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ABSTRACT 

The product of the yeast nuclear gene CBP1 is a 

mitochondrial protein which is necessary for the stability 

of the mitochondrial-encoded cytochrome R (cob) messenger 

RNA. In this dissertation I describe the partial 

purification, and the biochemical characterization of the 

CBP1 protein. Using a monoclonal antibody directed against 

CBP1, I have shown that CBP1 is a mitochondrial protein. I 

found that CBP1 was undetectable in a crude mitochondrial 

fraction isolated from a wild-type strain. However, a 66 

kDa immunoreactive peptide was detected in a purified 

mitochondrial fraction, and was not present in a control 

strain. That CBP1 is a mitochondrial protein and contains 

an amino terminal leader peptide which is removed during 

import was confirmed by in vitro import of 35S-labeled CBP1 

into isolated mitochondria. I found that the mature protein 

product was 66 kDa, whereas the precursor protein migrated 

with the mobility of a 68 kDa polypeptide. This was in 

contrast to the published DNA sequence from which one can 

derive a molecular weight of 76 kDa for CBP1. It was 

determined from electrophoretic analysis of a nested group 

of carboxyl-terminal truncated peptides which were 

translated in vitro, that this aberrant electrophoretic 

mobility is due to a property of the carboxyl terminal 

region of the primary sequence which contains numerous basic 
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residues. 

Having identified the CBP1 gene product in wild-type 

yeast, I wanted to determine the role of CBP1 in stabilizing 

the cob transcript. using wild-type mitochondrial extracts 

containing CBP1, and extracts from a bacterial strain 

overexpressing CBP1, I tested different substrates derived 

from the 5'-untranslated leader of cob in three different 

types of assays; gel retardation, RNA-protein UV

crosslinking, and in scission assays in which I examined the 

possibility that CBP1 is responsible for generating the 

mature 5'-end of the cob mRNA. I was unable to show a 

direct interaction between CBP1 and the 5'-untranslated 

leader of cob mRNA in vitro. However, I was abl~ to 

identify an exonuclease activity in a purified mitochondrial 

fraction from a wild-type yeast strain, which was not 

present in a control strain which harbored a deletion in the 

CBP1 gene. 
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DISSERTATION OVERVIEW 

Chapter one of this dissertation is an introduction. 

In the first half of the introduction I focus on the 

cellular problem of mitochondrial biogenesis, and provide 

examples of the many different nucleo-cytoplasmic 

interactions which occur in the cell. The second half of 

the introduction is focussed on Complex III of the 

respiratory chain as a model system for the study of 

mitochondrial biogenesis. Here I review the earlier studies 

of CBP1 carried out by Dr. Dieckmann, providing a bridge 

between previous work and my research. 

Parts of chapter two and all of chapter three are 

composed of a manuscript which was published. In this 

manuscript I describe the identification of the CBP1 gene 

product in yeast, as well as the partial purification and 

biochemical characterization of CBP1. 

Chapter four and five are focussed on studies on the 

overproduction of CBP1 in both yeast and E. coli, and on 

preparing an in vitro assay for CBP1 function. 

The final chapter is a general discussion in which I 

tie together the many facets of this project, and discuss 

some of the problems which I have encountered while studying 

CBP1. Finally, I present some ideas for future work, and 

describe some of the other approaches being taken in the 

Dieckmann laboratory to better understand CBP1 function. 



CHAPTER 1 

INTRODUCTION 
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In non-photosynthetic eukaryotes, generation of the 

majority of ATP in cells occurs in the mitochondrion. The 

mitochondrion contains all of the enzymes of the Krebs 

cycle, as well as the respiratory complexes of the electron 

transport chain (for review see Tzagoloff 1983). During 

respiration, oxidative ATP synthesis is coupled to the 

transfer of electrons along a chain of electron carriers of 

increasing oxidation-reduction potential, with the final 

electron acceptor being oxygen. The electron transport 

chain, which is an integral constituent of the mitochondrial 

inner membrane, is composed of four respiratory complexes 

and the mitochondrial ATPase, each containing multiple 

protein subunits (Hatefi 1976). Movement of electrons along 

the chain is mediated by a series of cytochromes and non

heme containing carriers associated with the respiratory 

complexes. All organisms which are capable of growing 

aerobically contain an electron transport system. In 

bacteria the respiratory complexes are found in association 

with the inner plasma membrane (Poole and Ingledew 1987). 

However, in eukaryotes these enzyme complexes have been 

compartmentalized into an organelle which has evolved to 

play an important role in cellular metabolism. 

In addition to functioning as an energy transducing 
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organelle, the mitochondrion serves to regulate the level of 

reduced pyridine nucleotides in the cytoplasm, as well as 

partitioning enzymes involved in both gluconeogenesis and 

ureogenesis (Tzagoloff 1983). For all eukaryotes, the 

process of mitochondrial biogenesis is complex, requiring 

the coordinated effects of two physically separate genomes. 

In the case of the budding yeast Saccharomyces 

cerevisiae, the assembly of a functional respiratory 

organelle is even more complex since it is a facultative 

anaerobe, and has the ability to regulate the level of 

mitochondrial biosynthesis and the synthesis of mito

chondrial gene products in response to the environment. In 

~ cerevisiae, as in most eukaryotes, the mitochondrial 

genome encodes only a small fraction of the approximately 

300 polypeptides composing the mitochondrion (Tzagoloff and 

Myers 1986; Grivell 1989; Tzagoloffand Dieckmann 1990). 

Therefore, most of the proteins which compose the complexes 

of the electron transport chain as well as the mitochondrial 

protein synthesizing machinery and the genetic components of 

the mitochondria are nuclear-encoded. 

The complexity of these interactions between the 

mitochondrion and the host cell has given rise to some very 

interesting questions in modern cell biology. Over the past 

several years much attention has been focussed on trying to 

understand mitochondrial biogenesis and the many nucleo-
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cytoplasmic interactions which take place in the cell giving 

rise to the mitochondrion, as well as how this organelle has 

evolved. 

At one time, mitochondrial progenitors may have 

existed as free living organisms capable of carrying out all 

of the metabolic activities associated with autonomy. 

According to the endosymbiontic hypothesis, these 

mitochondrial progenitors were introduced into the host cell 

which provided a nuclear genome (Gray 1989a; Gray 1989b). 

This was followed by a transfer of genetic information to 

the nucleus and/or loss of genetic information from the 

endosymbiont genome. The result of this genetic transfer is 

an organelle which is semi-autonomous. Mitochondria retain 

a distinctive genome which is replicated and expressed, yet 

they are incapable of existing independently. 

In ~. cerevisiae, the mitochondrial genome encodes 

seven subunits of the respiratory chain. These include 

subunits 1, 2 and 3 of cytochrome oxidase, subunits 6, 8 and 

9 of the ATP synthase, and cytochrome ~, the only mito

chondrial-encoded subunit of ubiquinol:cytochrome Q 

reductase (Weiss et al. 1973; Katan et al. 1976; for review 

see Grivell 1989). In addition, the yeast mitochondrial 

genome contains the information for both ribosomal RNAs, all 

of the necessary tRNAs, a ribosomal associated protein, 

var1, an RNA component of the RNase-P tRNA processing enzyme 
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and intron encoded factors required for intron excision and 

transposition. This leaves the cell with the formidable 

task of coordinating the expression of the mitochondrial

encoded gene products with the expression of nuclear-encoded 

proteins destined for the mitochondrion. Recent studies 

have been focussed on identifying these nuclear genes. 

Nuclear genes required for mitochondrial function 

were originally identified by screening for respiratory 

deficient mutants which retain the ability to grow on 

glucose (Sherman and Slonimski 1964). These respiratory 

deficient mutants were identified by their small colony 

morphology when grown in the presence of limiting amounts of 

glucose, and were subsequently called pet mutants because of 

their "petite" colony morphology (Ephrussi et ale 1949; 

Sherman 1964). Candidate mutants were than crossed to a 

tester strain lacking mitochondrial DNA (po) to determine if 

the mutation resided in a nuclear gene or a mitochondrial 

gene. This approach led to the identification of over 1700 

pet strains contained in 215 complementation groups (for 

review see Tzagoloff and Dieckmann 1990). Individuals from 

many of the 1700 complementation groups were assayed for 

NADH-cytochrome £ reductase, cytochrome oxidase, oligomycin 

sensitive ATPase, mitochondrial protein synthesis, and for 

the presence of mitochondrial cytochromes. Based on these 

analyses, nuclear mutations affecting mitochondrial function 
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were classified into five phenotypic classes: (1) cytochrome 

oxidase-deficient mutants, (2) coenzyme QH2-cytochrome Q 

reductase-deficient mutants, (3) ATPase~deficient mutants, 

(4) mutants defective in mitochondrial protein synthesis, 

(5) mutants which contain normal amounts of respiratory 

chain enzymes and ATPase. 

Nuclear mutations resulting in these phenotypes are 

found in genes required for catalytic function, assembly of 

the respiratory complexes, or for the expression of specific 

mitochondrial-encoded subunits of the complexes (for reviews 

see Atardi and Schatz 1988; Grivell 1989). In addition, 

many nuclear genes encode polypeptides required for the 

replication, transcription and translation of all of the 

mitochondrial genes. For example, the genes encoding the 

mitochondrial DNA polymerase (MIP1, Genga et al. 1986), RNA 

polymerase (RP041, Masters et al. 1988), ribosomal proteins 

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

Mason 1988) and aminoacyl-tRNA synthetases (Myers and 

Tzagoloff 1985; Herbert et al. 1988; Natsoulis et al. 1986; 

Tzagoloff and Myers 1986) are nuclear-encoded. The 

mitochondrial ribosomes are assembled with over 60 nuclear

encoded subunits, of which only one is mitochondrial-encoded 

(Fearon and Mason,1988; Parteledis and Mason 1988). All 

nuclear-encoded proteins destined for the mitochondria are 

synthesized on cytoplasmic ribosomes, and imported into the 



correct mitochondrial compartment (for review see Hartl et 

ale 1989) where they are assembled with the mitochondrial

encoded sUbunits. 
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Since ~. cerevisiae is a facultative anaerobe, it 

must be capable of synthesizing the subunits of the enzyme 

complexes of the respiratory chain in stoichiometric 

amounts, as well as coordinating the synthesis of the 

mitochondrial-encoded subunits with the nuclear-encoded 

subunits in response to growth conditions. It has been 

shown by the analysis of mutants defective in expression of 

one or more subunits composing a complex, that the sUbunits 

must be expressed in stoichiometric amounts for optimal 

assembly and activity. For example, mutations in several of 

the nuclear-encoded subunits of Complex III result in a 

reduction or a complete loss of the cytochrome Q gene 

product as well as other nuclear-encoded subunits of the 

complex (Crivellone and Tzagoloff 1988; Wu and Tzagoloff 

1989; Tzagoloff et ale 1990). This decrease in the levels 

of cytochrome Q protein in response to the different lesions 

was shown to be the result of decreased stability of the 

polypeptide rather than lowered levels of synthesis. In 

addition, Schoppink et ale (1989) have shown that mutants 

lacking either the 11 kDa or 14 kDa subunits of Complex III 

contain reduced levels of the Reiske iron-sulfur protein. 

