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ABSTRACT 

Mitochondria are the organelles where respiration occurs. The yeast mitochondrial 

genome encodes only 8 proteins, therefore the organelle depends on the nuclear genome 

for many proteins required in different steps of mitochondrial gene expression. 

Regulation of mRNA stability, processing and translation are important steps in gene 

expression within the mitochondrion. Cbpl, a protein encoded by the nuclear gene CBPI, 

is required specifically for stabilization of precursor and mature cytochrome b (COB) 

RNA, which is encoded in the mitochondrial genome. Previous work identified a cis-

element, CCG, in the 5' untranslated region (UTR) of COB, that is critical for the Cbp I -

dependent stability of COB mRNA. Mutation of any single nucleotide resulting in an 

ACQ, CAG or CCU triplet causes destabilization of COB mRNA and concomitant loss of 

respiratory capability. 

In the present study, suppressors were selected in the CCU strain in an effort to 

define important sites in Cbpl for protection of COB mRNA. The mitochondrial mutant 

strain CCU is conditional; it grows slowly at 25°C but does not grow at 18°C or 33°C on 

the non-fermentable carbon source glycerol. Twelve dominant suppressors in CBPl were 

obtained. They define two main groups, based on the pattern of growth on glycerol at 

different temperatures. The CfiP/-encoded suppressors make strains containing the 

mitochondrial CCU mutation respiratory competent at 33®C by allowing accumulation of 

mature COB mRNA. Suppressors that map to the carboxyl half of Cbpl, such as S289G. 



S330R, Q358K, Q358R, L489W, K532M, D533Y and I638M, rescue the temperature-

sensitive (ts) phenotype caused by the CCU mutation. The suppressors that map to the 

amino half of Cbpl, such as K205R, E241G, I249T, N281D and 1293L, rescue the is 

phenotype to a lesser extent than the suppressors that map to the carboxyl half of Cbp 1. 

These results suggest that the two halves of Cbp I have different functions in the 

processing and stability of COB transcripts. 

The hypothesis that Cbpl has a role in translation of cytochrome b {COB) mRNA 

was not testable previously, since disruption of CBP I results in instability and 

degradation of COB mRNA. In a ^etI27 strain, COB precursor mRNA is not processed 

tc ihe mature 5" site and thus accumulates to levels equivalent to that of the wild-type 

mature mRNA (Wiesenberger and Fox, 1997). Null alleles of pet 127 were selected as 

suppressors of ACG and CCU mutations in COB. COB precursor mRNA levels in these 

strains were similar to the ApetI27 strain with a wild-type mitochondrial genome (Chen 

et al., 1999). In the present study, the effect of deleting CBP I in a Apetl27 strain was 

measured. Strain AcbplApetl27 accumulated no mature COB mRNA but high levels of 

COB precursor mRNA. The levels of precursor mRNA in the Acbpl^etl27 strain were 

3-fold higher than in wild-type strain and approaching 60% of wild-type mature levels 

(wild-type COB precursor is 18% of mature COB mRNA). Absolutely no apocytochrome 

b protein was detected in the Acbpl^etl27 strain. This result suggests that Cbpl is 

required for translation of the COB message. Future experiments to determine the role of 

Cbpl in the translation of COB mRNA are described. 
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CHAPTER 1. INTRODUCTION 

MITOCHONDRIA 

Mitochondria are organelles with a double membrane, a small circular genome 

(Figure 1.1), and a separate protein synthesis machinery. A variety of important cellular 

functions are carried out by the mitochondrial compartment including reactions of the 

tricarboxylic acid (TCA) cycle, oxidative phosphorylation, ATP production, and the 

biosynthesis of cellular metabolites including some amino acids and lipids (Attardi and 

Schatz, 1988). 

MITOCHONDRLAL GENE EXPRESSION AND ITS REGULATION 

The number of encoded proteins in most mitochondrial DNAs is low; however, all 

are essential for the assembly of a functional respiratory chain (Grivell, 1995). The 

Saccharomyces cerevisiae mitochondrial genome contains the genes for cytochrome c 

oxidase subunits I, II and in (COXI, C0X2 and COX3\ ATP synthase subunits 6, 8 and 9 

{ATP6, ATP8 and ATP9), apocytochrome b {COB), and a ribosomal protein (VARI). In 

addition, the mitochondrial genome encodes 21S and ISS ribosomal RNAs, 24 tRNAs 

that can recognize all codons, and the 9S RNA component of RNase P (Foury et al. 

1998). 

Many aspects of mitochondrial gene expression reflect the bacterial ancestry of 

the organelle. Over evolutionary time, many genes have evidently been relocated to the 
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Figure 1.1 Structure of the mitochondrion 

Mitochondria are the power source of euicaryotic cells. Mitochondrion is shown in a cut

away section view (Taken from Alberts et al. 1994 ). 
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nucleus. Thus, the involvement of nucleus-encoded proteins in mitochondrial gene 

expression is important for mitochondrial assembly and function (Tzagoloff and 

Dieckmann, 1990; Dieclcmann and Staples, 1994). Nuclear mutants of yeast with defects 

in mitochondrial functions, pet mutants, have been very useful to study mitochondrial 

gene expression (Tzagoloff, 1982; Tzagoloff and Dieckmann, 1990). 

The mechanisms controlling replication and transcription of mitochondrial DNA 

have not been reported yet. Current evidence does support that proteins encoded in the 

nucleus, synthesized in the cytoplasm and imported into mitochondria interact with 

mRNAs to control RNA processing, maturation (Wiesenberger and Fox, 1997), stability 

(Dieckmaim and Mittelmeier, 1987), and translation (Fox, 1996). Thus, studies done up 

to the present time have shown that the regulation of mitochondrial gene expression is 

post-transcriptional (Fox, 1996). In several cases, the imported proteins have been shown 

to be required for the expression of a single mitochondrial gene, acting through the 5' 

untranslated region (UTR) (Dieckmann and Mittelmeier, 1987; Costanzo and Fox, 1988; 

McMullin ei ai, 1990; Mulero and Fox, 1993; Manthey and McEwen, 1995; Chen and 

Dieckmann, 1997; Ellis et ai, 1999). For example, the nuclear gene product Cbpl is 

required for the post-transcriptional regulation of the cytochrome b gene encoded in the 

mitochondrial genome. 

Mitochondrial transcription units have long 5' UTRs and processing sites at their 

5' and 3' ends. The transcription unit for tRNA for glutamic acid and cytochrome b is 

shown in Figure 1.2. Mitochondrial S' UTRs contain certain sequence elements that 

fiinction as binding sites for gene-specific stability regulators and translational activators 
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Figure 1.2 Trancription unit for tRNA^^^-COB 

The is depicted as a lollipop with the one letter amino acid designation (E). The 

COB open reading frame encoding exons is shown as open boxes. Hatched boxes denote 

maturase reading frames. The arrow (T) indicates a 5' mRNA processing site. The arrow 

with an asterisk below indicates a 3' mRNA processing site. (Taken from Dieckmann 

and Staples, 1994). 
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Dieckmann and Staples, 1994 
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(Mittelmeier and Dieckmann, 1993; Mittelmeier and Dieckmann, 1995). The ribosomes 

interact with the translational activators to initiate translation (Haffter et al., 1991; 

Costanzo and Fox, 1993). These properties of the components of yeast mitochondrial 

gene expression are similar to those described for chloroplast RNA stability and 

translation (Higgs et ai, 1999; Esposito et ai, 2001). 

The regulatory mechanism involved in the stability of mitochondrial transcripts is 

presently unknown. Some specific regulators are capable of stabilizing a message by 

interacting directly with the mRNA or indirectly by activation of translation while 

simultaneously preventing degradation of the mRNA. Cbpl, the protein that specifically 

stabilizes COB mRNA, is the most widely studied. However, the mechanism of how 

COB RNAs are protected from degradation by nucleases is still unknown (Dieckmann et 

ai, 1982; Dieckmann er a/., 1984a; Dieckmann er a/., 1984b; Dieckmann and 

Minelmeier, 1987; Mittelmeier and Dieckmann, 1990; Mittelmeier and Dieckmann. 

1993; Staples and Dieckmann, 1993; Chen and Dieckmann, 1994; Staples and 

Dieckmann, 1994; Chen and Dieckmarm, 1997; Sparks et ai, 1997; Wiesenberger and 

Fox, 1997; Chen era/., 1999). 

It is imponant to determine if a gene product is required solely for stability or 

translation or for both processes in order to propose its mode of action. Aep2, a protein 

encoded in the nucleus, is required for stability of the ATP9 mRNA and could also have a 

role in translation of the ATP9 transcripts (Ellis et al., 1999). Pet309, another protein 

encoded in the nucleus, is required for stability (intron-dependent) and translation of 

COX I mRNA (Manthey and McEwen, 1995). 
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Five of the seven mitochondrial mRNAs in yeast (COB, COX I, COX2, COX3 and 

ATP9) are known to be under the control of mRNA-specific translational activator 

proteins encoded by nuclear genes (Fox, 1996). Genetic analyses have revealed that these 

activator proteins interact functionally with the 5' UTRs of their target mRNAs and 

mediate interactions between mRNAs and ribosomes (Fox, 1996; Green-Willms et al. 

1998). 

The sub-localization of translational activators to the mitochondria has given 

insights into how they may Unction (see Figure 1.1). These activators have been found to 

be associated with mitochondrial membranes (Fox, 1996; Grivell et al., 1999). Cbsl and 

Cbs2, the translational activators of COB mRNA, have been found to localize to the 

mitochondrial inner membrane (Michaelis et al., 1991). The translational activators of 

COXI mRNA are Pet309 and Mss5l. Similarly, Pet309 has been found to localize to the 

inner membrane (Manthey et al., 1998) and Mss51 is peripherally associated with the 

inner membrane (Siep et al., 2000). The translational activators of COX3 mRNA are 

Pet 122, Pet494 and Pet54. Pet 122 and Pet494 have also been foimd to be inner membrane 

proteins, while PetS4 has been found to be peripherally associated with the inner 

membrane (McMullin and Fox, 1993). Petl 11, the translational activator of COX2 

mRNA, has been foimd to localize to the inner membrane on the matrix side. The model 

proposed is that translational activator proteins tether mRNA-ribosome complexes to the 

inner membrane, which is the destination of most mitochondrial gene products (Fox, 

1996). 
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There is evidence that translational activators are rate limiting for the synthesis of 

their specific transcripts (Fox, 1996; Green-Willms et aL, 2001). The highly researched 

protein is Pet II I, the activator of COX2 synthesis. A dual role has been proposed for 

Petl 11. One function might be to localize mitochondrial translation to the membrane, and 

t h e  s e c o n d  t o  r e g u l a t e  C O X 2  s y n t h e s i s .  T h e  e v i d e n c e  p r e s e n t e d  i s  a s  f o l l o w s :  P E T I I I  

was tagged with the influenza virus HA epitope and inserted into the genome of wild-type 

cells. Petl 11-HA was detected in purified mitochondria and localized to the inner 

membrane by centrifugal fi-actionation of mitochondrial membranes, followed by Western 

blot. The submitochondrial localization was determined with the help of protease assays. 

