3 fragment in the YEp24 backbone, was transformed into all 

eleven suppressors. Transformation did not cause any difference in respiratory growth of 

the suppressors, which implies that none of the suppressors is in the SUV3 locus. 

The sup-ull suppressor is linked to DSSl. DSSl was identified as a multicopy 

suppressor of a suvS disruption strain that caimot stably maintain mitochondrial genomes 

(Dmochowska et al., 1995). The Dssl protein encodes another of the three protein 

components of the mtEXO complex and has sequence homology to E. coli 3'-5' 

exonuclease RNasell. Plasmid pAD15, which carries a wild-type copy of the DSSl gene 

on the YEp434 backbone, was transformed into all eleven suppressor strains. Introducing 

a wild-type copy of DSSl gene partially affected respiratory growth of group HI and 

group VI suppressors, but did not affect suppressors in the other groups. Crosses of 

group HI suppressors to the isogenic dssl/rho" strain did not yield respiratory competent 

diploids, which implies that group HI suppressors are not dssJ mutations. However, the 

cross of sup-ul 1 to dssI/rhaP yielded respiratory-competent diploids. All 40 tetrads from 

this cross showed 2:2 segregation for respiration. Since knockout mutations in DSSl lead 

to loss of mitochondrial DNA (Dmochowska et al., 1995), the results of the tetrad 
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Discussion 

Yeast mitochondrial RNAs are different from yeast cj^oplasmic RNAs. They do 

not have the m^Gppp cap structure at the 5'- ends, and polyadenylation of 3'-ends has not 

been reported. They do have long AU-rich 5'- and 3'-UTRs and a common motif at the 3'-

end, a AAUAA(U/C)AUUCUU dodecamer sequence (Osinga et ai, 1984). Little is 

known about the turnover pathways for mitochondrial RNAs in yeast. A general 3'-*5' 

exonucleolytic decay pathway is suggested by the presence of both a degradative enzyme 

and a common protection mechanism against its action. Three polypeptide units comprise 

the 3'-'5' exonuclease activity, two of which are encoded by SUV3 and DSSl (for a 

review, see Margossian and Butow, 1996). A three-polypeptide protein complex binds to 

the 3'-dodecamer sequence of each of the mitochondrial mRNAs and protects them from 

3'^5' degradation (Min and Zassenhaus, 1993). In addition to the 3'-5' pathway, there are 

emerging hints that a 5'-end-dependent pathway may also be important for mRNA 

maturation and decay. In a recent study by Wiesenberger and Fox (1997), and in our 

current pet 127 nulls were recovered as suppressors of both cox3 and cob 5'-UTR 

mutations which render the individual mRNAs unstable. A careful analysis showed that a 

pet 127 knockout affects the stability and 5'-end processing of many mitochondrial mRNAs 

and 15S rRNA (Wiesenberger and Fox, 1997). Whether 3'-5' or 5'-end-dependent 

degradation is the major pathway of mitochondrial mRNA turnover has not been 
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determined. Such an analysis will require pulse-chase experiments and analysis of decay 

intermediates. 

COB mRNA clearly requires a specific stabilization system at the 5'-end in addition 

to the general 3'-end one. The nuclear-encoded protein Cbpl is required uniquely for 

COB mRNA accumulation by protecting the 5'-end. By deletion assay and site-directed 

mutagenesis (Mittelmeier and Dieckmann, 1993; Chen and Dieckmarm, 1997), we located 

a c/5-element in the 5'-UTR of COB which is important for Cbpl-dependent mRNA 

accumulation. All of our data support the hypothesis that Cbpl recognizes and interacts 

with a CCG-containmg element. Mutation of any of these three nucleotides leads to 

degradation of COB mRNA and respiratory deficient cell growth. Nevertheless, two 

different single-nucleotide mutations in CCG allow suppressors to arise spontaneously. 