Similar phenotypes have been observed for lesions in the 



nuclear-encoded subunits of cytochrome oxidase. Mutations 

in cytochrome oxidase subunits 4, 5 or 7a result in the 

decreased stability of the three mitochondrial-encoded 

subunits cox1, cox2, and cox3 (McEwen et ale 1986). 

20 

The requirement that the nuclear- and mitochondrial

encoded subunits of a respiratory complex are present in 

stoichiometric amounts implies that their synthesis must be 

coordinately regulated. The synthesis of both nuclear

encoded subunits as well as mitochondrial-encoded subunits 

has been shown to be increased under conditions of oxidative 

metabolism (Tzagoloff and Myers 1986; Grivell 1990). 

Whereas synthesis of nuclear-encoded gene products required 

for non-fermentative growth have been shown to be regulated 

at the level of transcription, all of the mitochondrial

encoded subunits are regulated post-transcriptionally. 

There are two reasons why it is unlikely that mitochondrial 

genes are regulated transcriptionally. since many of the 

mitochondrial RNAs are co-transcribed with tRNA molecules 

(see Grivell 1990), transcriptional repression would result 

in a concomitant decrease in translation. As maintenance of 

the mitochondrial genome is dependant on translation 

(Tzagoloff and Myers 1986), transcriptional repression would 

lead to respiratory deficiency. In addition, none of the 

nuclear genes necessary for mitochondrial function have been 

shown to encode a mitochondrial transcription factor 
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(Tzagoloff and Dieckmann 1990)~ Coordination of expression 

is therefore achieved through nuclear-encoded factors 

required for RNA processing and translation of mitochondrial 

mRNAs. The expres~ion of many of these factors has been 

shown to be increased when cells are grown under aerobic 

.conditions. For example, the expression of PET494, which is 

required to promote translation of the mitochondrial mRNA 

encoding cytochrome oxidase subunit 3, is increased five

fold when cells are grown under aerobic conditions (Marykwas 

and Fox 1988). Expression of PET494 is increased another 

five-fold when cells are grown on a non-fermentable carbon 

source such as ethanol or glycerol. Although the expression 

of mitochondrial genes involved in respiration is induced 

under the same conditions as their nuclear counterparts, it 

appears that several nuclear gene products can be involved 

in regulating the expression of a single mitochondrial gene, 

as exemplified by the role of nuclear factors in regulating 

the expression of the mitochondrial encoded subunit of 

Complex III. 

The genetic and biochemical analysis of the assembly 

and catalytic function of Complex III, ubiquinol:cytochrome 

£ reductase has resulted in a better understanding of 

mitochondrial biogenesis and the role of nuclear factors in 

controlling mitochondrial gene expression. Complex III 

catalyzes the reduction of cytochrome £ by ubiquinol (Hatefi 



22 

et al. 1962). It is composed of eight protein subunits with 

a total molecular weight of between 260 and 280 kDa (Katan 

et al. 1976; sidhu et al. 1982). Transfer of electrons from 

ubiquinol to cytochrome is catalyzed by three heme 

containing proteins; two different "}2" type cytochromes (12s62 

and }2566) which are associated with a single subunit, 

cytochrome Q, and a non-heme iron-sulfur containing protein 

with a 2Fe-2S cluster (Tzagoloff and Nobrega 1983; Tzagoloff 

1983). In addition, Complex III contains five other 

sUbunits. The genes for these subunits have been cloned 

(COR1, COR2, COR3, COR4, COR5). They encode polypeptides 

which range in molecular weight from 44 kDa to 11 kDa (van 

Loon et al. 1982; Tzagoloff et al. 1986; Oudshoorn et al. 

1987; Maarse and Grivell 1987). Nuclear mutations affecting 

the synthesis and assembly of the nuclear-encoded subunits 

of Complex III are represented in at least 18 

complementation groups (Tzagoloff and Dieckmann 1990). 

Analyses of these mutations has led to the grouping of 

Complex III subunits into three distinguishable classes 

(Tzagoloff et al. 1990). The first class of protein 

subunits are those which are responsible for electron 

transfer, including cytochrome }2, cytochrome 2, and the 

iron-sulfur protein. The next group includes those subunits 

which lack redox centers, but which are necessary for 

assembly and maintenance of a catalytically active 
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conformation, and includes all of the core proteins except 

for the core 3 subunit. The final class is made up of 

membrane proteins which are not part of the complex and are 

not required for expression of catalytic activity but may be 

necessary for the assembly of complex III. It has been 

proposed that these proteins provide anchoring sites in the 

membrane for the core proteins and catalytic SUbunits. The 

gene products of two nuclear genes, CBP3 (Wu and Tzagoloff 

1989) and CBP4 (Crivellone and Tzagoloff, unpublished 

results) fall into this class. 

Recent work has been focussed on trying to understand 

the role which each of the subunits play in the assembly of 

a functional complex. Crivellone and Tzagoloff (1988) have 

carried out a genetic analysis of structural mutants of 

Complex III, and have proposed a tentative model for the 

assembly of Complex III based on the mutant phenotypes 

observed. They propose that following import into the 

mitochondrion, the protein subunits interact with each other 

in the lipid bilayer to form a core. The assembly of the 

subunits into a core unit is followed by attachment of the 

heme prosthetic group to cytochrome £1' the addition of the 

FeS protein and mitochondrial-encoded cytochrome ~. 

Expression of a functional enzyme complex is therefore 

dependent on the coordinated expression of the nuclear

encoded subunits of Complex III with the mitochondrial-
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encoded subunit, cytochrome R. 

Recent work in the Dieckmann laboratory has been 

focussed on studying the role which nuclear factors play in 

regulating the expression of mitochondrial-encoded 

cytochrome R. The gene encoding cytochrome R is co

transcribed with the mitochondrial tRNA9lu gene (Christianson 

et al. 1983), and contains three exons and two intervening 

sequences, bI4 and bI5 (Nobrega and Tzagoloff 1980). 

Strains which harbor a long form of the gene have been 

isolated. In the long form, the first exon is split by 

three additional introns, bI1, bI2 and bI3 (Grivell et al. 

1980; Lazowska et al. 1980) each of which contains an open 

reading frame encoding a maturase required for sp~icing of 

the intron (Jacq et al. 1980; Lazowska et al. 1980a; 

Lazowska et al. 1980b; Weiss-Brummer et al. 1982; Jacq et 

al. 1984). Messenger RNA transcripts of both forms of the 

gene contain a long 5'-untranslated leader of approximately 

950 nucleotides, as well as a shorter 3'-untranslated leader 

of about 110 nucleotides (Nobrega and Tzagoloff 1980). 

Transcriptional initiation occurs at position -1550 relative 

to the start of translation of the cytochrome R transcript 

(Christianson and Rabinowitz 1983) resulting in the 

synthesis of an approximately 5.0 kb messenger RNA 

containing tRNA9 lu and all of the cob sequence (short gene) . 

This is followed by processing of the tRNA9 lu , maturation of 
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the 5' and 3' ends of the cob transcript, and removal of the 

two intervening sequences. Northern blot analysis has 

resulted in the identification of four cytochrome Q 

processing intermediates, all of which contain a mature 5'

end at approximately position -954 relative to the start of 

translation of cob (Bonitz et al. 1982). These 

intermediates include a 4.3 kb pre-messenger RNA which 

begins at -954 and contains both cob exons and both introns. 

A 3.6 kb transcript has been shown to contain the first 

intervening sequence, and a 2.9 kb intermediate contains 

only the second intervening sequence. Removal of both 

introns results in the formation of the mature 2.2 kb 

transcript (Dieckmann et al. 1982; Bonitz et al. 1982). 

The analyses of nuclear mutations affecting the 

synthesis of cytochrome Q have resulted in the 

identification of genes which fall into at least eight 

complementation groups, including genes which are required 

for intron excision, RNA stability and translation of the 

transcript (Dieckmann and Tzagoloff 1990). For example, 

three nuclear genes have been identified which are required 

for translation of the cytochrome Q mRNA; CBP6 (cytochrome Q 

processing 6) (Dieckmann and Tzagoloff 1982), CBS1 

(cytochrome Q synthesis 1) (Rodel and Fox 1987) and CBS2 

(RodeI1986). In cbp6 mutants as well as cbs1 and cbs2 
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MITOCHONDRIAL-ENCODED CYTOCHROME ~ MESSENGER RNA. 

Cytochrome R is co-transcribed with the tRNA9 lu 

(Christianson et al. 1983) from a promoter which is located 

approximately 450 bp upstream of the tRNA gene (Christianson 

and Rabinowitz 1983). The ,cytochrome R pre-messenger RNA 

contains three exons and two introns in the short form of 

the gene (Nobrega and Tzagoloff 1980). Removal of the 

introns and maturation of both the 5 1 -end and 3 1 -end of the 

transcript generates a 2.2 kb transcript (Dieckman et al. 

1982; Bonitz et al. 1982). This mature mRNA contains a 5 1 -

untranslated leader of approximately 950 bases, and a 3 1 -

untranslated region which is 110 nucleotides long. 
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mutants, normal levels of the cytochrome ~ transcript are 

present in the cell, however the mRNA is not translated. 