The activity of Petl 11 and its effect in COX2 translation were measured with the reporter 

gene cox2. .ARCS'" inserted into mitochondrial DNA, replacing the COX2 open reading 

frame with ARCS'" (in a AargS strain). The Petl 11-dependent expression of 

cox2::ARCS'" was shown and strains containing different dosages of the PETII I nuclear 

gene were made to test their effect on cox2::ARG^ translation. Relative steady-state 

levels of ArgS were measured in whole cell extracts by quantitative Western blotting. 

When the dosage was halved (heterozygous petl I l/PETI 11 strain), the reporter protein 

decreased to half compared to the control strain (homozygous PETII I/PETIII). This 

result is expected if Petl 11 levels are rate limiting for COX2 translation. Overexpression 

of PETII I in a plasmid resulted in an increase of the steady-state levels of Arg8 by 2.8 

fold, relative to the same strain transformed with an empty plasmid. These results 

confirmed the idea that Petl 11 activity is a rate limiting factor in the expression of the 

mitochondrial COX2 gene (Green-Willms et ai, 2001). 



In recent years, the investigation of general mRNA decay pathways has suggested 

the importance of the modulation of mRNA stability in the control of gene expression 

(Schwartz and Parker, 2000). The knowledge of degradation pathways in bacteria and 

eukaryotes has been compiled over the past years. However, mitochondrial mRNA decay 

pathways are unknown because of the difficulty of organelle pulse-chase experiments to 

detect intermediates of decay and to measure half-lives of transcripts. However, some 

knowledge about mitochondrial mRNA degradation has been emerging recently. It has 

been observed that the half-life of plant mitochondrial transcripts is determined by a 

balance between 3' stem-loops, which stabilize the transcripts, and polyadenylation that 

promotes degradation of the transcripts (Kuhn et al., 2001). 

PATHWAYS OF mRNA DECAY IN DIFFERENT ORGANISMS 

Degradation of mRNA in prokaryotes 

Degradation of bacterial mRNAs can follow several pathways. However, most 

bacterial transcripts are degraded in an RNase E-dependent pathway (Regnier and 

Arraiano, 2000). RNase E forms a multienzyme complex (called the degradosome) 

containing polynucleotide phosphorylase (PNPase), RhlB DEAD-box RNA helicase, and 

enolase, which is a glycolytic enzyme (Carpousis et ai, 1994). RNase E cleaves single-

stranded RNA in AU rich regions, and its activity is affected by the secondary structure of 

the bound RNA (Rauhut and Klug, 1999). 
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RNase E driven degradation (Figure 1.3) begins by endonucleolytic cleavages at 

the 5' end of the molecule followed by a progressive degradation from the 5' end towards 

the 3' end (Cannistraro et al., 1986). The 5' to 3' directionality of decay is due to 

successive 5' to 3' endonucleolytic cleavages that generate 3' ends. The 3' ends are 

subsequently attacked by 3' to 5' exonucleases (Donovan and Kushner, 1986). 

E.xonucleases that degrade in the 5' to 3' direction have not been identified in prokaryotes 

(Rauhut and Klug, 1999), but there are two 3' to 5' exonucleases in E. coli: PNPase and 

RNase n (Higgins et ai, 1993). The phosphorolytic activity of PNPase and the hydrolytic 

activity of RNase n generate diphosphate and monophosphate oligoribonucleotides, 

respectively. PNPase and RNase Q are not able to degrade small oligoribonucleotides Into 

nucleotides. There is an oligoribonuclease encoded by the om gene in E.coli that 

completes the degradation of mRNA to mononucleotides and it is essential for cell 

viability (Ghosh and Deutscher, 1999). 

Prokaryotic degradation can also follow a poly(A) dependent pathway of decay. 

Poly(A) tails in bacteria (usually 5 to 40 nucleotides in length) destabilize RNAs, 

facilitating the degradation of mRNAs and RNA fragments (Regnier and Arraiano, 2000). 

Since most prokaryotic mRNAs contain stable hairpins, such as Rho independent 

terminators or REP motifs, (Higgins et al., 1993), PNPase and RNase II cannot degrade 

these transcripts. Both exonucleases require more than a dozen unpaired nucleotides 3' 

of the stem-loop to initiate degradation (Cobum and Mackie, 1996). Thus, it has been 

proposed that polyadenylation facilitates access to the transcripts for the 3' to S' 
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Figure 1.3 RNase E driven decay of bacterial mRNA 

RNase E (scissor) makes endonucleolytic cleavages at the 5' end of the mRNA generating 

3'-ends available for 3' to 5' exonucleases (PNPase, polynucleotide phosphorylase and 

RNAse n). Poly(A) polymerase adds 5 to 40 (A) that provide a foothold for the 

exonucleases. 
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exonucleases. In strains deficient for PNPase and RNase II, poly(A) tails are extended up 

to 30 to 100 nucleotides, suggesting that the two exonucleases degrade poly(A) tails 

(Hajnsdorf et ai, 1995). It has also been shown that in the absence of poly(A) polymerase 

(PAP I), the degradation of ompA, trxA, and rpsO mRNAs in E.coli slows down (Cohen, 

1995). 

In the chloroplast, which is also an organelle of prokaryotic heritage, 

polyadenylation apparently marks RNA for degradation by exonucleases. A protein 

homologue of bacterial PNPase and a poly(A) polymerase-like activity (PAP) have been 

found in chioroplasts. The chloroplast PNPase was shown to be associated with an RNase 

E-like protein in a high molecular weight complex (Hayes et al., 1996). Polyadenylation 

and the presence of a degradosome-like structure in chioroplasts supports the idea that 

chioroplasts and bacteria share a common mechanism for mRNA degradation. Therefore, 

it is possible that a similar mechanism exists in mitochondria. 

Yeast cytoplasmic mRNA degradation 

Most yeast mRNAs are degraded via a 5' to 3' decay pathway, in which 

deadenylation is the first step, which then triggers cleavage of the cap structure 

(decapping). Once decapped, the transcripts are exposed to 5' to 3' exonucleolytic 

cleavage (Decker and Parker, 1993; Muhlrad et al., 1994; Muhlrad et al., 1995). In 

addition, yeast mRNAs can be degraded in a 5' to 3' direction following a deadenylation-
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independent decapping event, which can be triggered by premature translation 

termination codons (Peltz ei al., 1993; Muhlrad and Parker, 1994). Yeast mRNAs can 

also be degraded by a 3' to 5' decay mechanism, although generally at a slower rate 

(Anderson and Parker, 1998). 

Yeast mitochondrial mRNA turnover 

All of the known proteins that function in mitochondrial mRNA stability and 

turnover are encoded by the nuclear genome (Margossian and Butow, 1996). These 

proteins define two classes; those that affect the stability of individual transcripts 

(specific) and those that could affect all mitochondrial transcripts (general). 

While the 5' ends of mitochondrial transcripts are protected in a gene-specific 

way, the 3' ends of all the Saccharomyces cerevisiae mitochondrial messages are 

protected by a common protein named DBP, that binds a conserved dodecamer sequence 

(5'-AAUAA(U/C)AUUCUU-3') and protects transcripts from the action of a 

3' exoribonuclease (Min et al., 1993; Min and Zassenhaus, 1993; Li and Zassenhaus, 

1999). It is possible that there is more than one mechanism of turnover in mitochondria 

and that they partially resemble both the prokaryotic and eukaryotic degradation 

mechanisms. Nuclear genes involved in the processing, stability and decay of 

mitochondrial mRNAs have been identified by genetic analysis. Factors that affect 

processing and degradation of mitochondrial transcripts are listed in Table 1.1. 
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Table 1.1 Factors that affect processing and degradation of mitochondrial 
transcripts 

GENE ACTIVITY REFERENCE 
PRODUCT 
Pet 127 5' end processing and Wiesenberger and Fox. 

degradation 1997; Chen et al. 1999 

Suv3 Helicase subunit of 3' to 5' Golik et al. 1995 
exonuciease 

Dss 1 (Msu i) RNase subunit of 3' to 5' exonuciease Dziembowski et al. 
1995 
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In mitochondria, a degradosome that is composed of three proteins shows 3' to 

5' exoribonuclease activity in vitro (mtExo) (Margossian and Butow, 1996). 

Biochemical assays have shown that mtExo is RNA specific and the three protein 

subunits have molecular masses of 110, 90 and 75 kDa (Min et al., 1992). Suv3 is one 

subunit of mtExo and contains motifs characteristic of ATP-dependent RNA helicases 

(Stepien et aL, 1992). Suv3 regulates stability of intron-containing transcripts in vivo. A 

mutation in the SUVS gene, named SUV3-I. results in accumulation of seven of eight 

excised group I introns and a reduced abundance of mature COB and COXl transcripts; 

precursor "mRNAs of these genes contain introns (Conrad-Webb et al., 1990; Golik et 

al., 1995; Margossian et aL, 1995; Stepien et al., 1995). Dssl, another component of 

mtExo, has homology to £. coli ElNase H (Dmochowska et al., 1995). Dssl is required for 

mtExo activity in vitro together with Suv3 and both participate in intron-dependent 

turnover and processing of mitochondrial RNAs. Lack of Suv3 or Dss 1 results in 

respiratory incompetence plus loss of mitochondrial DNA (Dziembowski et al. 1998). 

The third protein subunit of the mitochondrial degradosome has not been identified yet. 

Another general effector of mitochondrial mRNA processing and mRNA stability 

is the Pet 127 protein. Pet 127 is localized to the mitochondrial inner membrane and is 

required for efficient 5' end processing of COB pre-mRNA, TPd mRNA, VARl mRNA 

and 15S rRNA. A null mutation in PET 127 stabilizes mutant mitochondrial COX2 

mRNA, COX3 mRNA (Wiesenberger and Fox, 1997) and COB mRNA (Chen et al., 

1999). Thus, Pet 127 seems to affect most of the mitochondrial messages and could be an 

RNase or a regulator of the activity of mitochondrial nucleases. 
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Other factors that are message-specific also affect RNA stability, processing and 

translation. Cbpl is required for stability of COB transcripts (Dieckmann et al., 1984b). 

While Pet54 and Pet309 are required for stability and translation of COX3 mRNA and 

COXl mRNA, respectively (Manthey and McEwen, 1995). Mss51 is required for 

translation of COXl mRNA, and Cbs 1 and Cbs2 are required for translation of COB 

mRNA (Rodel, 1997; Siep et aL, 2000). In many of these cases it has been shown that 

they bind the 5' UTR of the mRNA. However, the precise functional mechanism of these 

proteins are unknown. Table 1.2 lists the nuclear gene products that affect stability and/or 

translation of specific mitochondrial transcripts. 