To identify compensatory mutations in Cbpl or other proteins that specifically 

interact with mutated COB 5'-UTR, and also to begin to identify components of the 

general 5'-end-dependent degradation pathway, we used a genetic analysis of the 

spontaneous suppressors to identify factors that affect mRNA stability, as an alternative to 

biochemical approaches, e.g. aflBnity chromatography, gel retardation assays, which have 

been used widely and successfully to identify RNA-binding proteins and enzymes (Lee et 

ai, 1983; Sun and Antony, 1996). Since none of the ACG and CCU suppressors are due 

to rearrangement of mitochondrial DNA, and all are nuclear mutations, genetic analysis of 

these suppressors had the potential to reveal protein-RNA interactions, protein-protein 

interactions and novel proteins. 
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As it has been difiBcult to obtain purified Cbpl protein, we have not been able to 

show direct binding of this protein with COB mRNA yet. Discovery of a dominant 

suppressor of a cob mutation in CBPl in the present study provided the first evidence that 

Cbpl interacts directly with COB mRNA (Chapter IV). That a 5-10 fold over-expression 

of CBPl suppresses two of the CCG mutations strengthens the idea that Cbpl physically 

interacts with COB mRNA. Our model is that the conditional ACG and CCU mutations 

cause a decrease in the binding eflSciency between Cbpl and COB mRNA, and that over-

ejqjression or mutation of Cbpl overcomes the reduction in affinity. This suppressor 

system is similar to suppression of mutations in actin (ACTl) by mutations in the actin-

binding protein Sac6 (Adams and Botstein, 1989). 

Interestingly, this suppressor analysis revealed not only an allele of CBPl, a 

specific protector of COB mRNA but also loci that affect mitochondrial mRNAs in 

general. Suppressor sup-ul 1 was found to be tightly linked to DSSI, which encodes a 

subunit of the S'-S' exonuclease. Studies are being continued to identify the dssi mutation 

in the sup-ull strain. Since knockout mutations in DSSJ cause loss of the mitochondrial 

geneome, the sup-ul 1 mutation is likely a missense mutation rather than a nonsense 

mutation or fi-ameshifling mutation. Preliminary sequencing analysis of the DSSI gene in 

sup-ul 1 strain did reveal a single nucleotide G^A mutation, which changes codon 838 

fi"om arginine (R) to histidine (H). However this mutation has not been verified to cause 

the suppression. The linkage between sup-ul 1 and DSSI strongly implies that the 3'^5' 

exonuclease is important in mitochondrial mRNA decay. It is curious that impairment of 
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the S'-'S' exonuclease is implicated in suppression of a 5'-UTR mutation. Is there direct 

communication between the 5'- and 3'-UTRs, or is dysfimction of any major turnover 

enzyme able to raise the concentration of the mutant mRNA ? 

It was interesting to have isolated pet 127 mutations as suppressors of COB mRNA 

mutations in this study. Only recently was it discovered that a pet 127 knockout mutation 

has a pleiotropic effect on the processing and turnover of several mitochondrial RNAs 

(Wiesenberger and Fox, 1997). It was proposed that Petl27 plays a surveillance role in 

RNA metabolism {i.e. to remove unnecessary or incorrectly processed RNAs) or acts as a 

general RNA degradation factor. Our findings in this study favor the model that Pet 127 is 

involved in a general 5'-end-dependent RNA decay pathway in yeast mitochondria. The 

RNA phenotype of the pet 127 suppressors revealed another unexpected phenomenon; 

they contain unprocessed pre-C05 RNA only, but they respire as well as wild-type. Thus, 

it is likely that the COB precursor is being translated in these strains. Provided with COB 

pre-RNA at a level as high as that of the mature COB message in a wild-type strain, the 

group n suppressors generate enough cytochrome b protein to be able to respire. In 

contrast, in cbpl mutants, which also do not contain any mature COB RNA, the COB 

precursor content at only 20% of the wild-type level is not enough to support respiration. 

The higher concentration of pre-C05 RNA (4-5 fold) might allow increased binding and 

utilization of the mitochondrial translational machinery. In cbpl mutants, COB precursor 

is either not translated due to the low concentration, or is translated, but at low eflSciency. 

Another interesting point in this study is that all of the suppressors described are 
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semi-dominant (Figure 5.2). A prominent consequence of semi-dominance is that the 

suppressor phenotypes are additive in diploids, i.e. supI-\-l+sup2 respires better than 

either supll+ or Hsup2. We propose two models for the semi-dominance feature. Model 

A: The Sup protein has multiple functions. In a sup strain, one of the functions is lost, but 

the other is not. e.g. The Sup protein encoded by sup in a supl+ diploid has lost endo-

/exonuclease activity, but it still retains mRNA-binding activity, which allows competition 

with, or interruption of the binding and activity of wild-type Sup protein. Model B: The 

dosage of the Sup protein in the cell is a limiting factor. Since there is twice as much 

wild-type Sup protein in +/+ cells as in supl+ cells, mRNAs are degraded faster in +/+ than 

in supl+, and supl+ degrades mRNAs faster than sup!sup. Model B explains why sup/-  ̂

diploids grow more like + haploids, rather +/+ diploids, and explains the additive feature 

shown by the double suppressor mutants. One model may explain all the cases of semi-

dominance, or both models may be represented in the collection of nine semi-dominant 

suppressors. 