28 

The role which CBP6 plays in promoting translation of 

cytochrome ~ is still unclear, however both CBS1 and CBS2 

promote translation by acting on the 5'-untranslated leader 

of the cytochrome ~ mRNA. Rodel and Fox (1987) have shown 

that when the structural information for the cox3 gene is 

fused to the 5'-untranslated leader of the cob gene, 

translation is dependent on the presence of a wild type copy 

of CBS1. Furthermore, expression of a chimeric gene 

containing the 5'-untranslated leader of cob fused to the 

coding sequence of oli1 (ATPase subunit 9) is dependant on 

the presence of wild-type copies of both CBS1 and of CBS2 

(RodeI1986). The translation of other mitochondrial genes 

is also under the control of specific nuclear factors. 

Mutations in PET494, PET54, and PET111 block the expression 

of cox3 and these genes are necessary to promote translation 

of the cox3 transcript (Constanzo and Fox 1986a; Constanzo 

and Fox 1986b; Poutre and Fox 1987). Furthermore, Constanzo 

and Fox (1988) have shown that the site of action of these 

three gene products is in a region of the cox3 mRNA 5'

untranslated leader, at least 172 nucleotides upstream of 

the initiation codon. Recently, Payne and Lukins (1991) 

have identified a nuclear pet mutant which is defective in 

expression of oli1, and have shown that this defect lies in 
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a gene required for translation of the oli1 transcript. In 

addition, Papadopoulou et ale (1990) have identified a 40 

kDa polypeptide (p40) which interacts directly with the cob 

mRNA 5'-untranslated leader in the vicinity of the AUG. 

This protein has also been shown to bind to the 5'-un

translated leader of each of the mRNAs for cox1, and cox3 

and may be a general factor required to promote 

mitochondrial translation. 

Five complementation groups have been identified 

which are defective in the removal of introns from the 

cytochrome £ transcript (Dieckmann and Pape 1982). Two of 

these genes have been shown to code for the aminoacyl-tRNA 

synthetases for tyrosine (MSY1, Group 26) and threonine 

(MST1, Group 69). That these mutants were defective in 

removal of the first intron led to the initial proposal that 

the wild-type genes may code for proteins involved in 

splicing (Dieckmann et ale 1982). It was later shown that 

the defect in splicing is caused by lowered levels of 

expression of the maturase encoded by the first intron. 

However, the product of the NAM2 gene, which is the 

mitochondrial leucyl-tRNA synthetase, is required for 

removal of both bI4 and the fourth intron of oxi3 pre-mRNA, 

aI4 (Herbert et ale 1983; La Bouesse et ale 1985; LaBouesse 

et ale 1987), and may be essential for the removal bI2, bI3 

and aI3 (Labouesse 1990). Although the role of aminoacyl-



30 

tRNA synthetases in protein synthesis has been well charac

terized, the discovery that these gene products play a role 

in splicing has come about fairly recently. In addition, 

one other gene is required for excision of the first intron. 

Muroff and Tzagoloff (1990) have shown that the CBP7 gene is 

identical to CBS2, and that in addition to the role in 

promoting translation of the cytochrome ~ mRNA, CBP7 might 

be acting in conjunction with the bI4 maturase encoded 

within the first intron to remove that intron. Excision of 

the terminal intron of cob, bI5, has been shown to be 

dependant on the product of only a single nuclear gene, CBP2 

(McGraw and Tzagoloff 1983). Gampel and Tzagoloff (1987) 

have shown that although in vitro excision of the. terminal 

intron is protein independent, CBP2 is required in vivo 

(Gampel et al. 1989). 

Further analysis of mutants which were defective in 

splicing of the cob mRNA resulted in the discovery of 

another group of mutants, Group 60, which displayed a 

complex phenotype with respect to the pattern of transcripts 

which hybridized with probes from the cytochrome ~ coding 

sequences. In some of these mutants the 4.3 kb precursor 

transcript is detectable, however the 3.6, 2.9, and 2.2 kb 

species are not present at levels above background 

(Dieckmann and Pape 1982; Dieckmann et al. 1982). Initially, 

these mutants appeared to have a defect in either 
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transcription or in removal of the first intron, however 

these two possibilities were ruled out experimentally by the 

analysis of steady state levels of mitochondrial RNA in a 

cbp1 mutant, and it was shown that the defect in this class 

of mutants is at the level of RNA stability (Dieckmann and 

Tzagoloff 1984). The wild-type gene was cloned by 

complementation and sequenced (Dieckmann et ale 1982; 

Dieckmann et ale 1984). The sequence contained a single 

open reading frame which could code for a basic polypeptide 

with a molecular weight of 76,240, and the gene was named 

CBP1 (cytochrome R Rrocessing £). It was still unclear how 

a defect in a nuclear gene could affect the stability of a 

mitochondrial transcript. The approach which was taken was 

to analyze cytochrome R transcripts in revertants of 

different cbp1 mutants. A mitochondrial suppressor of a 

cbp1 mutant was isolated which contained the 5'-untranslated 

leader sequence of oli1 (ATPase subunit 9) fused to the 

coding sequence of cytochrome R (Dieckmann et ale 1984). 

strains which harbored this chimeric suppressor gene grew as 

well as wild-type strains and the result of Northern 

analysis showed a pattern of cytochrome R transcripts which 

would be expected with the presence of the oli1 sequenc~s. 

However, this transcript was stable in a strain which 

contained a wild-type copy of CBP1. In addition, Dieckmann 

and Mittelmeier (1987) have analyzed the phenotype with 
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respect to mRNA stability of a hybrid gene which contains 

the sequence encoding a portion of the 5'-untranslated 

leader of the cob mRNA, fused to the coding sequence of 

olil. They observed that this hybrid transcript was 

degraded in a cbpl mutant, and was stable in a strain which 

was wild-type at the CBPl locus. It can be concluded from 

these data that the 5'-untranslated leader of the cob mRNA 

is required for CBPl function. Furthermore, sequence 

analysis of this chimeric gene revealed that the region of 

the 5'-untranslated leader of cob mRNA which is proximal to 

position -696 in the mRNA is sufficient for the stabilizing 

function of CBP1. 

It was very interesting that CBPl is a specific 

factor required to stabilize the cytochrome Q transcript. 

Although other gene-specific factors required for both RNA 

processing and translation of mitochondrial mRNAs have been 

identified, CBPl was the only nuclear gene which had been 

shown to be required for the stability of a mitochondrial 

transcript. There are several models which could be invoked 

to explain the mechanism by which CBPl could confer 

stability to the cytochrome Q transcripts (see Chapter 3). 

My major goal has been to understand the mechanism of action 

of the CBPl gene product. I wanted to determine if CBPl 

carries out a stabilizing function via a direct interaction 

with the cob mRNA 5'-untranslated leader. 
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The approach which I have taken has been to first 

develop an immunological assay for the detection of CBPl. I 

prepared a monoclonal antibody against CBP1, and used it to 

identify CBPl in mitochondrial extracts from a strain which 

overexpresses CBPl. using the monoclonal antibody, I was 

able to obtain purified mitochondrial fractions from wild

type yeast containing CBP1. These purified fractions were 

used as a source of CBPl protein for in vitro functional 

assays. Because of the low abundance of CBPl in wild-type 

yeast I decided to overproduce CBPl to obtain enough protein 

to carry out functional assays. I set up overexpression 

systems for CBPl in both yeast and ~ coli, and wanted to 

use the recombinant CBPl as a source of protein for in vitro 

functional assays. 

My objectives were to purify the CBPl polypeptide 

from wild-type yeast and to characterize the mechanism by 

which this protein confers stability to the cytochrome Q 

mRNA in vitro. Although we do not yet understand completely 

how CBPl functions, we have learned a great deal about the 

biochemistry of this protein. This information will be 

useful as a base for future studies and the elucidation of 

how CBPl functions in vivo. 
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The genotypes and origins of the ~ cerevisiae and E. 

coli strains and p1asmids used in this study are listed in 

Table I. The media used for growth of yeast were as 

follows: YPD (1% yeast extract, 2% peptone, 2% glucose), 

Minimal Medium [0.67% yeast nitrogen base without amino 

acids (Difco), 2% glucose or 2% galactose], YPG (1% yeast 

extract, 2% peptone, 2% galactose), YEPG (1% yeast extract, 

2% peptone, 3% glycerol). Semi-synthetic medium with 3% 

glycerol was prepared as described (Daum et a1. 1982). All 

solid media contained 2% Bacto Agar (Difco), and solid media 

used for yeast transformations also contained 1.2 M 

sorbitol. Bacterial strains were grown on LB (1% tryptone, 

0.5% yeast extract, 0.5% NaC1, 0.1% glucose). LB 

supplemented with 25 ~g/m1 ampicillin or 12 ~g/m1 

tetracycline was used to select for and maintain p1asmids in 

bacterial strains. Bacteria were transformed by a standard 

technique (Hanahan 1983). The conditions used for yeast 

transformations have been described (Beggs 1978). In 

experiments in which cbpl strains were compared to strains 

wild-type for the CBPI gene, the rho+ mitochondrial genomes 

were eliminated from all of the strains by ethidium bromide 

mutagenesis, and a mitochondrial genome carrying a 
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TABLE I. Yeast and E. coli strains and plasmids 

A. YEAST STRAINS 

NAME 
DCL/Int 

KG/Int 

D273-10 

N5-26 LA1 

N5-26 LA1/In 

GENOTYPE 
a n+(tnt 4-35) ade1 
-,~ , --, 
leu2-3, leu2-112 

DCL/Int with LEU2 inserted 
in a KpnI-BglII deletion of 
CBP1 

g, Q+, cbp1-1, leu2-3, 
leu2-112, ade1 

Q+(int4-35) derivative of 
N5-26 LA1 

NL52/IntN5-26 LA1/Int containing 
YEp52 

NL52CBP1 N5-26 LA1 containing 
YEp52CBP1 

NL52CBP1/Int N5-26 LA1/Int containing 
YEp52CBP1 

NL52CBP1:HIS3 N5-26 LA1/Int with 
Int YEp52CBP1:HIS3 

JC7/Int 

BJ2168 

a n+(int4-35) leu1 kar1-1 
-,~ , --, 

a, p+, prcl-407, prbl-1122, 
pep4-3 leu2, trp1, ura3-52 

REFERENCE 
Dieckmann and 
Tzagoloff 1985 

Liu and 
Dieckmann 1989 

Tzagoloff et 
al. 1976 

Dieckmann et 
al. 1982 

Weber and 
Dieckmann 1990 

Weber and 
Dieckmann 1990 

Weber and 
Dieckmann 1990 

Weber and 
Dieckmann 1990 

Weber and 
Dieckmann 1990 

Dieckmann and 
Mittelmeier 
1990 

Zubenko et al. 
1980 



B. YEAST PLASMIDS 

NAME 
YEp52 

DESCRIPTION 
Yeast expression vector 
containing the GALlO 
promoter 

YEp52/-11CBP1 Fusion of GALlO promoter at 
position -11 relative to the 
CBP1 ATG 