The requirement of Cbpl to protect COB mRNA specifically has been studied 

e.xtensively in the Dieckmann laboratory. In cbpl mutants, transcription and processing 

are not affected, but mRNA is not detected, as shown in the Northern blot (Figure 1.4). In 

the wild-type strain LL20, COB mRNA is detected, while in the cbpl strain COB mRNA 

is not detected. Thus, cbpl mutants cannot respire on glycerol media. The levels of 

are slightly reduced in the mutant strain. The olil {ATP9) gene is used as a 

loading control. In a previous study, Wei Chen tested the hypothesis that Cbpl is 

responsible for 5' end processing and that the processing step is required for COB 

mRNA stability. She made a strain named TG955, which has a deletion between the 3' 

end of the tRNA^'" and the 5' end of the mature COB message. Primer extension 

analysis of TG955 and TG955 together with the cbpl deletion (c6p//TG955) is shown in 

Figure 1.5. In the TG955 strain, COB transcripts are stable even in the absence of the 5' 
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Tabic 1.2 Factors that afTcct stability and/or translation of specific mitochondrial 
transcripts 

TRANSCRIPT GENE PRODUCTS THAT AFFECT 
STABILITY TRANSLATION 

REFERENCE 

A TP9 mRNA 

COB mRNA 

COX3mRNA 

COX2 mRNA 

COX I mRNA 

AcpI /NcaI 
Aep2 Aep2 

Cbpl CbsI.Cbs2 

Pet54 Pet54.Petl22,Pet494 

Petl 11 

Pet309 Pet309, Mss5I 

Payne era/. 1993 
Finnegan et al. 1991: Ellis 
a/.,1999 

Dicckmann et al. 1984a. 
Rodel, 1997 

Fox, 1996 

Fox, 1996 

Manthey and McEwen, 
1995; Siep el al. 2000 
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Figure 1.4 Northern blot analysis of COB mRNA levels 

mtRNA was isolated from wild-type LL20 and cbpllLLlO mutant strains; 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 were labeled by 

the random-primer method in the presence of a [^"PldATP and used as probes. 

(Taken from Chen and Dieckmann, 1994). 
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Figure 1.5 Primer extension analysis of 5' ends of COB messages 

Total UNA was isolated from the strains and annealed to end-labeled cob5B+3 and 

COX4242 primers simultaneously. Extensions reactions were carried out in the presence of 

AMV reverse transcriptase. Reactions were separated on a 7M urea, 6% polyacrylamide 

wedged sequencing gel.The positions of the precursor and mature messages are marked 

on the left. (Taken from Chen and Oieckmann, 1994) 
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end processing step. In the cbpll1G955 strain, in contrast, COB mRNA is unstable. 

COX2 was used as a loading control. These results show the Cbp I-dependency for COB 

stability and support the hypothesis that Cbp I is required to protect COB RNA after the 

5' end processing step (Chen and Dieckmann, 1994). 

To narrow down the sequence required for Cbp 1-dependent stability of COB, 

Telsa Mittelmeier made deletions in the 5' UTR of the cytochrome b gene in regions with 

which Cbp I might interact. The strain named SUF63F has a large deletion of 400 

nucleotides but retains a 64 nucleotide region sufficient for stability of COB mRNA 

(Figure 1.6). It grows on glycerol very similarly to the wild-type strain LL20 (Mittelmeier 

and Dieckmann, 1993). Various deletions made within the 64 nucleotide sufficiency 

region delineated a region from -948 to -938 which is absolutely necessary for 

respiratory growth. Within those 11 nucleotides it was unusual to find CCG nucleotides 

outside the coding region of the COB gene (see Figure 1.6). In general, 5' UTRs in 

mitochondrial genes are extremely AT rich (Bemardi et al. 1972). Since the CCG was so 

unusual, it was hypothesized that it was important for COB mRNA stability and was 

chosen as a target for site directed mutagenesis (Chen and Dieckmann, 1997). The three 

nucleotides were changed to AAU and each nucleotide was also individually mutated. 

Strains containing the AAU mutation and the single point mutations ACQ, CAG and 

CCU did not respire at 33''C nor did they accumulate COB mRNA (Figure 1.7). The 

strains containing the ACG and CCU mutations (named ACG and CCU) are temperature 

sensitive {ts) since they grow slowly at 25°C but do not grow at 33°C on glycerol. 
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Figure 1.6 Strain SUF63F 

Strain SUF63F was constructed by deleting 400 nucleotides in the 5' UTR of the COB 

mitochondrial gene. SUF63F respires very similar to the wild-type strain LL20 (Modified 

from Mittelmeier and Dieckmann, 1993). 
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Figure 1.7 Abundance of COB precursor and mature RNAs 

Primer extension analysis of strains containing the COB 5' UTR single-nucleotide 

mutations was performed by the method described in Figure 1.5. (Taken from Chen, 

1998). 
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The strain containing the CAG mutation (named CAG) does not grow on glycerol at any 

temperature indicating a crucial role for the middle C nucleotide in the Cbp I-dependent 

stability of COB (Chen and Dieckmaim, 1997). 

In previous work, the ts mutant strains ACG and CCU were used as the initial 

mutants to select for second site suppressors of the ts phenotype at 33°C (Chen and 

Dieckmann, 1997). Many different semidominant suppressor bearing strains were 

obtained that mapped to PET127, CBTl and DSSl genes involved in 5' end and 3' end 

processing of mitochondrial messages. DSSl encodes an RNase Q-like exonuclease, a 

component of the mitochondrial 3' to S' exonuclease (mitochondrial degradosome) 

(Dmochowska et al. 1995). CBTl encodes a protein involved in 3' end processing of 

COB mRNA (Rieger et al. 1997) and 5' end processing of COB mRNA (Ellis and 

Dieckmann, unpublished). PET127 encodes a mitochondrial inner membrane protein. 

Pet 127 is required for efficient 5' end processing of several mitochondrial precursor 

mRNAs (Wiesenberger and Fox, 1997). pet 127 mutations rescue the ts phenotype of the 

ACG and CCU strains. (Chen et al. 1999). 

Biochemical studies of the interaction between Cbp I and COB mRNA are not yet 

possible because Cbp I is made at very low levels. Thus, purification of Cbp I has thus far 

not been possible. In the present research, an alternative genetic approach was used to 

define the Cbp I region that interacts with COB mRNA. A selection for suppressor 

mutations in Cbp I that rescue point mutations of COB 5' LTTR was performed. 
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SUPPRESSOR ANALYSIS 

Suppressor analysis is a commonly used strategy to identify functional 

relationships between genes that might not have been revealed through other genetic or 

biochemical means. Suppressors have been used to analyze genetic pathways for two 

reasons. First, many genes are resistant to identification by more direct genetic selections. 

A pre-e.xisting mutation often serves to sensitize that pathway, allowing the identification 

of additional components through suppressor selections. Second, suppression of a pre

existing phenotype establishes a genetic relationship between the two genes that might 

not have been established by other methods. Correctly interpreting the molecular 

relationship between the two gene products, however, requires knowledge of the possible 

mechanism of suppression (Prelich, 1999). 

Suppressors of mutations that confer COB mRNA instability 

Mitochondrial mutant strains ACG, CAG and CCU do not allow accumulation of 

COB mRNA probably due to defective binding of Cbpl to the mutant COB 5' UTR. 

These strains do not respire on glycerol, similar to a /mutant strain. 

Suppressing mutations in the nuclear gene CBPL The first genetic evidence for a direct 

interaction between Cbpl and the 5' UTR of COB mRNA was the selection of a 
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suppressing mutation in Cbp I. A single nucleotide change in the sequence of CBPI 

produced an amino acid change in residue S33 of Cbp I. The aspartic acid at residue 533 

was changed to a tyrosine (D533Y) and was able to rescue the respiratory-deficient 

phenotype of ACG at 33°C. D533Y is a dominant suppressor and also rescues the 

respiratory deficient phenotype of CCU at 33°C. The D533Y suppressor strain 

accumulated 10% of mature COB mRNA compared to the levels in wild-type strain 

(Chen and Dieckmann, 1997). 

In order to bener understand the Cbpl-C05 mRNA interaction, suppressor 

analysis was utilized in the present investigation to identify a possible RNA-binding 

domain in Cbp 1. bi addition to the selection for spontaneous revertants of the CCU 

mitochondrial mutant, PCR mutagenesis of CBPI was performed to saturate the CBPI 

gene for suppressor mutations. 

Suppressors in the nuclear gene PETI27. Suppressor analysis of the ACG and 

CCU mutations uncovered general factors involved in processing and degradation of 

mitochondrial transcripts. A Apetl27 null strain can suppress the respiratory deficiency of 

the ACG and CCU mutations in COB mRNA, but not the CAG mutation (Chen et al., 

1999). However all three strains, Apetl27 Apetl27 and Apetl2'' 

[rho*^^^ accumulate the same level of COB mRNA (Chen, 1998). One plausible 

interpretation of this finding is that the respiratory-deficiency of the CAG strain is due to 

the loss of Cbp I function in translation. In this view, Cbp I has two functions; first, it 

allows processing of COB precursor mRNA and stabilization of the mature mRNA; 
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second, it is required for translation. In the mutan strain, the first function is not longer 

necessary, but the CAG prevents Cbpl from binding to allow its role in translation. The 

construction and analysis of COB mRNA levels as well as the mitochondrial translation 

products of a double mutant null strain /}cbplJpetI27 made possible the investigation of 

the role of Cbp 1 in COB mRNA translation. 
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CHAPTER 2. GENETIC AND MOLECULAR ANALYSES OF THE Cbpl-

Cytochrome b mRNA INTERACTION IN Saccharomyces cerevisiae 

STATEMENT BY AUTHOR 

This chapter is essentially a manuscript wrinen by myself with help from my 

advisor to be submitted to the journal Genetics. I performed the research presented in this 

manuscript with guidance from my advisor. 

SUMMARY 

Mitochondrial-encoded cytochrome b {COB) gene expression is regulated by the 

nucleus-encoded Cbp I protein at the level of RNA stability. The Cbp I-dependent 

stability element is a 64-nucIeotide segment in the 5* UTR of COB mRNA and contains 

the essential CCG sequence. Mutation of any single nucleotide of the CCG sequence 

results in the same phenotype as a cbpl mutation, i.e. destabilization of COB transcripts. 

A strain bearing the CCU mutation (CCU strain) is temperature-sensitive (rj). In this 

study, suppressors of the CCU strain were selected. Twelve CflP/-encoded suppressing 

mutations are dominant missense mutations that map to several sites in Cbp 1. Molecular 

analyses indicate that the strains containing these missense mutations accumulate low 
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levels of COB mRNA compared to levels in the wild-type strain. The accumulation of 

mature COB mRNA ranged from 11% to 27% of the wild-type levels in the suppressors 

that map to the carboxyl half of Cbpl, and ranged from 5% to 10% in the suppressors that 

map to the amino half of Cbpl. The glycerol phenotype of the suppressor carrying strains 

correlates with the RNA phenotype. Suppressors that map to the carboxyl half grow close 

to wild-type levels on glycerol at 28®C and 33"C. Suppressors that map to the amino half 

grow less well on glycerol at 28®C and 33°C than the suppressors that map to the 

carboxyl half. Suppressors that map to the carboxyl half of Cbp 1 accumulate more mature 

COB mRNA and respire better at 33°C than the suppressing mutations in the amino half. 

These results suggest that the two halves of Cbpl play different roles in COB mRNA 

stability. 
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INTRODUCTION 

The mitochondrion contains its own genome and transcription-translation 

machinery. These differ from those of the nucleus and cytoplasm. However, the 

biosynthesis and assembly of the respiratory chain require the coordinated action of both 

mitochondrial and nuclear genomes (Costanzo and Fox, 1990). The nuclear DNA 

encodes many proteins that are components of the electron transfer respiratory chain plus 

components of the mitochondrial gene expression system (Tzagoloff and Dieckmann, 

1990). Some of these nuclear-encoded factors are required for post-transcriptional 

processes in mitochondria such as RNA processing, maturation, stability, translation and 

assembly of the respiratory chain complexes; these factors act in a gene-specific manner. 