None of the suppressors was shown to be in SOCl, though a soci mutation can 

indeed suppress ACG and CCU mutants as shown in Figure 5.5A This indicates that our 

analysis is not saturated for all components affecting mitochondrial mRNA stability. 

Though none of the group in, IV, V, and VI suppressors were shown to be socI, the 

pattern of suppression of the COB CCG mutants is the same as the transcript pattern for 

soc/ suppression of cbpl" at the restrictive temperature (Staples and Dieckmann, 1994). 

They all accumulate both COB pre-RNA and mature message, in levels lower than those 
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in the wild-type strain. The suppressors do not greatly increase the steady-state level of 

COB precursor, but permit the return of a low level of mature COB RNA (recall that the 

ACG and CCU mutants had about 20% of the COB pre-RNA in the wild-type strain, but 

the mature RNA was undetectable. Chapter IV). In sum, there are three categories of 

COB mRNA suppressors that presently exist; dominant suppressors (e.g. cbpl), semi-

dominant suppressors (e.g. pet 127), and recessive suppressors (e.g. socl). Identification 

of the unknown suppressor genes will likely reveal key components of the mitochondrial 

RNA turnover machinery. 
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CHAPER VI. GENERAL DISCUSSION AND PROSPECTIVE FUTURE STUDIES 

The question addressed in this dissertation concerned the mechanism of Cbpl 

protein-dependent COB mRNA stability. Molecular biological and genetic approaches 

were relied upon; to finely map a c/j-element in the COB 5'-UTR, which is important for 

the mRNA stabilization; to show that Cbpl interacts with this element; and to identify 

protein factors other than Cbpl that are involved in COB mRNA turnover. 

The models: 

Two models were established based on the previous studies by Telsa Mittelmeier 

and Robin Staples to explain how Cbpl interacts with COB mRNA and stabilizes it. As 

shown in Figure 4.11, one model predicts that Cbpl acts as an endonuclease that trims the 

COB pre-RNA and makes it mature at the 5'-end. The mature mRNA would stabilize 

itself by folding into a nuclease-resistant structure, e.g. one similar to the stem-loop 

structures in the bacterial mRNAs that protect them fi'om exonucleolytic degradation. The 

other model predicts that Cbp 1 binds to COB mRNA and impedes nuclease action as a 

protein-RNA complex. The first model is based on the observation that in cbpl mutants, 

there is no detectable mature COB RNA with -9557-954 ends, but there is indeed COB 

precursor with -1098 ends. But this model cannot explain why the pre-C6)5 level is 

decreased to 20 % of that in the wild-type strain (instead of remaining at 100 % or higher) 

when CBP I is mutated. The second model can explain why mature RNA can be protected 
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by Cbpl, but cannot explain why COB pre-RNA and mRNA are different in their stability, 

i.e. why the COB precursor is not totally destabilized as the mature RNA is in a cbpl 

mutant strain. 

The results of my study favor a model that combines the above two models. Cbpl 

is not only the endonuclease that processes the COB precursor in its 5'-UTR, but also the 

protective protein that binds to the mature RNA and thus stabilizes it. In addition, to 

explain the difference in the stability between COB pre-RNA and mRNA observed in the 

cbpl mutant strain, the model must be more complicated. For instance, there might be 

two different protection systems for the COB precursor and the mature RNA, one entirely 

dependent on Cbpl, whereas the other is only partially dependent; or there are two pools 

of COB precursor in vivo, one (represented by 80% of the population) is sensitive to the 

absence of Cbpl, while the other (20% of the population) is not. Alternatively, COB 

precursor and mature RNA may have different degradation pathways. 