YEp52/-26CBPl Fusion of GALlO promoter at 
position ·-26 relative to the 
CBP1 ATG 

YEp52/ HIS3 insertion at the BglII 
-26CBP1:HIS3 site in CBP1CY37 

CY37 Yeast expression vector 
containing a copy of the 
a-factor structural gene 

C. E. coli STRAINS 

NAME 
RR1 

JM 103 

BL21 (DE3) 

GENOTYPE 
F-, hsdS20 (r-B,m-B), ara-14, 
proA2, lacY1, galK2, rpsL20, 
(Smr), xyl-5, mtl-1, 
supE44, lambda-

(lac pro), thi, strA, supE, 
endA,sbcB, hsdR-, F'traD36, 
proAB, lacIq, Z M15 

F-, hsds , gal, lacUV5-gene1 

REFERENCE 
Broach et al. 
1983 

Homison 1984 

Homison 1984 
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Weber and 
Dieckmann 1990 

Kurjan and 
Herskowitz 
1983 

REFERENCE 
Bolivar et al. 
1977 

Messing 1983 

Dunn and 
Studier 1983 
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D. E. coli PLASMIDS 

NAME 
pBS-

pCBP1-3 

pATH2 

pATH2-CBP1 

ptrpE/ 
+85CBP1 

pAtrpE/ 
+85CBP1 

pET11A 

pT7/CBP1 

pT7/ 
+85CBP1 

PROTS6-
Mb2-2 

DESCRIPTION REFERENCE 
Plasmid with promoters for Promega 
T3 and T7 RNA polymerase 
flanking pUC19 multiple 
cloning site 

pBR322 with a 3.1 kb BamHI Homison 1983 
partial fragment containing 
the CBP1 gene 

Plasmid encoding the trpE N- Spindler et a1. 
terminal fragment 1984 

pATH2 with the N-termina1 Weber and 
fragment of trpE fused to Dieckmann 1990 
the 700 bp BamHI-HindIII 
fragment of CBP1. 

pATH2 with the sequence This study 
encoding the N-termina1 
fragment of trpE fused to 
the CBP1 gene at position 
+85 

pATH2 with the sequence en- This study 
coding the N-termina1 4 
residues of trpE fused to 
CBP1 at position +85 

Expression plasmid with Rosenberg et 
T7 promoter and unique Nde1 a1. 1987 
site 

pET11A with CBP1 gene in- This study 
serted into Nde1 site at 
position +1 

pET11A with CBP1 gene in- This study 
serted into Nde1 site at 
position +85 

SP6 polymerase based vector This study 
containing a HinFI fragment 
from the petite mitochondrial 
genome A12 
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NAME DESCRIPTION REFERENCE 
PROTS6- SP6 polymerase based vector This study 
Mb2-3 containing a 463 bp BamHI-

AhaIII fragment from the 
yeast petite genome A12 

pBS-/ pBS- with a 460 bp BamHI- This study 
-1330::-870 EcoRI fragment from PROTS6-

Mb2-3 

pBS-/ pBS- containing a 1155 bp This study 
1100::+55 BamHI-EcoRl fragment from 

PROTS6-Mb2-2 

pBS-/ pBS- containing a 200 bp SspI This study 
-1100::+900 fragment from PROTS6-Mb2-3 

inserted into the Sma I site 

pBS-/ pBS- containing a 236 bp This study 
-938::-662 fragment generated by PCR 

inserted into the XhoI site 

pBS-/ pBS- containing a 32 bp This study 
-930::-898 synthesized insert ligated 

into the hindIII site 
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suppressor of cbp1 was introduced into each strain by mating 

to a karl strain harboring the rhoint4-35 DNA (Dieckman and 

Gandy 1987). 

Preparation of Antibodies to CBPl 

A 700 bp BamHI-HindIII fragment from the CBP1 gene 

was ligated into the bacterial expression vector pATH2 at 

the multiple cloning site (Dieckmann and Tzagoloff 1985; 

Dieckmann et al 1984; Spindler et ale 1984). An insoluble 

protein fraction (Kleid et ale 1981) prepared from the E. 

coli strain bearing the PATH2-CBP1 construct was solubilized 

in 2% sodium dodecyl sulfate in Biogel buffer (10 roM 

Tris-HCl, Ph 7.5, 50 roM NaCl, 1 roM EDTA, 5 roM 

B-mercaptoethanol) and fractionated on a Biogel 0.5 column. 

The fractions containing trpE-CBP1 fusion protein were 

identified by analysis of fractions in a 10% Leammli gel 

(Laemmli 1970) followed by Coomassie staining. The purified 

fractions containing the fusion protein were then pooled, 

concentrated by precipitation with 50% ammonium sulfate, 

dialyzed against buffer containing 10 roM Tris-HCl, pH 7.5, 

and 0.9% NaCl and used to immunize rabbits by standard 

procedures (Harlow and Lane 1988) (antiserum was produced by 

Pocono Rabbit Farm, Pennsylvania). The IgG fraction was 

obtained from serum by DE-52 chromatography. Ten ml rabbit 

serum was dialyzed against 5 roM sodium phosphate, pH 6.5 and 

combined with 20 ml DE-52 which had been equilibrated with 5 
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roM sodium phosphate, pH 6.5. The slurry was stirred for 1 

hr at room temperature and the matrix was removed by 

centrifugation at 5000 x g. The supernatant which contained 

the purified IgG was brought to a final concentration of 

0.1% sodium azide, aliquoted and stored at -80°C. 

Mouse monoclonal antibodies directed against CBP1 

were also prepared using the trpE-CBP1 fusion protein as a 

source of antigen. Balb/c mice were injected intraperi

toneally each of three successive weeks with 100 ~g of the 

insoluble protein fraction prepared from ~. coli strain RR1 

carrying the pATH2-CBPl plasmid. 100 ~g of the insoluble 

fraction contained approximately 5 ~g of the trpE-cBP1 

fusion protein as determined from electrophoresis in a 10% 

SDs-polyacrylamide gel followed by Coomassie staining of the 

gel. The spleen cells from injected mice were fused with 

NSO myeloma cells (Galfre and Milstein 1981) and super

natants from the resulting hybridomas were screened by a 

differential ELISA (Harlow and Lane 1988) assay using both 

the trpE-CBP1 fusion protein and the trpE polypeptide 

N-terminal fragment alone as sources of antigen. Hybridoma 

cell lines producing antibody to CBP1 were cloned twice by 

limited dilution prior to further characterization. 

In vitro Transcription of CBP1 

Plasmid DNA was purified by CsCI density centri

fugation and linearized with the appropriate restriction 
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endonuclease. Template DNA for in vitro transcription of 

pCBP1-IVT was linearized with EcoR1 restriction 

endonuclease. 2 ~g of DNA template were transcribed in a 

100 ~l reaction containing 40 roM Tris-HCl, pH 8.0, 8 roM 

MgCl2 , 2 roM spermidine, 1 roM ATP, 1 roM GTP, 1 roM CTP, 1 roM 

UTP and 60 units of T3 polymerase (Boehringer Mannheim). 

Transcription reactions were carried out for 90 min at 37°C, 

extracted once with phenol-chloroform (1:1), once with 

chloroform and precipitated with ethanol in the presence of 

2 M ammonium acetate. The precipitated RNA was washed twice 

with 80% ethanol, air dried and resuspended in DEPC treated 

water. The yield of RNA was approximately 3-5 ~g for each 

transcription. 

Cell-Free synthesis and In vitro Import of CBPl 

Approximately 200 ng of CBP1 transcripts were 

translated in 60 ~l of nuclease-treated rabbit reticulocyte 

lysate (BRL) containing 0.1 mCi of [35s ]methionine (1100 

Ci/roMol) and 500 ~M of the other 19 amino acids. 

Translation reactions were incubated for 30 min at 30°C, 

dialyzed overnight against 40 roM KCl, 20 roM HEPES, pH 7.4, 

to remove the unincorporated methionine and stored at -80°C. 

Prior to using the lysate for in vitro import reactions, the 

mixtures were thawed and centrifuged at 140,000 x g for 30 

min at 4°C in a Beckman Airfuge to remove polysomes. Import 

of CBP1 into isolated mitochondria was performed as 
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described (Gasser et al. 1982). 5 ~l of rabbit reticulocyte 

lysate were added to 200 ~g of mitochondria in a final 

volume of 200 ~l and incubated for 30 min at 30°C with 

shaking and then chilled on ice. One half of the sample was 

treated with 120 ~g/ml trypsin and the other half with 1 roM 

phenylmethylsulfonyl flouride (PMSF) and 1 roM 

N-tosyl-L-lysine chloromethyl ketone (TLCK). After 20 min 

on ice, PMSF and TLCK were added to the trypsin sample to a 

final concentration of 1 roM. Following protease treatment, 

mitochondria were reisolated by centrifugation through a 25% 

sucrose solution at 15,000 x g for 10 min. 

preparation of Mitochondria 

Mitochondria were isolated from yeast strain D273-10B 

for in vitro import experiments. Cells were grown to early 

log phase in semi-synthetic medium supplemented with 3% 

galactose as a carbon source. Mitochondria were prepared as 

described (Daum and Schatz 1982) and used immediately for 

import assays. For analysis other than in vitro import 

experiments, the isolation of mitochondria was carried out 

using standard procedures (Faye et al. 1974). 