In the yeast Saccharomyces cerevisiae, inactivation of the nuclear-encoded CBPl gene 

interferes with expression of mitochondrial-encoded cytochrome b (COB) (Dieckmann et 

al., 1984b). Null cbpl mutants do not respire, because COB mRNA is degraded 

(Dieckmann et ai, 1984b; Mittelmeier and Dieckmann, 1990). Cbpl is required for the 

correct processing of the precursor COB message to produce the mature COB transcripts 

(Mittelmeier and Dieckmaim, 1993). Cbpl is also required for COB mRNA stability after 

5' processing (Chen and Dieckmann, 1994). 

A model for the production of mature COB mRNA after processing from a 

primary transcript is shown in Figure 2.1 (Bonitz et al., 1982; Chhstianson et ai, 1983). 

Cytochrome b is co-transcribed with tRNA^'" . The promoter is located at nucleotide 

position -1566 (A of the ATG initiation codon of COB is defined as +1). Mitochondrial 
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Figure 2.1 Model for cotranscription and processing of tRNA^^" and COB mRNA In 

yeasi mitochondria 

The initial transcript is processed at positions -1170 and -1098 to generate tRNA^'" and 

COB pre-mRNA. The pre-mRNA is processed fiirther at -955/954 to generate mature 

COB mRNA. The cw-acting element CCG is at positions -944 to -942 of COB 5' UTR. 

CCG is required for Cbpl-dependent stabilization of cytochrome b mRNA. Our data 

suggest a model whereby Cbpl protects the 5' end of COB mRNA from nucleolytic 

destruction. Pet 127 is required for 5'end processing of COB precursor mRNA. 
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RNaseP and tRNA 3' -endonuclease excise tRNA^'", producing precursor COB mRNA 

(5' end at -1098) that is further processed at nucleotide positions -955 or -954 to yield 

the mature message. Strain SUF63F has deletions in the COB 5' UTR (sequences from 

positions -1097 to -962 and sequences from positions -897 to -708); however, it respires 

very similarly to wild-type strain LL20. This observation suggested that nucleotides at 

positions between -961 and -898 are sufficient for Cbp I-dependent stability of COB 

mRNA (Mittelmeier and Dieckmann, 1993). 

Within the sufficiency element, there is a czj-acting sequence at positions -944 to 

-942, CCG, which is essential for COB mRNA stabilization. Mutation of any single 

nucleotide of the CCG sequence results in absence of mature COB mRNA. ACQ and 

CCU are conditional mutants that grow poorly on glycerol at 25°C but not at 33°C. 

However, ACQ and CCU strains can be grown on glucose (Chen and Dieckmaiui, 1997). 

Spontaneous suppressors allowing growth on glycerol arise in cultures of mutant strains 

ACG and CCU grown at the restrictive temperature (Chen et al., 1999). 

There is no biochemical evidence that Cbp 1 binds directly to COB mRNA. There 

is no known RNA-binding motif in Cbp I. However, the isolation of the suppressor 

D533Y in CBPl, which rescues the respiratory-deficient phenotype of CCU and ACG 

mutants at 33°C, was the first genetic evidence supportive of the model that Cbp 1 

specifically binds the sequence containing CCG and thus protects COB mRNA from 

degradation (Chen and Dieckmann, 1997). Is there a novel RNA-binding domain in Cbp 1 

that could be defined on the basis of suppressor analysis? Are there other proteins 

involved in COB mRNA stability and processing? What are these proteins? A suppressor 



analysis approach was taken in the present study to map the RNA-binding region of Cbpl 

and to uncover other proteins that play a role in COB RNA processing and stability. 
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RESULTS 

Selection of CAP/-encoded suppressors of the temperature-sensitive CCU mutation 

To rigorously map regions of Cbpl required for protection of COB mRNA, we 

genetically selected for additional CfiPZ-encoded suppressing mutations. Two strategies 

were used. First, a diploid strain was used to recover spontaneous dominant suppressor 

mutations. Second, PCR-based mutagenesis and in vivo recombination were used to 

mutate CBPI exhaustively. 

Strains lacking COB mRNA can be grown on glucose, which can be fermented 

and hence does not require o.xidative phosphorylation, but cannot grow on glycerol, 

which is not-fermentable. Hence, it is possible to select for recovery of COB mRNA 

function by selecting for growth on glycerol. 

Genetic analyses of CA/'/-encoded suppressor strains that rescue the respiratory 

deflciency of CCU at BS^'C 

Spontaneous pseudorevertants arise at high frequency in temperature-sensitive 

strains with mutations in the CCG element in the 5'UTR of COB mRNA. The CCG 

element confers Cbpl-dependent stability. Spontaneous suppressors were obtained in 

both diploid (one suppressor) and haploid (four suppressors) CCU mutant strains. 

Haploid suppressors were obtained in a separate study (Iszard-Crowley and Dieckmann. 
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unpublished). Sporulation of the diploid suppressor strain and outcrosses of the haploid 

suppressors to a wild-type strain with no mitochondrial DNA (au20 [rAo"]) showed that 

they bear single nuclear mutations, since 20 to 30 tetrads from these crosses segregated 

2:2 for respiration (glycerorrglycerol*). The five suppressor mutations proved to be 

dominant in confirmatory test crosses to the same wild-type strain with no mitochondrial 

DNA, au20 [rAo°]. The resulting diploids were respiratory competent at 30°C on glycerol. 

Crosses of the four haploid suppressor strains and haploid progeny of the diploid 

suppressor strain to a cbpl null tester (CVXUrho^ showed that the suppressor mutations 

are linked to CBPL 20 to 30 tetrads of each cross were dissected and all of the progeny 

segregated 2:2 (glyceror:glyceror) for respiration. Sequencing of the CBP/ gene from 

these five strains revealed missense mutations resulting in the amino acid substitutions 

S330R, Q358K, L489W and D533Y. Suppressor S330R was obtained in two independent 

isolates. These mutations in Cbpl. a 654 amino acid protein, rescue the respiratory-

deficient phenotype of the CCU strain at 33°C and map to the carboxyl half of Cbp 1. 

PGR mutagenesis and in vivo recombination was used to target the mutations to 

CBP/ and to increase the mutation frequency in the CBPI gene 

In order to saturate the CBP/ gene for suppressor mutations, its coding sequence was 

amplified by PGR under mutagenic conditions. The first 363 nucleotides (first 121 amino 

acids) were omitted since it is known that a deletion of amino acids 30 to 130 results in a 
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respiratory competent strain (Sparks, Sibayan, Krause and Dieckmann, personal 

communication) and amino acids I to 30 are the mitochondrial targeting sequence. As 

outlined in Figure 2.2, the PCR products were cloned by gap-repair (Muhlrad et al., 1992; 

Staples and Dieckmann, 1993) of a plasmid containing the CBPI gene and flanking 

sequences (pRS4l3/C5P/-l/2NUC). Three different gaps were used in separate 

transformations to target mutations to different parts of CBPI. Of 5,200 transformants, 

50 respired at 33°C, whereas all others were respiratory-deficient. 

To ensure that the deletions in the plasmid had been repaired correctly, plasmids 

were isolated from 15 respiratory competent tranformants (those with a robust glycerol' 

phenotype at 33°C) and transformed into E. coli strain JM109. Restriction digests of the 

plasmids confirmed that these tranformants had a wild-type restriction map, indicating 

that the gaps were repaired correctly (data not shown). To ensure that the suppressor 

mutations were plasmid-encoded, plasmids were tranformed back into the CCU strain, 

which contains wild-type CBPI in the genome. HIS' transformants were selected and 

screened for growth on glycerol at 33°C. 13/15 plasmids allowed CCU to grow on 

glycerol medium at 33°C. I concluded that, for these 13 plasmids, respiratory competency 

was plasmid-encoded. 

The entire CBPI gene on each plasmid was sequenced for each isolate. The 

following mutations were obtained in Cbpl: K205R and I249T, in which the mutagenesis 

had been targeted to aa 122 to 264 of CBPI; E241G, N281D, S289G, I293L and Q358R, 

in which the mutagenesis had been targeted to aa 213 to 556 of CBPI ; K532M and 
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Figure 2.2 Strategy for cloning PCR products in vivo in yeast by gap repair 

The coding sequence of CBPl, except the first 363 nucleotides, was amplified in three 

separate fragments under mutagenic conditions as described in materials and methods. 

The three CBPI fragments are depicted in the open boxes containing asterisks (*). These 

sequences are homologous to those in the shaded boxes of pRS413/C5/'/-l/2NUC. 

Plasmid pRS4l3/Cfi/'/-l/2NUC was linearized and gapped in CBPl coding and 3' 

flanking sequence (shaded boxes) by digestion with Mfel and Hpal, Hpal and C/al, and 

EcoRV. The linearized plasmids and PCR products were mixed together and used to 

transform a strain that has the mitochondrial mutation CCU in the 5' UTR of COB. CCU 

is temperature-sensitive. HIS^ transformants were selected on WO plates, forcing the gap 

to be repaired in vivo by homologous recombination. 
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I638M, in which the mutagenesis had been targeted to aa 512 to 654 of C5P/.Q358R was 

obtained in two independent revertant strains. A linear map showing the location of the 

mutations is shown in Figure 2.3. F526L and A528T were also obtained as independent 

suppressors; however, growth on glycerol of the strains containing these mutations was 

very slow at 33°C and the mutants were not considered further. 

To ensure that growth comparisons and RNA analyses were not compromised by 

variation in piasmid copy number, the mutant alleles were introduced into the yeast 

genome by gene replacement (see Materials and Methods) and the resulting strains were 

characterized further. 

CffPZ-encoded suppressors have no phenotype of their own 

To investigate if the suppressor mutations in combination with the wild-type 

mitochondrial genome [rho^^^ have a phenotype, strains containing each suppressor 

plus a wild-type mitochondrial genome were constructed and tested for growth on 

glycerol at 23°C, 28°C and 33°C. The dominant suppressors in Cbpl do not have a 

phenotype when combined with a wild-type mitochondrial genome; they form colonies of 

same size as wild-type on glycerol plates (data not shown). 
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Figure 2.3 Map of C0/>/-encoded suppressor mutations 

The linear sequence of Cbpl (aa I to aa 654) is represented (gray rectangle) and each of 

the suppressor mutations isolated are shown above. N is amino terminus and C is 

carboxyl terminus. The suppressors labeled with an * were recovered as spontaneous 

suppressors. 
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CBPI-encoded suppressors rescue the ACG mitochondrial mutation at 33°C 

The ACG strain grows more slowly than the CCU strain on glycerol at 25°C whereas the 

CAG strain does not grow on glycerol at any temperature (Chen and Dieckmann, 1997). 

To examine whether mutations which suppress [rhoT^^^] can suppress and 

[rho'^^^], these two mitochondrial genomes were introduced into all twelve suppressor 

strain nuclear backgrounds by cytoduction. All of the suppressing mutations can suppress 

but not as well as they suppress [rh6^^\ ; colony size is smaller. None of the 

cbp I mutations can suppress (data not shown); a suppressing mutation allowing 

growth of a strain has, as yet, not been isolated (Chen and Dieckmann, 1997; 

Chen et ai, 1999; this study). 

CBPl suppressor mutations restore growth on glycerol to different degrees 

In order to characterize the strength of the suppressor mutations, the ability of the 

strains to grow on glycerol medium was determined by a serial dilution assay. In general, 

strains with mutations that map to the carboxyl half of Cbp I grow more robustly at 33°C 

than the strains with mutations mapping to the amino half (Figure 2.4). The S330R strain 

is the only suppressor that grows very similarly to the wild-type strain at all temperatures. 