The stability of COB pre-RNA in a cbpl mutant: 

One question that has never been challenged before is whether the band we 

observe from primer extension analysis with the 5'-end mapped at -1098 indeed represents 

the steady-state level of COB precursor. Keeping in mind that the classical AMV reverse 

transcriptase that has been used for extension analysis cannot overcome strong secondary 

structures in the mRNA template, such as tRNAs, it is possible that some or all of the 

molecules contained in that band with -1098 end might represent the transcript containing 
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tRNA®", which is co-transcribed with COB. If this is the case, the stability of COB pre-

RNA in a cbpl mutant background has to be re-examined with a different method. 

This problem is especially acute with the deletion strain TG955 (Chapter HI). This 

strain does not contain the sequence from -1098 to -956 of COB 5'-UTR. The RNA 

molecules with 5'-ends at -955 could be generated by both tRNA 3'-endonuclease and the 

processing enzyme that makes COB RNA mature at the 5'-end (an enzyme that might be 

Cbpl). The cbpinCQSS strain cannot respire, even though it does accumulate RNA 

molecules with 5'-ends mapped to -955 at a level 5% of the mature COB RNA level in a 

wild-type strain. 5% of the wild-type COB mRNA level should be able to support 

respiration based on previous observations (Mittelmeier and Dieckmann, 1993), but why 

doesn't it in TG955 ? One explanation for this paradox is that the visible -955 end in the 

cbpiriGQSS strain represents the -1098 end in the wild-type LL20 strain. It is produced 

by tRNA 3'-endonuclease. It represents precursor RNA, which cannot be translated or is 

translated at a very low eflBciency due to lack of maturation at the 5'-end (also discussed in 

Chapter V), or the lack of Cbpl. More explicitly, we hypothesize that the fiinction of 

Cbpl is required for translation of COB mRNA (discussed below). Thus, in the 

cbpirLLlO strain, even the presence of COB pre-RNA at 20% of that in LL20 wild-type 

cannot make cells respiratory competent. An alternative possibility is that the -955 end 

observed in the cbpirTG95S strain represents the longer tRNA®"-C05 transcript due to 

failure of the reverse transcriptase to overcome tRNA®". Future studies with a secondary 

structure-melting enzyme, such as the new M-MLV reverse transcriptase (BRL) for 
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primer extension analysis, or RNase protection assays will hopefully resolve the ambiguity. 

Reliability of these methods can be tested using in vitro transcripts made by SP6 or T7 

RNA polymerase. 

A way to map an RNA-binding domain in Cbpl ? 

Since a dominant mutation was discovered in Cbpl which suppresses single-

nucleotide mutations in the 5'-UTR of COB RNA (Chapter IV), I proposed that Cbpl 

physically interacts with COB mRNA, more specifically with the sequence CCG (-944 to -

942) in the 5'-UTR. Several lines of evidence indicate that suppression of COB mRNA 

mutations by the cbpl mutation is not allele-specific. First, over-expression of wild-type 

Cbpl can suppress CCG single-nucleotide mutants. Second, the D533Y mutation in 

CBPl can suppress both -944C-A and -9420-11 mutations in COB. Finally, the 

suppression is not reciprocal. The D533 Y mutation itself does not have a respiratory 

deficient phenotype like the CCG mutants. Therefore, the interaction between Cbpl 

protein and COB mRNA is not in a lock-and-key mode. There could be multiple contact 

sites between the Cbpl protein and the COB mRNA. Apparently the reduced aflBnity 

caused by CCG single-nucleotide mutations are not too severe to be rescued by over-

expression of Cbp 1. 

Since the mutation changes a negatively-charged aspartate (D) to a neutral tyrosine 

(Y), and the aspartate at codon 533 is located in the context of positively charged 

residues, I proposed that the lost charge leads to enhanced aflBnity between Cbpl and 
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COB mRNA. If this is true, it is possible that the stretch of charged residues near D533 

defines part of the COB mRNA-binding region of Cbpl. A future project could be to test 

this hypothesis through mutation of these amino acids. 

I once tried to mutagenize CBPl gene by PCR, then screened for a mutation that 

suppress the CAG mutant (-943C^ A). I failed to discover any such mutations. Possibly 

my PCR reaction did not generate enough mutations in CBPl, or the mutation of CAG is 

too severe to be suppressed by any single mutation in CBPl. Regardless, PCR-

mutagenesis of CBPl should be an eflScient way to map the mRNA-binding region, and 

more PCR conditions should be tried (with good control experiments). Mutant ACG, 

which respires better than CAG mutant, but not as well as CCU, might be a better target 

for future experiments, since one suppressor for this mutant (D533Y) is already known. 