Partial Purification of CBPl from Yeast Mitochondria 

(a) Wild-type mitochondria. 10 mg of mitochondrial 

protein isolated from both a wild-type strain DCL/lnt and 

the negative control strain, which harbored a deletion in 

the CBP1 gene (vKG/lnt), were resuspended in 10 roM Tris-HCl, 
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pH 7.5, 1 M HaCI, and sonicated on ice for 3 x 15 seconds 

using a Heat Systems (model W-225) sonicator at a duty cycle 

setting of 50%, 35% power. The sonicated mitochondria were 

centrifuged at 50,000 x g for 30 min using a Beckmann Ty 65 

fixed angle rotor. The resulting supernatant was dialyzed 

against 20 roM Tris-HCI, pH 7.5. streptomycin sulfate was 

then added to the soluble fraction to 1% w/v with stirring 

at OOC. The precipitate was collected at 25,000 x g, washed 

once with 40 roM Tris-HCI, pH 7.5, and extracted twice with 1 

M NaCI in 40 roM Tris-HCI, pH 7.5. The salt extracts were 

pooled and ammonium sulfate was added to a" final concen

tration of 80%. The precipitated protein containing CBP1 

was collected at 50,000 x g, resuspended in 10 roM Tris-HCI, 

pH 7.5, and dialyzed against the same buffer. (b) Fraction

ation of mitochondria following import. 400 ~g of 

mitochondria containing 0.02 ~Ci 35S~CBP1 were resuspended 

in 50 ~l of 10 roM Tris-HCI, pH 7.5 and fractionated through 

the streptomycin sulfate precipitation step as described in 

a). A submitochondrial particle fraction prepared from an 

additional 400 ~g of mitochondria was adjusted to a protein 

concentration of 5 mg/ml in 10 roM Tris-HCI, pH 7.5, and 

Triton X-100 was added to 2% (v/v) with stirring at 4°C. 

The detergent-insoluble pellet was collected by 

centrifugation at 50,000 x g for 10 min in a Beckman 

Airfuge. 



44 

polyacrylamide Gel Electrophoresis and western Analyses 

Polyacrylamide gel electrophoresis was performed as 

described (Laemmli 1970). Western analysis was carried out 

as described (Schmidt et al. 1984) with minor modifications. 

Proteins were transferred onto nitrocellulose at 150 V for 

45 min. The blots were pre incubated in low salt buffer (150 

roM NaCl, 40 roM Tris-HCl, pH 8.0, 4 roM EDTA, 0.1% Triton 

X-100) containing 5% (w/v) dried milk for 30 min and then 

probed with either monoclonal antibody or polyclonal IgG in 

a 1% milk solution in low salt buffer. The blots were 

washed 3 x 10 min in 1% milk/buffer. Antigen-antibody 

complexes were detected by decorating the proteins in 1% 

milk/buffer containing 2.0 x 105 cpm/ml 12SI-prote~n A (ICN). 

The blots were washed 6 x 10 min in low salt buffer, dried 

and exposed to x-ray film (Kodak X-OMAT). In those cases 

where blots were probed with the monoclonal antibody, 

incubation with a goat anti-mouse secondary antibody 

(Kirkergaard and Perry, Gaithersburg, Md.) was required 

prior to incubation with protein A. All protein 

concentrations were determined using the BCA (bichinchoninic 

acid) protein assay (Pierce, Rockford, IL.). 

Growth and preparation of Yeast strains for Analysis of 

overexpression and secretion of CBPl 

Yeast strain LL20 was transformed with either plasmid 

pmf-a/CBP1 or plasmid pCY37 using standard yeast transform-
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ation techniques (Beggs 1978). One liter of minimal media 

was inoculated with 10 ml of an overnight culture and grown 

to an A600=1.0 at 30°. Cells were harvested by centri

fugation at 3000 x g, and approximately 100 ~g of cellular 

protein was analyzed for the presence of CBP1 by Western 

blotting using monoclonal antibody 4E9/F5. In addition, the 

media was analyzed for the presence of CBP1. PMSF was added 

to a final concentration of 1 roM, and the media was 

concentrated 40 fold by centrifugation through an 

ultrafiltration concentrator containing a membrane with a 

cut-off size of 30 kDa (Amicon, Danvers, MD.) Two ml of 

media was concentrated to a final volume of 50 ~l containing 

100 ~g of protein, and this material was analyzed by Western 

blotting using mAB-4E9/F5. 

Induction of ~. coli and preparation of ~. coli Extracts 

for the Analysis of trpE-CBPl Fusion Peptides 

The expression of fusion proteins following growth in 

modified M9 medium containing 50 ~g/ml ampicillin, and 

induction by indole-3-acrylic acid has been previously 

described (Spindler 1982). Inductions were carried out on 

bacterial strains harboring either the control plasmid 

pATH2, or one of the plasmids harboring the CBP1 coding 

sequence; plasmid pATHl/+85CBPl (Figure 11B), plasmid 

pATH2/+85CBP1 (Figure 11A) or plasmid p~TrpE/+85CBP1 (Figure 

11B). 
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Whole cell extracts were analyzed for the presence of 

the correct fusion protein by SOS-PAGE on a 16 x 18 cm 10% 

polyacrylamide gel followed by either Coomassie staining or 

Western blotting using monoclonal antibody 4E9/F5. 

Induction of ~. coli Harboring T7/CBPl P1asmids and 

Fractionation of E. coli Extracts 

LB medium containing 50 ~ g/ml ampicillin was 

inoculated with an overnight culture of ~. coli strain RRI 

harboring either plasmid pETIIA, plasmid pT7/CBPl or plasmid 

pT7/+85CBPl. IPTG was added to a final concentration of 0.5 

roM when cells attained a Klett reading of 100. Cultures were 

grown for an additional 3 hours and harvested by centrifug

ation at 10,000 x g. Cells were fractionated into soluble 

and insoluble components as described by Gentry and Burgess 

(1990) . 

Preparation of CBPl Protein and RNA Substrates 

The purification of CBP1 from yeast mitochondrial 

extracts has been previously described. All of the in vitro 

transcriptions were carried out using a derivative of 

plasmid pBS- (Promega), in which the promoters for T7 and T3 

RNA polymerase flank the pUC19 (Yanisch-Perron et ale 1985) 

multiple cloning site. The synthesis of labelled RNA 

transcripts for use as substrate in the functional assays is 

the same as the synthesis of CBP1 transcript for in vitro 

translation exc~pt that UTP was added to a final 
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concentration of 100 ~M and 50 ~Ci of[a-32p]UTP (ICN, 

Irvine, CA) was added. Following incubation for 1 hr at 

37°C, the transcription reactions were made 100 roM in Tris

Cl, pH 8.4, extracted once with an equal volume of 

chloroform saturated phenol, followed by two extractions of 

the aqueous layer with chloroform. The RNA was ethanol 

precipitated in the presence of 2 M ammonium acetate and the 

pellet containing the RNA was washed twice with 80% ethanol, 

air dried and resuspended in DEPC treated water. The 

integrity and size of the RNA was confirmed by electro

phoresis in a 5% sequencing gel containing 7 M urea. In 

order to determine the size of the RNA product, sequencing 

reactions of known DNAs were resolved side-by-side with the 

RNA. 

Analysis of RNA-Protein Interaction by Gel Retardation 

The protocol used for the analysis of RNA-protein 

interactions is based on the method used by Papadopoulou 

(1990) for the analysis of the interaction between p40 and 

the 5'-untranslated leader of cytochrome Q mRNA. A standard 

RNA binding experiment was performed by mixing either crude 

rabbit reticulocyte lysate, purified mitochondrial 

fractions, or the insoluble fraction of E. coli extracts 

containing CBP1 solubilized with 0.25% Sarkosyl detergent, 

with 5-10 ng of [a _32p]UTP labeled RNA (10000-15000 cpm) in 

a final volume of 20 ~l in 10 roM Tris-HCl pH 7.5, 0.1 roM 
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EOTA, 7 roM B-mercaptoethanol, 1 roM PMSF, 5 roM MgCl2 , 50 roM 

NaCl and 5% glycerol. The mixtures were incubated for 15 

min at 30°C and loaded on a 16 x 18 cm, 4% non-denaturing 

polyacrylamide gel (acrylamide:bisacrylamide ratio of 40;1). 

Gels were run at 200 volts for 3 hr at 4°C using 1 x TBE (9 

roM Tris borate pH 8.0, 2roM EOTA pH 8.0) as the gel and 

running buffers. The gels were then fixed in a solution 

containing 10% acetic acid, dried, and visualized by 

autoradiography. 

RNA-Protein UV-crosslinkinq 

RNA and protein were incubated as described for gel 

retardation experiments, except that reactions were carried 

out in a total volume of 15 ~l in 72 well microtiter plates. 

Following incubation, the plate was placed in a Stratalinker 

UV crosslinker (stratagene) in a dish of ice, 15 cm below 

the UV light source (256 nm) (UV dose=180 erg/mm2-s, or 1.8 

Joules). Reaction mixtures were irradiated for 15 min, and 

loaded onto a 10% SOS-polyacrylamide gel for analysis 

(Laemmli 1970). Following electrophoresis, the gels were 

dried and autoradiographed as described above. 

In vitro scission Assay 

The analysis of RNA cleavage products catalyzed by 

CBPl was carried out as described for gel retardation, with 

the exception that following incubation, the products were 

resolved on a sequencing gel containing 7 M urea which was 
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then dried and exposed to x-ray film. The final 

concentration of acrylamide used in the gel was dependent on 

the size of the RNA substrate in the reaction and thus 

varied between 4% and 6%. 