Strains S289G, Q358K, Q358R, L489W, K532M, D533Y and I638M grow almost as 

well as the corresponding wild-type strain at 28°C and 33°C. Suppressors ±at map to the 
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Figure 2.4 Growth of wild-type (WT), mitociiondrial mutant CCU, and CBPI-

encoded suppressor strains on glycerol medium 

The strains were grown to mid logarithmic phase in glucose; the cells were washed and 

resuspended in water. Serial dilutions were spotted on glycerol medium. The photograph 

was taken after 5 days of growth at 23°C, 28°C and 33°C. 
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amino half of Cbpl, such as K205R, E241G, I249T, N28 ID and 1293 L allow linle 

growth of the strains at all tested temperatures. The suppressors that map to the carboxyl 

half together with S289G are the more robust suppressors. S330R is the best suppressor. 

Respiratory competent CBPt suppressor strains accumulate COB mRNA at 

different levels 

The CCU strain is respiratory-deficient because COB transcripts are not 

accumulated (Chen and Dieckmann, 1997). We expected the suppressor strains to 

produce enough COB RNAs to allow growth of containing strains on glycerol. 

Previous studies showed that approximately 10% of wild-type levels of mature COB 

message is enough to allow strains to grow on non-fermentable carbon sources (Staples 

and Dieckmann, 1993). To test this expectation, total RNA was isolated from wild-type 

SUF63F, CCU and strains containing suppressor mutations after growth in glycerol 

medium at 30"'C. 

Quantitative primer extension analysis of the 5' ends of COB transcripts from the 

suppressor strains containing CCU shows that COB mRNA levels are restored to varied 

extents (Figure 2.SA and B). In general, the strains with the suppressors mapping 

primarily to ths carboxyl half of Cbpl accumulated more mature COB mRNA than 

suppressors mapping to the amino half. Strains S289G (amino half), S330R, Q358K, 

Q358R, L489W, K532M and D533Y accumulated 11% to 27% of mature COB RNA 
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Figure 2.5 Steady-state levels of COB RNAs 

A) Primer extension analysis of COB mRNAs from C5P/-encoded suppressor strains. 

Primer extension analyses were done as described in Materials and Methods. Signals 

from COX2 mRNA were used for normalization. Vtq-COB is the COB precursor mRNA 

that extends to -1098 position relative to the A(+I) of the COB staning AUG. Mat-COfi 

is mature COB mRNA that extends to position -955/954. 

B) Levels of precursor and mature COB mRNA in the suppressor strains obtained from 

primer extension analysis. Numbers were obtained from the averages and standard 

deviations of three gels. COB precursor is -20-30% of the level of mature COB mRNA in 

the wild-type strain SUF63F. White bars represent COB pre-mRNA and black bars 

represent mature COB mRNA. Levels of COB pre-mRNA are (%): WT, 21.4; CCU. 

5.3±l; K205R, 5.2±0.2; E241G, 7.2il.7; I249T, 9.9±1.2; N281D, 6.6^0.3; S289G. 

16.1±l; I293L, 9.9±0.2; S330R, I0.6il; Q358K, 9.9±0.8; Q358R, 15.6^0.6; L489W, 

8.6±2; K532M, 12.2±1.2; D533Y, 7.2±0.8 and I638M, 13.7±2. Levels of mature COB 

mRNA are (%): WT, 100; CCU, 3.2±0.8; K205R, 5.4±0.8; E241G, 8±0.2; I249T, 

6.2il.7; N281D, 8.7±0.2; S289G, 15.7±0.8; 1293L, 9±1.6; S330R, 17.U 1.6; Q358K. 

27±3.7; Q358R, 16.7±0.6; L489W, ll.2±0.5; K532M, 19.1±1.7; D533Y. 11.9±0.8 and 

r638M, 9.3±0.7. 
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with respect to 100% in wild-type strain. The level of COB precursor mRNA in these 

strains ranged from 40% to 75% of the level in the wild-type strain. Strains with 

mutations primarily in the amino half: K205R, E241G, I249T, N281D, I293L and I638M 

(carboxyl half), accumulated only 5% to 10% the wild-type level of mature COB mRNA 

and 25% to 65% the wild-type levels of COB precursor mRNA. In general, the strains 

that accumulated more mature COB mRNA show more robust growth on glycerol at 33°C 

(See Figure 2.4). However, there is not a perfect correlation of the glycerol and EINA 

phenotypes, since the S330R strain grows best, but mature COB mRNA levels are not the 

highest. 



68 

DISCUSSION 

Strains were isolated that contained extragenic mutations that suppressed the 

temperature-sensitive (is) phenotype conferred by the CCU mutation, a single base 

change in the 5' untranslated region of COB (Chen and Dieckmann, 1997). The 

suppressing mutations are single base changes in the CBPI gene which result in missense 

mutations in Cbpl (Figure 2.3). There data suggest that Cbpl and COB mRNA interact. It 

is unclear whether this is a direct physical interaction or an indirect interaction mediated 

by other cellular components. 

There is no identifiable ElNA-binding motif in Cbpl. Assays with deletion 

mutations have revealed that a strain containing Cbpl with amino acids 30 to 130 

removed is able to respire, showing that these residues are dispensable for Cbp 1 function 

(Sparks, Sibayan, Krause and Dieckmann, unpublished). The levels of COB mRNA have 

not been assayed in that deletion strain. The isolation of mutations that suppress the 

mitochondrial CCU mutation throughout the entire length of Cbp 1 suggest that the 

interaction of Cbpl with COB mRNA may involve a large surface area of the protein 

component. The amino acid composition of Cbpl has a preponderance of basic amino 

acids (18% vs. 13.9% of the average yeast protein) that could contribute to RNA binding 

through ionic and hydrogen-bonding interactions. However, the association of Cbp 1 with 

COB mRNA still needs to be e.\amined using biochemical approaches. Efforts to do so 

are currently being undertaken. 
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The respiratory growth phenotypes of the CBPl-encodtd CCU suppressing 

mutations define two groups 

The CBPI -cncoded CCU suppressing mutations can be grouped according to their 

respiratory competence. In general, one group shows stronger suppression at the three 

temperatures and comprises the mutations in the carboxyl half of Cbpl. Suppression in 

the amino-haif suppressors was temperature-sensitive; they suppress bener at 28°C than 

at 23°C or SS^C (see Figure 2.4). 

The suppressors increase the stability of cytochrome b mRNA in the CCU strain 

In the current model of COB gene expression (Figure 2.1), the CBP I gene product 

physically interacts with COB mRNA 5' UTR to prevent degradation by nucleases. The 

model is supported by the isolation of a suppressor mutation that mapped to CBP I (Chen 

et aL, 1999) and by the selection and isolation of more CBP/-encoded suppresors in the 

present study. In the absence of Cbpl, the COB transcript is degraded (Dieckmann et aL, 

1984b). The cbpl suppressor mutations collected and analyzed in the present study 

allowed accumulation of COB mRNAs containing the single-point mutation CCU to 

approximately 5 to 27% of the wild-type level. These low amounts of mature COB 

transcripts are enough for cytochrome b synthesis, permitting respiration. Most of the 



70 

suppressors with levels of mature COB mRNA greater than 10% map to the carboxyl half 

of Cbpl (Figure 2.5A and B and Figure 2.3). 
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iVLVTERlALS AND METHODS 

Strains and media 

The Saccharomyces cerevisiae strains used in this study are listed in Table 2.1. 

Strains without mitochondrial DNA (mtDNA) ([/*/to°] strains) were isolated following 

ethidium bromide mutagenesis of the original [rho'^^^] strain (Fox et al., 1991) and 

screening for petites colonies on YPD plates. The DipCCU strain was made by crossing 

CCU and au20 [rAo°] strains. Strain uACBP was made by transforming strain uSUF63F 

with a l.3Kb EcoRl fragment (c^>p/::URA3) excised from pFSlO (Sibayan and 

Dieckmann, unpublished). Media were: YEPD (1% yeast extract, 2% peptone, 2% 

glucose), YEPG (1% yeast extract, 2% peptone, 3% glycerol), and WO (0.67% yeast 

nitrogen base without amino acids, 2% glucose). 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). Solid media contained 2% agar. Ampicillin was 

used at a final concentration of 100 |ig/ml. 

Selection of spontaneous pseudorevertants 

300 single colonies (10^ cells/colony) of strain DipCCU were patched on YEPD 

plates and incubated at 30°C overnight. The patches were replica plated onto YEPG 



Tabic 2.1 Names and genotypes of yeast strains 

Strain Genotype or description Reference 

a[rho''\U'u2-i,U'u2-l 12,hixi JIjii.s3-I5 2nm' Orr-Weavcr »*/«/. (I'WI) 
SUF63r/aXi a(rA«>""'l in 1.1.20 Mittehneier and Dieckmann (1993) 
CCU «|rAw'""| in 1.1.20 C1ien and Dieckmann (1997) 

ACXJ «lrA»'*'"linLi.20 Chen and Dieckmann (1997) 
c:A(i o|fAo"'^")inl.L20 Chen and Dieckmann (1W7) 
uSl)F63F a[rho'^^^'\uray\Lt:LI2,hisy-ll,his.i-l5 2nm' Chen and Diecknunn (1997) 

mlWrho" A\rho'*\uray.:LEll2 ,his'i-l 1 2nm' Chen 1999) 
DipC'CU «/»\rho'^'^ "\urai::l.F:U2, hisi-l I,hisi-I5 / Ieu2 i, This study 

Ieu2-112 ,hisi-ll,hisJt-IS 2fun' 
CPIUWio" u[rhcf*]l.EU2 insertion at /'^7l site oH'BHI in U20 Mayer and Dieckmann (1989) 

uACHP a\tho'^ *^'\t hpl::URA3 in uSUF63r This study 
K2()SR ajrAo'*'"! K205R inCBl'l in 1.1.20 This study 
i:24Ki u|r/i«'"") l:24Ki mClU'l in 1.1.20 This study 

1249T alrAo'^'") I249T inCUPI in 1.1.20 This study 
N2KII) N28II) mCBl'l in 1.1.20 This study 
S28«Xi ''j S2K'Xi mCBPI in U.20 'litis study 
I2'>3L u(r/i«'**"| 12931. inCWV in 1.1.20 This study 
S33()K Hlrfco""") S330R mCHI'l inl.l.2(» This study 
y35«K u|r/i«'*"')Q358K mCBI'l inl.L20 This study 

Q358R a|r/i«'*'"|Q358R in(W'/ in 1.1.20 1'his study 
l.4«9W n{rho'^'^'\ 1.489W inCBFI in 1.1.20 This study 
K532M K532M in('«/V in 1.120 This study 

l).S33Y «|r/w"'"|I)53.3Y in(W/ in 1.1.20 Chen and Dieckmann (1997) 
I63KM a|r/H»'*'")l638M inCBI'l in 1.1.20 This study 

A|r/i(»"^'''|/lMrl-hi(/.'2/>'.v2 Chen i'lul.im)) 
Alr/u/' '^*'1 Awfl-I atlv2 Iy.s2 Chen ei ul. (I'/W) 

JC3/Wi<»'"" Alr/«»'' *" 1 A«rl -1 aJt'2 Iys2 Chen<'J«/. (19'W) 

-J 



plates and incubated at 33°C for 9-15 days until faster growing colonies arose on the 

plates. Independent colonies were recovered from the patches and purified. Revertant 

strains were tested for mitotic stability as previously described (Chen et al., 1999). 