Another classical method people have used to map functional domains is deletion 

analysis. RNase E was mapped by this method, with the advantage that it could be 

expressed and purified (Taraseviciene et al., 1995). Since an expression system for Cbpl 

has not been forthcoming, we cannot separately test the functional domains in vitro using 

the same method. 

A role in COB mRNA translation of Cbpl ? 

In addition to a role in COB mRNA stabilization, Cbpl might have functions in 

regulation of COB translation. It is known that COB pre-RNA with 5'-end at -1098 

position cannot be translated or is translated at a very low eflBciency (Chapter V). How 
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does a shortening of 143 nucleotides at the 5'-end of the RNA make it translatable ? Is 

COB mRNA translation regulated by the 5'-processing of the RNA ? If Cbpl is the 5'-

precessing enzyme, does COB mRNA translation also depend on Cbpl ? 

The discovery ofpet 127 mutations as suppressors of COB mRNA mutations 

provides a good chance to address the above questions in the future. CAG mutant cannot 

respire, worse than the ACG and CCU mutants, possibly due to failure of Cbpl to bind to 

the COB mRNA It is known from the suppressor analysis that petl27lrho*'*^° and 

petl27lrho*^^" strains accumulate bulk levels of COB pre-RNA and are respiratory 

competent (Figures 5.4 and 5.5). Then what aboutpetl27lrho*^^ strain ? Figure 5.5A 

shows that this strain is respiratory deficient. Can it accumulate COB precursor like the 

petl27lrho*^^° and petl27lrho*^^^ strains ? If yes, it would be suggestive that binding of 

Cbpl to the CCG element of COB 5'-UTR is required for COB mRNA translation, and 

Pet 127 is an RNA turnover enzyme; if no, it would imply that Pet 127 is not in the major 

pathway for COB mRNA turnover, and loss of Cbpl-C(95 mRNA interaction might 

expose an endonucleolytic site, etc. 

More suppressors ? 

A fixture study can also be aimed to clone the uncharacterized suppressor genes 

(Chapter V). One cloning method is to screen a wild-type yeast library to find a gene 

fragment that can restore the respiratory deficiency of the ACG or CCU suppressor strains 

(since «//?/+ respires worse than sup^. Nevertheless, many false positive clones may show 
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up (up to 5%) because of the background ofgdia% petite (p'), and additional suppressors 

might arise in colonies that cannot respire. Perhaps a better way to clone these semi-

dominant suppressors is to make a yeast disruption library in the ACG or CCU strains, and 

to select the disrupted clones that rescue the ACG or CCU mutants for respiration. 

However, this method will only work to identify suppressors that are nulls, such as the 

pet 127 mutations. Suppressors that are likely missense and not null, such as the dssl 

mutation (whose "null" will cause loss of mitochondrial DNA), will not be found. 

This project can also be fiirthered by surveying more known mitochondrial 

proteins which might be relevant to COB mRNA stabilization or general mitochondrial 

mRNA turnover. In addition to the genes that I have surveyed already, mutations in yeast 

mitochondrial proteases, e.g. Ymel (Weber e/a/., 1996) and Afg3 (Guzeline/a/., 1996), 

may also suppress the mitochondrial UTR mutations by raising the concentration of Cbpl. 

Examining whether loss-of-fimction mutations of these genes can suppress the COB 5'-

UTR mutations would give further insight to mRNA turnover pathways in yeast 

mitochondria. 

Since and +l+rho'^'^" diploids hardly respire at SCC, but faster-growing 

suppressors have been observed, this gives a hint that dominant suppressors of CCG 

mutations of COB can be obtained spontaneously. However, pseudorevertants obtained 

this way might be also due to back mutations in the CCG, mitochondrial genome 

rearrangements, or might contain more than one nuclear mutation. It will take much eflfort 

to distinguish suppressors that contain single nuclear mutations from the other kinds of 
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The direction of COB mRNA decay indicated by poiy(G) insertion experiments: 

In the fall of 1994,1 started a project designed to determine the direction of COB 

mRNA decay. Although I was unable to finish the project, the following summary will be 

usefiil to later researchers. To begin, I made two strains, 997G923 and 898G778, in 

which a poly(G) stretch (19-mer) was inserted into the 5'-UTR of COB mRNAs, with the 

sequnces fi^om -996 to -924 and -897 to -779 being replaced, respectively. Since the 

poly(G) sequence folds into a strong secondary structure when present in single-stranded 

RNA or DNA (Nielsen and Christiansen, 1992), it has been utilized to impede the action 

of exonucleases in vivo and thus to protect the mRNA from degradation (Caponigro and 

Parker, 1995). The idea for my project is if COB mRNA is degraded in a 5'-3' fashion, a 

poIy(G) insertion in the 5'-UTR would protect it from the degrading enzyme, and thus the 

presence of poly(G) could replace the requirement for Cbpl. 