CHAPTER THREE 

IDENTIFICATION OF THE CBP1 POLYPEPTIDE IN MITOCHONDRIAL 

EXTRACTS FROM Saccharomyces cerevisiae 

INTRODOCTION 

In this study, I provide both in vivo and in vitro 

biochemical evidence that CBP1 is indeed a mitochondrial 

protein. I show that wild-type strains have a very low 

concentration of this protein in mitochondria, that the 

precursor protein is proteolytically processed on import 

into the organelle, and that the protein migrates 

anomalously fast when analyzed by 50S-PAGE. 
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Two difficulties in the biochemical characterization 

of some putative nucleic acid binding proteins an~ nucleases 

of the mitochondrial compartment are the low abundance of 

the proteins and the presence of high levels of non-specific 

nuclease activity which makes it difficult to study specific 

protein-RNA interactions (Oake et al. 1988). Based on pre

liminary experiments in which I analyzed the Coomassie 

stained patterns of crude mitochondrial proteins which were 

resolved in an 50S-PAGE system, I concluded that CBPl was 

expressed at low levels. Because nuclease deficient strains 

were not yet available, I decided to raise antibodies to a 

trpE-CBP1 fusion protein to aid in the purification of CBP1 

from mitochondrial extracts. Purification of CBP1 from 

contaminating nucleases should allow the analysis of CBP1 



function in vitro. 

RESULTS 

Characterization of Antibodies to CBPl 
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To monitor the purification of CBP1, I raised 

polyclonal and monoclonal antibodies to a trpE-CBP1 fusion 

polypeptide. That these antibodies were specific for CBP1 

was confirmed by western analysis of insoluble protein 

aggregates prepared from E. coli strains which harbor 

plasmids encoding the trpE N-terminal peptide or the 

trpE-CBP1 fusion protein. As shown in Figure 2, polyclonal 

antibodies raised against the fusion polypeptide reacted 

with both the 67 kDa fusion product and the 37 kDa trpE 

fragment (Panel B), whereas serum collected from the rabbit 

before immunization did not react with either protein (Panel 

A) • 

A differential ELISA assay (trpE fragment vs 

trpE-CBP1 fusion protein) was used to screen hybridoma cell 

lines for those producing antibodies to CBP1. Monoclonal 

antibody isolated from cell line 4E9/F5 reacted with the 67 

kDa fusion polypeptide and not the trpE fragment (Panel C). 

In addition to the fusion product, both the polyclonal and 

monoclonal antibodies cross-reacted with several lower 

molecular weight proteins. These products are most likely 

the result of premature translational stops due to pausing 

of the ribosomes at tryptophan codons located in both the 
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trpE and CBPl coding sequences, under conditions of 

tryptophan starvation (Zurawski et ale 1978). There are two 

bands which cross-reacted with the polyclonal serum and the 

monoclonal antibody which are not present in the control. 

The size of these fusion peptides (45 kDa and 53. kDa) is 

consistent with the location of tryptophan codons in the 

CBPl sequences. The presence of other bands might be 

~xplained by the presence of rare codons in the CBPl 

sequences. The full-length fusion polypeptide and 

prematurely shortened polypeptides corresponded to major 

bands in a duplicate gel stained with Coomassie brilliant 

blue (data not shown). 

overexpression and Detection of CBPl Protein in Yeast 

Mitochondria 

Western blot analysis of whole mitochondrial protein 

from a wild-type strain displayed a pattern of reactive 

proteins identical to that obtained with an equivalent 

fraction prepared from a strain with a deletion in the CBPl 

gene (Figure 3). In addition, a difference could not be 

detected in any other cellular protein fractions under 

conditions in which I could detect 1 ng of the fusion 

protein using the monoclonal antibody. These results 

confirmed that CBPl is not an abundant protein, but gave no 

information as to whether the polypeptide is indeed 

localized to th~ mitochondria. Therefore, I decided to 



Figure 2. ANALYSIS OF ANTIBODIES RAISED AGAINST A trpE-CBPl 

FUSION PROTEIN. 5 ~g of an insoluble protein fraction 

prepared from E. coli strain RR1 containing pATH2 (encodes 

the trpE amino terminal polypeptide alone) (Lanes 1,3 and 5) 

or ~ coli strain RR1 containing pATH2-CBP1 (trpE-CBP1 

fusion gene) (Lanes 2,4 and 6) were resolved in a 10% 

Laemmli gel and blotted onto nitrocellulose. Each blot was 

incubated with either (A) 1:500 dilution of pre-immune serum 

from rabbit 4115, (B) 1:500 dilution of rabbit 4115 

polyclonal IgG, or (C) 1:10,000 dilution of mouse monoclonal. 

antibody 4E9/F5 followed by a second incubation with a 

1:2,000 dilution of goat anti-mouse IgG. All blots were 

subsequently incubated with 0.5 ~Ci/ml 125I-protein A and 

exposed to x-ray film for 12 hr. 
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Figure 3. WESTERN ANALYSIS OF CRUDE MITOCHONDRIAL 

FRACTIONS. Yeast strains were grown to mid-log phase in 

YEPG medium, mitochondria were isolated, and the sonicated 

supernatant was isolated as described (see "Materials and 

Methods"). 100 ~g of total mitochondrial protein and 20 ~g 

of the sonicated supernatant fraction from strains DCL/lnt 

(lanes 1 and 3) and vKG/lnt (lanes 2 and 4) were resolved by 

SDS-PAGE, electroblotted onto nitrocellulose and probed with 

monoclonal antibody as described for Figure 2. 
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overexpress CBPl in yeast under control of the inducible 

Galla promoter, to aid in localization and purification. As 

shown in Figure 4, a 66 kOa protein was detected in strain 

NL52CBP1/Int, which overexpresses CBPl under direction of 

the GALlO promoter (Lane 5), but not in strain 

NL52CBP1:HIS3/Int, in which the GAL10-CBPl gene is disrupted 

(Lane 6), or strain NL52/Int, which harbors a plasmid 

bearing the GALlO promoter alone (Lane 1). Based on the 

results of a fractionation of whole cells (Lane 2) from 

strain NL52CBPl into mitochondria (Lane 3) and 

post-mitochondrial supernatant (Lane 4), I can conclude that 

CBPl is localized in the organellar compartment. 

In-vitro Import of CBP1 

To verify that the 66 kOa polypeptide detected by 

western blot analysis is indeed CBPl and to investigate 

whether CBPl precursor polypeptides .are processed during 

import into mitochondria, I decided to synthesize CBPl 

precursors in a rabbit reticulocyte lysate and incubate the 

lysate with isolated mitochondria in an in vitro import 

assay. In this type of assay, 35S-labeled precursor protein 

synthesized in a rabbit reticulocyte lysate is incubated 

with isolated mitochondria. Following incubation, the 

mitochondria are treated with protease and the mitochondrial 

protein is resolved by SOS-PAGE. The gel is then treated 

with fluor, dried, and exposed to x-ray film. 



Figure 4. DETECTION OF CBPl IN MITOCHONDRIA OF A GAL10-CBPl 

STRAIN. Yeast strains were grown to mid-log phase in 

minimal medium containing 2% galactose and harvest.ed by 

centrifugation. Whole cell extracts were prepared by 

vortexing each pellet in a volume of 20% trichloroacetic 

acid equal to that of the cell pellet plus the same volume 

of glass beads. 20 ~g of protein from each strain were 

neutralized with Tris base, resolved in a 10% Laemmli gel 

and probed with monoclonal antibody 4E9/F5 as described in 

Figure 2. Lane 1, strain NL52/Int (contains GALlO plasmid): 

Lanes 2 and 5, NL52CBP1 and NL52CBP1/Int (contain GAL10-CBP1 

plasmid); Lane 6, NL52CBP1:HIS3/Int contains GAL10-CBP1 

plasmid with an insertion in the CBP1 coding 'sequence at the 

BglII site (Dieckmann et ale 1984). Mitochondria were 

prepared from strain NL52CBP1 (Faye et ale 1974). 2 ~g of 

mitochondrial protein (Lane 3) and 20 ~g of the post

mitochondrial supernatant (Lane 4) from the same strain were 

also analyzed. The yeast strains analyzed in Lanes 3 and 4 

contained the wild-type mitochondrial genome rho+ whereas 

the strains analyzed in Lanes 1, 5, and 6, contained the 

mitochondrial genome rhoint4-35 which suppresses cbp1 

mutations (Dieckmann and Mittelmeier 1987). 
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Precursor proteins which are imported and processed to a 

mature form can than be visualized. The lysate was charged 

with CBP1 transcripts generated by T3 DNA-dependant RNA 

polymerase on the pBS-/IVT plasmid template (see Figure 5). 

Based on the analysis of in vitro translated and in vitro 

imported CBP1 by SDS-PAGE (Figure 6), the CBP1 precursor 

protein appeared to be approximately 68 kDa and was 

processed to the mature 66 kDa form upon import. In 

addition, there are several other smaller imported products 

which are probably carboxyl-terminal truncated CBP1 poly

peptides which were imported. The observation that the CBP1 

precursor appeared to be 68 kDa rather than 76 kDa, as 

previously predi~ted by analysis of the DNA sequence 

(Dieckmann et al. 1984), was surprising and generated 

further study of the mobility of CBP1 in the Laemmli system. 

Aberrant Electrophoretic Mobility of CBPl 

There are three possible explanations for the ob

served aberrant mobility of CBP1: 1) the CBP1 gene used to 

produce CBPl artificially was truncated or mutated at the 5' 

end, which resulted in the use of a downstream AUG, 2) the 

sequence was truncated or mutated in the carboxyl terminal 

region, which resulted in early termination of translation, 

or 3) the CBP1 polypeptide runs anomalously fast in Laemmli 

gels. Based on the analysis of yeast strains overproducing 

different versions of CBP1, it was likely that the correct 



Figure 5. CONSTRUCTION OF pCBP1-IVT FOR IN VITRO 

TRANSCRIPTION AND TRANSLATION OF CBP1. YEp52/-11CBP1 DNA 

(Homison 1984) was digested with Pst!. The fragment 

containing the 5 1 -end of the CBP1 gene was ligated to pBS

(Promega). The plasmid product, pBS/5 I CBPl, was digested 

with BarnH!. The 2.7 kb BamH! fragment encoding the 3 1 -end 

of CBP1 from pCBPl-3 was ligated into pBS-/5 I CBPl. The 

final product, pCBP1-!VT, contains a fusion of the T3 

bacteriophage promoter to the CBPI gene sequence 11 bp 

upstream of the translational start codon. P = Pst! 