Revertants were expected to be dominant since they were selected in a diploid strain. 

However, homozygous recessive or dominant mitochondrial revertant strains could have 

been obtained. 

Type of pseudorevertants 

To examine whether the pseudorevertants contained nuclear or mitochondrial 

mutations, they were sporulated in 1% KOAc liquid medium at 23°C. Tetrads were 

dissected and segregation for the ability to grow on medium containing the non-

fermentabie carbon source glycerol was tested. Segregation ratios of 2:2 (glycerol*: 

glycerol') in all tetrads tested, were indicative of single nuclear mutations. Segregation 

ratios of 4:0 (glycerol': glycerol*) were indicative of mitochondrial or homozygous 

recessive mutations. 

Outcrosses 

Pseudorevertants were crossed to au20[rAo°] and diploids were obtained on WO 

-i- Histidine medium. These diploids were grown on glucose and replica plated on glycerol 

medium to test dominance. If the resulting diploid grew on glycerol at 33°C, then the 

mutation was considered to be dominant. 



74 

Linkage analysis 

To examine whether the suppressor mutations in the pseudorevertants were linked 

to CBPl, they were crossed to strain CPlL/rAo" {cbpl null). Diploids from such crosses 

were sporulated, tetrads were dissected, and progeny were tested for growth on glycerol at 

33°C. Segregation ratios of 2:2 (glycerorrglyceroP) in all tetrads analyzed were indicative 

of C5P/-linkage. 

Sequencing CBPl loci from C^PZ-linked suppressor strains 

Chromosomal DNA was prepared from each strain containing a CSPZ-linked 

suppressor mutation as previously described (Elion and Warner, 1986). CBPl was 

amplified by PCR using primers CBPl-263 and CBPl+2041 (Chen and Dieckmann. 

1997) (Table 2.2). The PCR products were directly sequenced with primers CBP155F, 

CBPl75IF, CBPl+621, CBPl+774, CBPl 1477F, CBPl 1522R and CBP12034R, at the 

University of Arizona sequencing facility (Tucson, AZ). 

Plasmid construction 

All enzymes and restriction endonucleases were purchased from Roche 

Biochemicals except as noted otherwise. Plasmid pRS413/C5/'/-l/2NXrC was 

constructed from pRS413 (HIS3'CEN6) (Sikorski and Hieter, 1989) and pRS303/CBPI-

1/2NUC (Ellis and Dieckmann, unpublished). pRS303/CBP/-l/2NUC was digested with 

EcoRI and Sail, and a 2.9 Kb fragment containing CfiP/-l/2NUC was recovered after 



Table 2.2 Oligonucleotide primers used in this study 

Primer 5'—> 3' scquencc of oligonucleotide Primer position 
Cob6B AAT TIT TAT ATT ATT TAT TAA TAT TGT T COB -601->-628 
Cox4242 GAT ACT AAA CCT AAA ATA ACT AAT AA C0X2 +164 ->+139 
CBP1-263 CGT TCC CTC GCT TCJI ATC TC CBPI -263->-244 
CBP1+2041 TI'A CXjA TCJC AAT GCT TGG AT CWV+2060->+204l 
CBPI55F GTG AGC ACT TTA GGA TAG CBPI -55->-72 
CBPI75IF AGT CAA TCA AGT GGT CTC CBPI +366-^+384 
CBP 1+774 TCA AAT CGT TAG TCA AAG AA CBPI +793->+774 
CBPI+621 ACA ACT GAA CTC TCI GTF CG CBPI +621->+640 
CBPII9()4F GTG GTT TCC GCT TTA TAC Cm + 1520->+l537 
CBPI2830R GCC AAT CCT GCT AGA GAG Ctf/V+2445->+2462 
CBPII477F CAA GGA ACT CAT GCA GAA C rtf/^/ + l093->+llll 
CBPII522R AGC CAG ACA ATA TGA TGG CZ?/*/+1139-^+1156 
CBPI2034R GTT CGA TIT TCiT CCA GTA TG rflP/+I649-^+l668 
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agarose electrophoresis. This fragment was ligated to pRS4l3 previously digested with 

EcoRl and Sail. 
* 

Construction of CBPl suppressor strains using polymerase chain reaction (PCR) 

mutagenesis and in vivo recombination 

To target mutagenesis to different regions of CBPl, three fragments of the coding 

sequence in pRS4l3/Cfi/'/-l/2NUC were amplified by PCR under mutagenic conditions. 

After linearization of the plasmid with EcoRl, the specific primers CBP1751F and 

CBPl+774 (first fragment), CBPl+621 and CBPl+2041 (second fragment), CBPl 1904F 

and CBP12830R (third fragment) were used for the PCRs (Table 2.2). Eight mutagenic 

PCR reactions were done for each of the three CBPl fiagments. Mg~ and Mn" were 

added to respective final concentrations of: I) 0.5mM: 0.04mM, 2) l.OmM: O.OSmM. 3) 

l.5mM: 0.l25mM, 4) 2.0mM: 0.l65mM, 5) 2.5mM: 0.2mM, 6) 3.0mM: 0.25mM. 7) 

4.0mM: 0.33mM, 8) 6.0mM: 0.5mM (Mamell and Dieckmann, unpublished). Three 

pools of the PCR products (reaction I to 3, 4 to 5 and 6 to 8) were transformed directly 

into yeast strain CCU. The plasmid pRS4I3/CflP/-l/2NUC was linearized and gapped by 

digestion with Mfel and Hpal (Gap I), Hpal and Clal (Gap 2) or EcoRV (Gap 3) (Figure 

2.2). The gapped plasmids were cleaned using the QIAquick kit (QIAGEN). The pooled 

PCR products (400 ng) plus the gapped plasmid (100 ng) were mixed and used to 

transform CCU. HIS3* transformants were selected at 30°C on WO plates and screened 

for respiratory competence at 33°C on YEPG plates. 



Introduction of the CBPl suppressor mutations Into the yeast genome by gene 

replacement 

To introduce each of the CBPI mutations into the genome as a single copy to 

facilitate their further characterization, they were integrated into the uACBP strain which 

has the entire CBPl gene replaced by URA3 (Table 2.1). Plasmids encoding each of the 

nine cbpl mutations were digested with EcoRl and Sail, except the plasmid encoding 

1638M, which was digested with A2>al. The fragments containing the cbpl suppressor 

mutations were purified by agarose electrophoresis followed by treatment with a 

QIAquick kit (QIAGEN). These CAP/-containing fragments were used to transform 

uACBP. Respiratory-competent transformants were selected on YEPG medium at 30°C. 

To confirm integration of the respiratory competent cbpl suppressor mutations. CBPI 

was amplified from these transformants by PCR with primers CEP 1-263 and 

CBPl+2041, and PCR products were directly sequenced. 

Transformation of yeast and E. coli strains 

Saccharomyces cerevisiae strains were transformed with the Frozen-EZ yeast 

transformation II kit (Zymo-Research). The JM109 Escherichia coli strain was 

transformed as directed by the supplier (PROMEGA). 
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Allele specificity test of the suppressor strains 

To examine if the suppressor mutations cause a phenotype of their own and to 

examine if they could suppress or all cbpl suppressor strains were 

converted to [rho^] by ethidium bromide mutagenesis (Fox et ai, 1991). Lack of 

mitochondrial DNA was confirmed by ultraviolet fluorescence microscopy of cells 

suspended in I mg of 4', 6'-diamidino-2-phenylindole (DAPI). Karyogamy-deficient 

strains carrying the mitochondrial genomes with the different mutations in the COB 

5'UTR and were combined by cytoduction with the 

nuclear genomes containing the 12 different C5P/-encoded suppressors (Berlin et ai. 

1991). 

Measurement of growth rates of the suppressor strains relative to the wild-type 

strain on glycerol medium 

Cells grown to logarithmic phase in glucose at 30°C were washed and 

resuspended in water. 10 ^1 drops of serial dilutions were spotted on glycerol plates and 

incubated at 25°C, 28°C and 33°C for 5-6 days. 

Total RNA preparation and primer extension analysis of the 5* ends of COB mRNA 

Total cellular RNA was isolated as described (Caponigro et ai, 1993) from mid-

logarithmic cultures grown in YEPG. For quantitative analysis by primer extension, 8 {ag 

of total cellular RNA was hybridized to 10 pmoles of the "cob6B" primer (Mittelmeier 
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and Diecianann, 1993) and 10 pmoles of the "cox4242" primer (Chen and Dieckmann, 

1994). Primer extensions were carried out as previously described (Mittelmeier and 

Dieckmann, 1993) except that the hybridization reaction was incubated at 47°C for 90 

min. The primer extension products were subjected to electrophoresis on a 6% 

polyacrylamide 9M urea sequencing gel, dried and exposed to a Phosphorlmager screen. 

The signals obtained were analyzed and quantitated using a Phosphorlmager (Molecular 

Dynamics). 
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CHAPTER 3. THE ROLE OF Cbpl IN TRANSLATION OF MITOCHONDIUAL 

COB mRNA OF Saccharomyces cerevisiae 

STATEMENT BY AUTHOR 

This chapter is an article that will be submined to The Journal of Biological 

Chemistry. I performed the research presented here and wrote this research article with 

guidance from my advisor. 

SUMMARY 

Expression of the mitochondrial cytochrome b gene (COB), which is co-

transcribed with the upstream gene is controlled by at least 15 nuclear-encoded 

proteins. The CBPI gene, encoding one of these proteins, is required for COB mRNA 

stability. Acbpl null strains fail to accumulate mature COB mRNA and consequently do 

not respire. The PET 127 gene encodes the protein Pet 127, which is required for 5' end 

processing and degradation of COB precursor mRNA, as well as other mitochondrial 

transcripts. The Apetl27 null strain can respire and has no mature COB mRNA but 

accumulates COB precursor mRNA to a level equivalent to wild-type levels of mature 

COB mRNA. This result implies that the precursor mRNA can be translated. The idea 
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that Cbpl plays a role in translation of COB transcripts could not be tested previously 

because of the lack of mature transcripts in a Jcbpl null strain. Recently, the 

identification of a mutation, Apetl27, that causes accumulation of high levels of 

translatable precursor COB RNA allowed the role of Cbpl in translation to be addressed. 

A Acbpldpetl27 double null strain was constructed and analyzed to test the hypothesis 

that Cbpl is required for translation. The JcbplJpet127 null strain accumulates levels of 

COB precursor mRNA that are at least 60% of the level of COB mRNA in the wild-type 

strain. However, cytochrome b protein is not synthesized in the double mutant 

JcbpIJpetl27 strain and thus the strain does not grow on glycerol. Taken together, these 

findings lead to the suggestion that Cbp 1 is required for translation of the message. 
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INTRODUCTION 

The expression of mitochondrial genes at the level of transcription, RNA 

processing, translation, post-translational modification, and complex assembly depends 

on many nuclear-encoded proteins that are synthesized in the cytoplasm and imported 

into mitochondria (Costanzo and Fox, 1990; Diecicmann and Staples, 1994). Mutations in 

these nuclear genes often lead to respiratory deficiency, often termed, the pet phenotype 

since colonies are petite in size (Tzagoloff and Dieckmann, 1990). In order to understand 

how mitochondrial gene expression is regulated, the function of these nuclear PET genes 

has to be understood first. The yeast nuclear PET127 gene encodes a protein that is 

localized in mitochondria. A Apetl27 null strain produces a leaky nonrespiratory 

phenotype at 37®C and is blocked in 5' end processing of VARl,ATP8/6, COB mRNAs 

and ISS rRNA. Null pet 127 mutations can suppress mutations in S' UTRs that make 

mitochondrial mRNAs unstable (Wiesenberger and Fox, 1997; Chen et al., 1999). 