The preliminary results are as follows. Strain 898G778 was designed as a control. 

The -9557-954 cleavage site necessary for COB RNA maturation and the CCG element 

essential for Cbpl recognition remained intact. As expected, the insertion of poly(G) did 

not affect respiratory growth of this strain, and strain 898G778 grew on glycerol medium 

as well as the wild-type strain. Unexpectedly, the respiratory competence still relies upon 

wild-type CBPL Strain cbpII%9%Gll% cannot respire due to destabilization of COB 

mRNA (Northern blot analysis not shown). In contrast to what I proposed, however. 
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strain 997G923 cannot respire even with wild-type CBPI. There was little COB mRNA 

detectable by Northern blot assay for this strain. Detection of the COB signal in 997G923 

strain was interfered by the signal of 16S rRNA in most Northern assays. 

Primer extension analysis, however, revealed faint bands with 5'-ends mapped at 

-923 and -778 respectively for strains 997G923 and 898G778. This is consistent with the 

inability of the AMV reverse transcriptase to pass through secondary structures in the 

RNA templates. An RNase protection assay should be used in future experiments to map 

the 5'-ends of the COB transcripts in these two strains, as well as to precisely measure the 

steady-state levels of COB mRNA. 

The most likely cause for the inability of strain 997G923 to respire is the lack of 

mature COB RNA, since -923 end in primer extension analysis likely represented COB 

pre-RNA with 5'-end at position -1098. One possibility is that the precursor cannot be 

processed into mature RNA due to lack of the cleavage site, thus there is no translatable 

COB mRNA produced in 997G923. Another possibility is that the poIy(G) stretch fails to 

protect COB mRNA from degradation, i.e. the function of Cbpl, which binds to the CCG 

c/5-element located at -944 to -942, cannot be replaced by a strong RNA secondary 

structure. Once again this is suggestive more than one fimction for Cbpl. Alternatively, 

the reason why 997G923 strain cannot respu^e may be because the COB RNA cannot be 

translated due to the poly(G) secondary structure or lack of Cbpl function though the 

RNA is stable. 

Is COB mRNA degraded in a 3*^5' direction ? What does Cbpl do ? Does Cbpl 



145 

stabilizes COB mRNA by interacting with the trimeric complex that binds to the 

dodecamer sequence in the 3'-UTR ? These are the next interesting questions to be 

addressed. It would be fascinating to see whether a poly(G) stretch inserted in the 3'-UTR 

could keep COB mRNA from being degraded in the absence of Cbpl. 

Fortuitously, I found that transfer of the mitochondrial genome of997G923 from 

the LL20 nuclear background to the JC3 background allows respiratory growth at a slow 

rate. To ensure that this growth was due to a different nuclear background rather than 

any mitochondrial suppressor mutation, I crossed JC3/997G923 with ]JJ10lrho°to 

transfer the 997G923 mitochondrial genome back into the LL20 nuclear backgroud. The 

resulting 997G923 strain could not respire as before. Switching the 997G923 

mitochondrial genome to the D273-10B or DCL nuclear backgrounds, on the other hand, 

did not allow growth on glycerol medium either, but gave rise to spontaneous respiratory 

competent revertants at a very high rate. These data are suggestive that COB mRNA 

accumulates in the 997G923 strain close to a threshold level required for respiratory 

growth. Does poly(G) help to partially stabilize COB mRNA ? Can it replace the 

function of Cbpl ? Can strain JC3/997G923 still respire with a cbpl mutation ? 

Regardless, the 997G923 strain fails to stabilize the bulk of the COB mRNA in any of the 

nuclear backgrounds tested so far, suggesting the frinction of Cbpl is not simply a physical 

hindrance at the 5'-UTR region to impede a 5'-'3' exonuclease. There is still a great deal 

to discover. 
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