B = BamH!. 
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Figure 6. IN VITRO TRANSLATION AND IMPORT OF CBPl INTO 

YEAST MITOCHONDRIA. CBP1 RNA was transcribed in vitro from 

plasmid CBP1-lVT with T3 RNA polymerase (Boehringer 

Mannheim) and 0.5 ~g of the RNA was subsequently translated 

in 10 ~l of rabbit reticulocyte lysate (BRL) containing 10 

~Ci of [~S]methionine (lCN). 0.1 ~Ci of ~S-CBP1 was 

imported into 200 ~g isolated yeast mitochondria in vitro as 

described (Gasser et et ale 1982), and 50 ~g of mitochondria 

containing 0.01 of ~Ci 35S-CBP1 were analyzed in a 10% 

Laemmli gel. Following electrophoresis, the gel was treated 

with ENLlGHTNlNG (Du Pont), dried and exposed to x-ray film 

for 12 hr. The precursor of the mitochondrial F1-ATPase 

(F1-B) was imported as a test of the in vitro system; Lane 

1, 1 ~l of reticulocyte lysate charged with F1-B RNA; Lane 

2, 50 ~g of mitochondrial protein from the F1-B import 

experiment; Lane 3, 50 ~g of mitochondrial protein from the 

F1-B mitochondrial import experiment following treatment 

with proteinase K; Lanes 4 and 7, 1 ~l of reticulocyte 

lysate programmed with CBP1 RNA; Lane 5, 50 ~g mito

chondrial protein from the CBP1 import experiment; Lane 6, 

50 ~g mitochondrial protein from the CBP1 import experiment 

following treatment with proteinase K. 
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AUG initiator codon was employed in the artificial mRNA. It 

has been shown that a fusion of the GALlO promoter to CBP1 

at position -11 relative to the start codon synthesized 

large amounts of CBP1 in vivo, whereas a promoter fusion at 

+10 which utilizes a downstream AUG for initiation, did not 

produce significant amounts of the protein (Homison 1984). 

There are no other in-frame start codons in this interval. 

If the rabbit reticulocyte system preferentially initiated 

translation at a downstream AUG, it is unlikely that the 

polypeptide would have been imported efficiently, as most 

transit sequences that target mitochondrial proteins to the 

organelle are at the extreme amino-terminal end of the pre

cursor (Maccecchini et al. 1979). The possibility that the 

clone used to produce mRNA for in vitro translation was 

mutated in the carboxyl terminal region was eliminated by 

sequencing from the ClaI site at nucleotide +1600 in the 

coding sequence to nucleotide +1990, 28 bp beyond the term

ination codon in plasmid pCBP1-IVT (data not shown). The 

sequence was in agreement with the original data (Dieckmann 

et al. 1984). Examination of the electrophoretic mobility 

of several CBP1 polypeptides synthesized in vitro, with 

truncations of different amounts of the carboxyl-terminal 

coding sequence (Figure 7A), revealed 'that all of the CBP1 

polypeptides except the shortest (HpaI) migrated anomalously 

(Figure 7B). Based on a comparison of the predicted 



Figure 7. ABERRANT ELECTROPHORETIC MOBILITY OF CBP1 

POLYPEPTIDES. 0.5 ~g of pCBP1-IVT was transcribed in vitro 

with T3 RNA polymerase and 1.0 ~g of the RNA was translated 

in 5 ~l of rabbit reticulocyte lysate (BRL) containing 5 ~ci 

[ 35s]methionine. 1 ~l of lysate was resolved in a 10% 

Laemmli gel. The gel was treated with ENLIGHTNING (Du 

Pont), dried, and exposed to x-ray film for 12 hr. (A) 

Partial restriction map of the plasmid CBP1-IVT used to 

prepare truncated CBP1 transcripts for in vitro translation. 

R=EcoRI, P=PstI, C=claI, G=BglII, H=HpaI. (B) Polyacrylamide 

gel electrophoresis of truncated CBP1 polypeptides. Lanes 1 

and 7, 14c - protein molec~lar weight standards; Lane 2, 

full-length CBP1 protein; Lane 3, CBP1-PstI polypeptide; 

Lane 4, CBP1-ClaI polypeptide; Lane 5, CBP1-BglII 

polypeptide; Lane 6, CBP1-HpaI polypeptide. 

Table II provides a comparison of the theoretical 

molecular weight of each of the truncated CBP1 polypeptides 

to how they migrated in a Laemmli gel system. 
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Table II. Molecular weights of CBPl polypeptides 

POLYPEPTIDE # RESIDUES PREDICTED M.W. APPARENT M.W. 

FULL-LENGTH 654 76 kDa 68 kDa 

CBPl-P 588 68 kDa 62 kDa 

CBPl-C 533 62 kDa 56 kDa 

CBPl-G 325 38 kDa 32 kDa 

CBPl-H 222 26 kDa 26 kDa 
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molecular weights of the truncated products to those ob

served in Laemmli gels (Table II) it can be concluded that 

the apparent molecular weight of each of the proteins is 

significantly less than that predicted by sequence analysis. 

Fractionation of 35S-CBPl Imported Into Isolated 

Mitochondria 

CBP1 overproduced in the GAL10-CBP1 strain is 

imported into the mitochondrion where it aggregates into 

particles soluble only in 6 M guanidine-HCI or 2% sodium 

dodecyl sulfate (data not shown). To date, I have not found 

a successful renaturation protocol. This insoluble material 

is useless for in vitro studies of CBP1 function. 

Therefore, I wondered whether a scheme for purifying CBP1 

from whole mitochondria could be developed using imported 

CBP1 as a marker to follow the purification of the protein. 

As shown in Figure 8, the majority of CBP1 imported into 

isolated mitochondria was in a particulate fraction 

refractory to solubilization with 2% Triton X-100 (Lane 12). 

This result is similar to that obtained when mitochondria 

from the GAL10-CBP1 strain were fractionated (data not 

shown). However, approximately 5% of the imported CBP1 was 

soluble (Lane 5). I wanted to see if this material could be 

precipitated with streptomycin sulfate, which precipitates 

nucleic acids and the proteins bound to them (Kaplan and 



Figure 8. FRACTIONATION OF ISOLATED MITOCHONDRIA FOLLOWING 

IN VITRO IMPORT OF CBP1. Yeast mitochondria containing 0.01 

J.,£Ci 35S-CBP1 were fractionated as described (see "Materials 

and Methods"). Following fractionation, protein samples 

were resolved in a 10% Laemmli gel which was then treated 

with "ENLIGHTNING (Du Pont), dried, and exposed to x-ray film 

for 1 week. Lanes 1, 4, 7 and 10, 14C- protein molecular 

weight standards; Lanes 3, 5, 6, 8 contain protein derived 

from an equivalent amount of total mitochondria; Lane 9 

contains two equivalents and Lanes 11 and 12 contain half

equivalents; Lane 2, 1 J.,£l of reticulocyte lysate programmed 

with CBP1 RNA; Lane 3, 65 J.,£g of mitochondria following 

import of 35S-CBP1; Lane 5, 15 J.,£g of protein from the 

supernatant of the sonicated mitochondria; Lane 6, 50 J.,£g of 

submitochondrial particle protein; Lane 8, 12 J.,£g of protein 

from the streptomycin sulfate supernatant; Lane 9, 3 J.,£g of 

protein from the streptomycin sulfate pellet; Lane 11, 3 J.,£g 

of Triton X-100 soluble protein; Lane 12, 12 J.,£g of protein 

from the Triton X-100 insoluble fraction. 
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Grossman 1971), and has been shown to precipitate CBP2 from 

yeast mitochondrial extracts (Gampel and Tzagoloff 1987). 

CBP2 interacts with the terminal intervening sequence of the 

cob pre-mRNA to enhance the rate of intron excision (Gampel 

and Tzagoloff 1987; Gampel and Tzagoloff 1989), and has a 

similar molecular weight and pI as CBP1 (McGraw and 

Tzagoloff 1983). As shown in Lane 9, at least half of the 

soluble portion of the imported CBP1 was recovered by 

streptomycin sulfate precipitation, in a fraction that 

represents only 2% of total mitochondrial protein. 

Detection of CBPl in Wild-Type Mitochondrial Extracts 

I expected that the streptomycin sulfate precipit

ation protocol could result in the concentration of CBPl in 

wild-type mitochondrial extracts and allow detection of the 

protein by western blot assay. Therefore, I turned to the 

side-by-side fractionation of mitochondria from a strain 

containing the wild-type CBPl gene and a control strain 

harboring a deletion of the CBPl gene. western analysis 

(Figure 9) of a salt wash of the streptomycin sulfate pellet 

fractions from each strain shows a 66 kDa protein in 

wild-type strain DCLjInt (Lane 2) but not in vKGjInt, which 

has a deletion in the CBPl gene (Lane 3). Whether all or 

part of the total mitochondrial complement of CBPl is 

contained in this fraction representing only 0.2% of total 

mitochondrial protein could not be determined, as cruder 



fractions from both strains showed equivalent patterns of 

background reactivity in western blots (Figure 3). 

DISCUSSION 
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In this study I have provided two lines of evidence, 

by in vivo and in vitro assay, that CBPl is indeed a 

mitochondrial protein. CBPl was detected with antibodies in 

mitochondrial extracts of a wild-type strain, and 

artificially produced 35S-CBPl was imported into isolated 

mitochondria. Following import into mitochondria, CBPl is 

processed to a mature product approximately 2 kDa smaller 

than the precursor protein. Furthermore, this processed 

polypeptide had the same mobility as CBPl isolated from 

mitochondria isolated from the yeast overexpression strain 

(data not shown). In addition, in vitro experiments carried 

out with CBPl polypeptides truncated at the carboxyl 

terminus resulted in mature fragments 2 kDa shorter than the 

precursor polypeptides (data not shown). These results 

strongly suggest that maturation of CBPl during import is 

due to removal of approximately 2 kDa from the amino

terminal region of the protein. This region of the protein 

is rich in lysine and arginine residues, similar to the 

amino terminal transit sequences characteristic of other 

proteins which are imported into the mitochondrion (Ito et 



Figure 9. DETECTION OF CBP1 IN WILD-TYPE MITOCHONDRIA. a) 

The yeast strains were grown to mid-log phase in YEPG 

medium, mitochondria were isolated and 10 mg of mitochondria 

from each strain were fractionated as described (see 

"Materials and Methods"). b) 20 J1.g of protein from the 

final 80% ammonium sulfate pellet fraction from strains 

DCL/lnt (Lane 2) and vKG/lnt (Lane 3) were resolved in a 10% 

Laemmli gel and probed with monoclonal antibody as described 

for Figure 2. As a positive control, 200 ng of total 

mitochondrial protein from the CBP1-overproducing strain, 

NL52CBP1, were analyzed (Lane 1). 
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ale 1985; Roise and Schatz 1988; "Roise et ale 1988). 