Whether Cbpl is required for translation of COB mRNA as well as message 

stability is not known. The lack of a strain in which COB mRNA was stable in the 

absence of Cbpl was an impediment to testing the role of Cbpl in COB translation. 

Studies of the Oa^\-COB mRNA interaction revealed that Jpef/27 strains are useful to 

address this question. Suppressor analysis of ACG and CCU mutations showed that a 

Apetl27 mutation can suppress the respiratory-deficiency of the ACG and CCU 

mutations in COB mRNA, but not the CAG mutation (Chen et al., 1999). However, all 
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three strains accumulate the same level of COB mRNA (Islas-Osuna and Dieckmann, 

unpublished). Thus, the respiratory-deficiency of CAG may be due to the loss of Cbp I 

function in translation (Chen, 1998). 

In the present work, a double mutant strain, JcbpJJpetl27, was constructed and 

analyzed to test the hypothesis that Cbp I has a role in COB mRNA translation. By testing 

respiration, COB mRNA accumulation and synthesis of cytochrome b in the double 

mutant null strain and the single mutant Jcbpl and ApetI27 strains, the idea that Cbp 1 is 

required for COB mRNA translation is supported. 
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RESULTS 

Double mutant strain AcbplApetl27 does not grow on medium requiring respiration 

for growth 

To test for the ability of the strains to respire, wild-type, Jcbpl, Jpet 127 and 

AcbplJpetI27 strains were grown overnight on glucose, then serially diluted and spotted 

on glycerol dishes. Strains were incubated at 25°C, 30°C and 33°C (Figure 3.1). The 

Jcbpl and AcbplApetl27 strains do not grow on glycerol at these temperatures. Wild-

type and Apetl27 strains grow very similarly to each other at 30°C. The wild-type strain 

grows better than the dpetl27 strain at 25°C and 33°C. 

Tile double deletion strain JcbplJpetJ27 accumulates high levels oi COB pre-

mRNA 

The double dcbplJpetl27 deletion could lead to respiratory incompetence by 

affecting the stability, processing, or translation of COB transcripts. In strains with a 

defect in stability of COB RNAs, mature COB transcripts are not detected by Northern 

blot, S i analysis or primer extension analysis (Dieckmann et ai, 1984b; Mittelmeier and 

Dieckmann, 1993; Staples and Dieckmann, 1993; Chen and Dieckmann, 1997). In strains 
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Figure 3.1 Growth on medium requiring respiration 

The strains WT (wild-type), Acbpl, dpetl27 doid JcbpIdpet 127 were cultured on YPD 

media to logarithmic phase. Cells were washed, diluted in water, counted and serial 

dilutions were made. 10 ^il of the dilutions were spotted on YEPG dishes to have 10^. 

lO"*, 10^, 10", and 10 cells, and incubated for five days at 25°C, 30°C and 33°C. 
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with a defect in 5' processing of COB pre-mRNA, Jpetl27, high levels of precursor COB 

are detected by Northern blot or primer extension analysis and are able to respire 

(Wiesenberger and Fox, 1997; Chen et al., 1999). To determine whether the respiratory 

deficiency of the doubly deleted strain Acbpldpetl27 was the result of instability of COB 

transcripts, the steady-state levels of precursor and mature COB were measured by primer 

extension analysis (Figure 3.2A and B). 

The method developed in our lab to quantify COB mRNA levels uses COX2 

mRNA as a normalization control. However, in Apetl27 strains, COX2 levels are 

somewhat reduced. Northern analysis shows that COX2 mRNA level is at 70% of wild-

type in the Jpetl27 strain. COB levels in the primer extension analysis were corrected for 

this reduction in COX2 levels. 

As observed previously, the respiratory deficient strain has no mature COB 

mRNA and 20% of the COB precursor mRNA (Mittelmeier and Dieckmaim, 1993; Chen 

and Dieckmann, 1997; Chen et al., 1999). The respiratory competent dpetl27 strain has 

128% of wild-type levels of COB precursor mRNA. The AcbpIApetI27 strain has no 

mature COB RNA, but substantial levels (58%) of COB precursor mRNA compared to 

wild-type levels of mature COB message. Respiration on plates can be observed for 

strains that have as low as 4% wild-type levels of mature COB mRNA. Therefore, that 

COB transcripts accumulated to high levels and the strain is completely respiratory-

incompetent suggests that Cbpl is required for translation of COB RNAs as well as their 

stability. 
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Figure 3.2 Steady-state levels of COB RNAs 

A) Primer extension analysis of 5'-ends of COB transcripts. Total RNA was isolated 

from the strains and annealed to end-labeled COB (cob6B) and COX2 (cox4242) primers 

simultaneously (see Materials and methods). Extension reactions were catalyzed by avian 

myeloblastosis virus reverse transcriptase (PROMEGA). 9 jal of each of the reaction 

mixmres were separated on a 7M urea, 6% polyacrylamide wedged sequencing gel. The 

corresponding positions of the 5' ends of the COB pre-mRNA (Pre-C05), mamre COB 

mRNA (Mat-COfi) and COX2 are marked on the left. As a control for the amount of 

RNA loaded, COX2 (the mitochondrial gene coding for cytochrome c oxidase subunit H) 

was extended together with COB RNAs. 

B) Accumulation of COB mRNA in wild-type and null strains. The COB levels were 

normalized with respect to COX2 levels with the appropiate correction for differences of 

COX2 levels in the Apetl27 strains (see page 87). The level of mature COB mRNA in the 

wild-type strain was set to 100% and the level of mature and COB pre-mRNA in the 

mutant strains was compared to it. The black bar represents mature COB mRNA and 

hatched bars represent COB precursor mRNA. Numbers were obtained from the averages 

and standard deviations of three gels. Levels of COB pre-mRNA are: WT, 18.6±11.6; 

Acbpl, 9.1±6.2; Apetl27, I28.0±44.3; and AcbplApetl27, 58.0±6.2. Levels of mature 

COB mRNA are: WT, 100%. 
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Cbpl is important for translation of COB transcripts 

Since the strain JcbplJpetI27 has high levels of COB pre-mRNA similar to 

JpetI27, but does not respire, similar to Jcbpl, we hypothesized that COB precursor 

mRNA was not being translated in the AcbpMpetI27 strain. To verify that COB RNA is 

not translated in strain AcbplApetI27 and to determine the efficiency of COB translation 

in strain Apetl27, mitochondrial gene products from the deletion strains were labeled in 

vivo with [^^S] methionine and analyzed on a denaturing polyacrylamide gel (Figure 3.3). 

Cytochrome b protein was detected at robust levels in both the wild-type and 

ApetI27 strains. That cytochrome b is at wild-type levels in the Apetl27 strain is 

suggestive that COB precursor mRNA is translated efficiently. Though the JcbplJpetl2~ 

strain had 60% of wild-type mRNA levels, no apocytochrome b was translated in this 

strain, (Figure 3.3 ). This result suggests that Cbpl is required for translation of COB 

mRNA as well as stability. 

The absence of cytochrome c oxidase subunit I (Coxl) in strains Jcbpl and 

AcbplApetI27 is expected. The bi4 maturase is required in trans for splicing of the fourth 

intron (ai4) of COXL This maturase is encoded in the COB bi4 intron. Therefore, if bi4 

maturase is not translated from the COB precursor mRNA with introns Cox 1 protein 

cannot be made. 
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Figure 3.3 [^'S| methionine-labeled mitochondrial gene products in wild-type, 

Jcbpl, JpetJ27 and JcbplJpetl27 strains 

Mitochondrial gene products in the wild-type strain and mutant strains were labeled with 

[^^S] methionine in the presence of cycloheximide, an inhibitor of cytoplasmic 

translation. Mitochondria isolated from each strain were suspended in Laemmli buffer, 

and the labeled proteins were separated on a 10% polyacrylamide gel. The positions of 

major mitochondrial gene products are indicated on the left, while the positions and sizes 

of protein molecular weight standards are indicated on the right. 
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DISCUSSION 

Genetic studies have led to the identification of a subset of nuclear genes whose 

products are required for the translation of yeast mitochondrial mRNAs. Two nuclear 

genes, CBSl and CBS2, specifically activate translation of COB mRNA (Rodel, 1997) 

through a site that maps to positions -232 to -60 and -33 to -A of the 5' UTR of COB 

RNA (Mittelmeier and Dieckmann, 1995). The Cbsl and Cbs2 proteins are located in 

mitochondria of wild-type cells and are membrane-associated (Michaelis et ai, 1991). 

The role of the Cbpl protein in processing and stability of COB mRNA has been 

studied extensively (Dieckmann et al., 1982; Dieckmann et ai, 1984b; Dieckmann and 

Mittelmeier, 1987; Mittelmeier and Dieckmann, 1990; Mittelmeier and Dieckmann. 

1993; Staples and Dieckmann, 1993; Chen and Dieckmann, 1994; Staples and 

Dieckmann, 1994; Chen and Dieckmann, 1997; Chen, 1998; Chen et al., 1999). 

However, a role for Cbpl in the translation of COB RNAs was not ascertained due to the 

absence of COB mRNA in cbpl null strains. 

In the present work, the analysis of single and double deletion strains (Jcbpl, 

Apetl27and AcbpIJpet127) has supported the hypothesis that Cbpl is required for 

translation of precursor COB mRNA as well as stability of the transcripts. The respiratory 

competence (growth on glycerol), accumulation of COB mRNAs (primer extension 

analysis), as well as mitochondrial protein synthesis ([^^S]-methionine labeling) were 

assayed in wild-type, Acbpl, Apetl27 and ^bplApetl27 strains. The wild-type and 
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Apetl27 strains grew on glycerol as expected (Wiesenberger and Fox, 1997; Chen et al. 

1999). The ^bpl strain did not grow on glycerol as expected (Dieckmann et al. 1984). 

Importantly, the AcbplApetl27 strain also did not grow on glycerol. Wild-type and dcbpl 

strains accumulated the expected levels of precursor and mature COB mRNA (Chen et al. 

1999). The Apetl27 and Acbpl^etl27 strains accumulated substantial levels of COB 

precursor mRNA (126% and 58%, respectively). The wild-type and Apetl27 strains 

synthesized cytochrome b protein while /icbpl and Acbpl^etl27 strains did not make 

detectable amounts. That strain Acbpl^etl27 does not synthesize cytochrome b protem 

despite substantial amounts of COB precursor mRNA, suggests that Cbp 1 is required for 

translation of COB RNAs. 

Some factors that play a role in both IINA stability and translation have been 

identified for other mitochondrial transcripts. The best characterized is Pet309, which is 

required for the stability of intron-containing COXl mRNA, and it is also required for 

COXI mRNA translation (Manthey and McEwen, 1995). 

A model that could explain these results is as follows; Cbp I binds the COB messages and 

recruits them to the mitochondrial inner membrane where the trans lational activators 

specific for COB RNA, Cbsl and Cbs2, are localized. In the AcbplApetI27 strain, even 

though precursor COB mRNA is present, there is no Cbp I to recruit it to the membrane. 

This model implies a direct interaction between Cbpl and COB mRNA. 
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\L\TERIALS AND METHODS 

Strains, media and nomenclature 

The Saccharomyces cerevisiae strains used in this study are listed in Table 3.1. 

The media in which the strains were grown are as follows: YPD (1% yeast extract, 2% 

peptone. 2% glucose), WO (0.67% yeast nitrogen base without amino acids, 2% glucose) 

and YEPG (1% yeast extract, 2% peptone, 3% glycerol). Amino acid supplements were 

added to suggested final concentrations (Rose et al., 1990). Wild-type nuclear and 

mitochondrial genes are represented by italicized, upper case letters, such as CBPl. 

PET 127, COB and COX2. Mutant genes are represented by italicized lower case letters, 

such as cbpl and petl27. 

Construction of the double vantwiJcbplJpetl27 null strain (uACBPET) 

Strain uACBP/rAo*^^ was made by transforming the uSUF63F strain with an 

1.3 Kb EcoRl Segment (c6/7/::URA3) excised firom pFSlO and selecting for tJRA3" 

(Sibayan and Dieckmann, unpublished). Double mutant strain AcbplApetl27 Irhd^^^ 

(uACBPET//*Ao*^^^) was obtained by mating haploid strains uACBP/rAo*^^^ and 

petl27!rhcP. The diploids were selected under the microscope, sporulated in 1% KOAc at 

23°C and the tetrads were dissected. The double null uACBPET/rAo'*"'"^ strain was 



Table 3.1 Names and genotypes of yeast strains 

Strain Genotype Reference 

in LL20 
ura3::LEU2 hisS-N, hisi-15 2^* 

a[rho'^^^']cbpl::URAi in uSUF63F 
a\rho*^^"\ chpl. ;URA3 in uCCU 

a{rho"]pell27::URA3 in m20/rho" 
a(r/io^ J chpl::URA3 peil27::URA3 spore 

al/7w'"^') karl-l aile2 Iyx2 
a[rho'^'^'^']peil27:.URA3his3-Hliis3-I5 
a\rho'*\chpl::URA3peH27. :URA3 his3-ll. his3-l5 
alrho'^^^']chpl::URA3peil27::URA3his3-lI. his3-l5 

SUF63F 
UCCU 

uACBP 
uACBIVrAo*"'^ 
pell27lrho*^ 
uACBPET/r/io'^''^ 
JC3///if/^"' 

petl27lrho'^'''^' 
uACBI»ET/r/i/ 

UACBPET 

Mittelnieier and Dieckniann (1993) 
Chen t'/o/. (1999) 

This study 
This study 

Chen et al. (1999) 
This study 

Chen (1998) 

Chen (1998) 

This study 

This study 

vO 



obtained as a spore from a non-parental ditype (NPD) tetrad. The NPD tetrad was 

distinguished from parental ditype (PD) and tetratype (TT) tetrads by testing the 

segregation of the URA3 marker and respiratory competence. An NPD tetrad gives a 2:2 

ratio for the URA3 marker (2 Ura^: 2 Ura"), and a 0:4 ratio for respiration (0 Glycerol': 4 

glycerol"). A PD tetrad gives a 4:0 ratio for the URA3 marker (4 Lira*: 0 Ura"), and a 2:2 

ratio for respiration (2 Glycerol*: 2 glycerol"). A TT tetrad gives a 3:1 ratio for the URA3 

marker (3 Ura*: 1 Ura"), and a 1:3 ratio for respiration (I Glycerol+: 3 glycerol-). The 

spore containing both mutations is Glycerol* and Ura* The uACBPET/r/io*^^^ strain was 

made uACBPET/rAo° by ethidium bromide treatment (Fox et al., 1991). Subsequently, 

strain uACBPET/rAo° was crossed to a karl-l strain IQZIrho'^^^ to get uACBPET 

\rho'^^% 

Growth of strains on glycerol plates 

The strains were cultured on glucose media at 30°C to logarithmic phase. Cells 

were counted in a hemocytometer, IX10^ cells/ml were diluted in 100 |il of sterile water 

and serially diluted. Ten ^l drops of serial dilutions 10^, 10**, 10^, 10~, and 10 were 

spotted on glycerol plates and incubated at 25°C, 30°C and 33''C for 5 days. 
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Primer extension analysis of the 5'-ends of COB mRNAs 

Isolation of total RNA was performed as described previously from mid-

logarithmic cultures grown in YPD (Caponigro et ai, 1993). For quantitative analysis by 

primer extension, 8 |ig of total RNA was hybridized to 10 pmoles of the COB "Cob6B" 

primer (Mittelmeier and Dieckmann, 1993) and 10 pmoles of the COX2 "Cox4242" 

primer (Chen and Dieckmann, 1994). The extension reactions were carried out as 

described previously (Mittelmeier and Dieckmann, 1993), except that the hybridization 

reaction was incubated at 47°C for 90 min. The signals obtained from precursor and 

mature COB mRNAs were quantitated using a Phosphorlmager (Molecular Dynamics) 

and normalized to the signal from cytochrome c oxidase subunit 11 (COXJ) transcripts in 

the same strain. 

[^'Sl-methionine labeling of mitochondrial gene products 

In vivo pulse-labeling of mitochondrial proteins was performed as previously 

described (Mittelmeier and Dieckmann, 1990). The cultures were labeled with 50 jaCi of 

[^^S] methionine in the presence of cycloheximide, which inhibits cytosolic protein 

synthesis. Translation products were fractionated on a 10% acrylamide gel, dried and 

proteins were visualized by exposing the dried gel to film for 14 days. 
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CHAPTER 4. GENERAL CONCLUSIONS AND FUTURE DIRECTIONS 

Extensions of the present study should allow further definition of Cbp I activity in 

the regulation of COB expression. The work described in this dissertation was directed 

toward the function of Cbp I in stability and translation of COB mRNA. The majority of 

the experiments were designed to delimit the region(s) of Cbp I essential for COB mRNA 

accumulation. The results of these experiments indicate that there are two functional 

regions in Cbp I. The carboxyl half of Cbp I seems to be important for COB transcript 

accumulation. The remainder of the experiments focused on the role of Cbp 1 in 

translation of COB RNAs. The resu.^ of these experiments suggested that Cbp I is 

required for translation of COB transcripts as well as mRNA stability. 

Several hypothetical models of the mechanism by which Cbp 1 prevents 

degradation of COB RNA have been previously proposed. The most recent suggests that 

Cbp 1 stabilizes COB mRNA during and after the processing of the 5' UTR by binding to 

the message. The results of the present study support the hypothesis that the amino half 

and carboxyl half of Cbp 1 have different functions in COB expression and that Cbp 1 is 

also required for translation of COB RNA. Experiments that will test and expand upon 

the models for Cbp 1 activity are described below. The specific aims of these experiments 

are as follows: 

(1) To investigate the possibility that COB translation is enhanced in the suppressor strain 

S330R 
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(2) To determine whether Cbpl interacts physically with COB RNA. 

(3) To determine the degradation mechanism of COB mRNA. 

(4) To determine the role of Cbpl in translation of COB ElNAs. 

IS TRANSLATION OF COB mRNA ENHANCED IN SUPPRESSOR STRAIN 

S330R? 

Of the twelve C^PZ-encoded suppressors, S330R, is the strongest; it grows like 

wild-type at all temperatures tested. However, accumulation of mature COB mRNA in 

strain S330R is lower than that of several other suppressors. How could such an 

observation be explained? There is the possibility that translation of COB transcripts in 

S330R is enhanced. To test this hypothesis, the mitochondrial gene products of strain 

S330R, the other 11 CflPZ-encoded suppressor strains and wild-type will be labeled with 

[^^S]-methionine and analyzed on polyacrylamide gels. 

IS THERE A PHYSICAL INTERACTION BETWEEN Cbpl AND COB mRNA 

Since the evidence for the Cbpl-COfi mRNA interaction until now is mainly 

genetic, biochemical experiments that show a physical interaction between this protein 

and COB RNA is imperative. Cbp I is a soluble protein made in very low levels in the 

cell; a biotin tagged version has been detected and efforts to purify it are under way 

(Krause and Dieckmann, personal communication). More recently, other tags have been 
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individually added to Cbpl (FLAG, STREP, and BIOTIN) plus the TAP tag to purify it 

through the TAP (tandem affinity purification) method (Souza and Dieckmann, personal 

communication). This purification method is reported to be very good for purifying 

proteins (Rigaut et al., 1999; Krogan and Greenblatt, 2001; Schaper ct al., 2001). Once 

the protein is purified, binding assays can be performed. Cross linking experiments can 

also be done. 

WHAT IS THE MECHANISM OF COB niRNA DEGRADATION? 

There is still relatively little information about the enzymes that participate in this 

process or the factors that might influence their mode of action. Efforts to define the 

direction of decay in yeast mitochondrial transcripts have been under way. However, it 

has not been possible to detect intermediate decay products of COB transcripts by use of 

poly(G) insertions at the S' and 3' ends. Poly(G) sequences fold into a strong secondary 

structure when present in single-stranded RNA, and its presence impedes the action of 

exonucleases in vivo, thus protecting mRNAs. Poly(G) sequences have been used 

successfully in yeast and chloroplasts but not in yeast mitochondria or mammalian 

mRNAs (Mukheijee et al., 2002). The poly(G) in yeast mitochondrial RNA is degraded 

(Chen, Ellis and Dieckmann, personal communication). All of the mitochondrial 

messages are protected at their 3' end by a protein DBP that binds the dodecamer 

sequence present in all transcripts. Perhaps the dodecamer sequence can be inserted in the 

5' UTR of COB, and RNA stability tested in strains that have or lack Cbp I. 
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Accumulation of COB RNA in a cbpl mutant strain would suggest Cbp 1-independent 

stability of COB transcripts and degradation in the 5' to 3' direction. However, 

accumulation of cytochrome b protein is not expected since Cbp 1 is required for 

translation in the cbpl strain. 

Another way to determine the direction of decay of mitochondrial messages is by 

the insertion of RNA binding sites for known proteins like pumilio, a Drosophila protein, 

in the 5' and 3' UTR of COB RNA. A mitochondrial targeting sequence can be added at 

the amino terminus of pumilio so it is targeted to mitochondria. The steady-state levels of 

COB transcripts can be assayed in these mutant strains to see if pumilio protects COB 

RNA. 

WHAT IS THE ROLE OF Cbpl IN TRANSLATION OF COB RNAs? 

One way to find out if Cbpl is required for translation of mature COB transcripts, 

will be to make strains ^etl27 and AcbplApetl27 that contain the mitochondrial 

genome that makes only the mature COB message (named TG9SS). The predictions are 

that /^petl27\rho^^'^^^'\ will accumulates high levels of COB and AcbplApetl27\rho^^'^'^'\ 

will accumulate half of the level of COB in ^etI27\rho^^^^^'\. Jpetl27[rho^'^^^^] stram 

will respire and ^bpIApetI27\rho^'^'*^^'\ will not respire nor accumulate cytochrome b 

protein. These results will suggest that Cbp 1 is required for translation of mature COB 

RNA and will support the model in which Cbpl binds the COB transcripts and recruits 

them to the mitochondrial inner membrane. 
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