The discrepancy between the predicted size of the 

precursor protein (76 kDa) (Dieckmann et ale 1984), and the 

apparent molecular weight of CBP1 precursor polypeptides 

synthesized in a rabbit reticulocyte system (68 kDa) , 

provides a basis for the conclusion that CBP1 migrates more 

quickly than would be predicted in a Laemmli gel system. 

Sequence analysis of the transcription vector used to 

synthesize mRNA for in vitro translation, and electro

phoretic analysis of CBP1 polypeptides truncated at the 

carboxyl terminus, showed that CBP1 migrates aberrantly and 

furthermore, it can be concluded that this is due to a 

property of the carboxyl two-thirds of the protein. Though 

I have no evidence that CBP1 directly interacts with RNA, 

the basic nature of the carboxyl region is similar to 

regions of other proteins shown to interact with RNA. 

In contrast to my finding that CBP1 migrates more 

quickly in the Laemmli system, Query et al. (1989) have 

shown that a protein component of the U1 small nuclear 

ribonucleoprotein particle displays aberrantly slow 

electrophoretic mobility. The U1 particle protein contains 

a carboxyl-terminal charged domain as do two Drosophila 

proteins (su(wa) and tra) (Chou et ale 1987; Boggs et al. 

1987) which may regulate pre-messenger RNA splicing. In 

addition to sharing the feature of a carboxyl-terminal 
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charged domain, many RNA binding proteins have been shown to 

share a common RNA recognition motif (Mattaj 1989; 

Bandzuilis et ale 1989). This putative RNA binding domain 

consists of a conserved stretch of about 90 amino acids 

containing a more highly conserved octapeptide consensus 

sequence. There are no similar sequences in CBP1 as 

determined by FASTP (Wilbur and Lipman 1983). However, 

portions of CBP1 possess sequence similarity with several 

nucleic acid-binding proteins, including yeast DNA 

topoisomerase II and the largest subunit of yeast RNA 

polymerase III (Grivell 1989). Interestingly, it is the 

amino terminus of CBP1 which is similar to the RPOIII gene 

product. This is unusual, since the region of similarity in 

CBP1 covers the amino terminal leader sequences, which are 

necessary for import of CBP1 into the mitochondrion. 

That CBP1 is a rare protein in yeast mitochondria is 

evidenced by the inability to detect the polypeptide in 

Western blots of 100 ~g of whole mitochondrial protein with 

a dilution of monoclonal antibody 4E9/F5 that can detect 

approximately 1 ng of the trpE-CBP1 fusion protein (data not 

shown). Moreover, overproduction of the mitochondrial 

protein via the GAL10-CBP1 fusion or in vitro import of an 

excess of 35S-CBP1 into isolated mitochondria resulted in 

denaturation and aggregation of all but a small fraction of 

the imported CBP1 (Figure 8). It appears that yeast 
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mitochondria can only accommodate a certain low 

concentration of soluble CBP1 polypeptide. Perhaps newly 

imported CBP1 polypeptides must interact with cob mRNA or 

other mitochondrial proteins in order to fold into the 

native conformation. For example, the HSP60 gene product has 

been shown to be an accessory factor which facilitates the 

folding and/or association of individual subunits of 

multimeric complexes in the mitochondrion (Cheng et ale 

1989; Reading et ale 1989). Limiting amounts of HSP60 could 

affect the amount of CBP1 which is folded in the correct 

conformation. Having identified CBPl in wild-type 

mitochondrial extracts should allow further purification and 

ultimate separation from non-specific nucleases which remain 

in our most highly purified fractions. These more pure 

fractions will be very useful in determining the role of 

CBP1 in conferring stability to the .cob transcript. 

There are at least four possible mechanisms by which 

CBPl could stabilize cob RNA: 1) CBP1 is a site-specific 

nuclease which cleaves the cob pre-mRNA between the 

co-transcribed upstream tRNA9 lU and cob mRNA. Such a 

5 1 -maturation cleavage might allow the cob untranslated 

leader sequence to fold into a structure refractory to 

nucleolytic degradatiop, 2) CBP1 is the cob mRNA 

5 1 -maturation nuclease and also binds and protects the 

5 1 -end of the transcript, 3) CBP1 binds and protects the 



78 

5 1 -end of the transcript following cleavage of the RNA by 

another protein, 4) CBP1 acts indirectly in the mitochondria 

to stabilize cob transcripts. I favor a model in which CBP1 

interacts directly with the cob transcripts, either playing 

a role in nucleolytic maturation of the 5 1 -end of the 

transcript and/or by binding to the untranslated leader 

sequence. 

CBS1 and CBS2 gene products have been shown to 

promote translation of cob transcripts (Rodel et ale 1985; 

Rodel 1986; Rodel et ale 1986; Rodel and Fox 1987). Like 

cbp1 mutations, cbs1 and cbs2 mutations can be suppressed by 

the mitochondrial gene rearrangement which replaces the cob 

5 1 -untranslated region with that of another mitochondrial 

gene. Therefore, it is a formal possibility that one or 

both of these proteins interact with the CBP1 polypeptide 

and/or with each other to form a complex with cob mRNA. 

Additional biochemical and genetic analyses are required to 

test for possible interactions between these proteins and to 

elucidate the role of CBP1 in cob mRNA stability. 
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CHAPTER 4 

OVEREXPRESSION OF CBP1 
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The development of biological systems for over

expressing proteins of interest has enabled researchers to 

study both the biological function and molecular structure 

of proteins which might otherwise be difficult to obtain. 

Overexpression of a gene product can also be used to obtain 

enough antigen to prepare antibodies as well as to obtain 

enough polypeptide for microsequencing. There are several 

expression systems which can be used to overexpress a gene 

product. The five most commonly used systems employ E. 

coli, ~. subtilis, yeast, insect, or mammalian cells as 

hosts, and a variety of plasmids or viral genomes (e.g. 

baculovirus) for overexpression of a gene (Goeddel 1990). 

The choice of a system to overexpress a cDNA is fairly 

empirical, however there are many factors which could affect 

the level of expression of a particular gene product. 

These include plasmid copy number, the stability of the 

messenger RNA, re-folding of the gene product into the 

correct conformation which will affect the solubility of the 

protein, and protein stability (for review see Balbas and 

Bolivar 1990). In addition, post-translational 

modifications such as glycosylation, phosphorylation, and 

ADP-ribosylation cannot occur properly in E. coli (Goeddel 
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1990), and therefore need to be considered when choosing an 

expression system. Furthermore, mammalian proteins may not 

be glycosylated correctly in yeast (Hitzeman et ale 1990) or 

insect cells (Goeddel 1990). 

A foreign protein can be overproduced as a 

translational fusion, in which the coding sequence of the 

foreign protein is fused in-frame to a portion of the coding 

sequence of a vector-encoded protein, or as a transcrip

tion fusion, in which the sequence encoding the foreign 

protein is fused directly to a transcription promoter 

harbored by the expression vector. Overexpression of a 

small gene product, or a fragment of a protein, is more 

often successfully achieved as a translation fusion, whereas 

overexpression of a larger protein is usually better 

accomplished with a transcription fusion. Overexpression of 

some proteins has been achieved using plasmids containing 

chimeric promoters. For example, in yeast, proteins have 

been overexpressed under the transcriptional control of a 

yeast phosphoglycerate kinase promoter fused to the upstream 

activating sequences from the inducible yeast GALlO promoter 

(Kingsman et al. 1990). This type of system enables one to 

induce expression of a protein to very high levels when 

strains are grown in the presence of galactose. An 

alternative method used to overproduce proteins in yeast 

involves fusing the amino terminal end of a protein sequence 



which directs secretion of the protein into the culture 

medium, to the sequence of the protein to be overproduced. 

The yeast mating factor-alpha (mf-a) signal sequence has 

been used successfully to direct secretion of heterologous 

passenger proteins. 
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As previously discussed in Chapter 3, attempts to 

overexpress CBP1 in yeast under the control of the inducible 

yeast GALlO promoter resulted in the synthesis of a high 

level of CBP1 polypeptide which was localized in the 

mitochondrion. However, the protein formed aggregates which 

could only be solubilized in 2% SDS or 6M Guanidine-HCI. 

Therefore, I wanted to investigate whether other over

expression systems would produce CBP1 in a biologically 

active form. Three different methods for overproduction of 

CBP1 were used; expression and secretion from yeast using 

the mf-a system, and overexpression in E. coli as either a 

translation fusion to the bacterial trpE gene product or as 

a transcription fusion to the bacteriophage T7 promoter. 

One advantage of using a yeast system for expression 

of CBP1 is that yeast contain a very elaborate secretory 

pathway which mediates the secretion of many host proteins. 

Several proteins have been successfully overexpressed and 

secreted using the yeast mating factor-a gene signal 

sequence fused to the sequence of the foreign protein. The 

yeast mating pheromone a-factor is a 13 amino acid peptide 
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which is secreted by MATa cells (Kurjan and Herskowitz 1982) 

resulting in cell cycle arrest of MATa cells in G1 phase, 

and the induction of specific biochemical and morphological 

changes which are prerequisites for a-cells to mate with a

cells (for review see Manney et ale 1981; Nasmyth 1983). 

Alpha factor is synthesized as a 165 amino acid polyprotein 

precursor containing four copies of the 13 residue a-factor 

peptide (Kurjan and Herskowitz 1982). The precursor protein 

is translocated into the endoplasmic reticulum where it 

becomes a substrate for three different proteolytic 

activities (Rothblatt et ale 1987; Fisher and Sheller 1988). 

Mature a-factor peptides are then targeted to secretory 

vesicles by a hydrophobic region located in the amino 

terminus of the precursor protein. Foreign proteins are 

synthesized under transcriptional control of the endogenous 

a-factor promoter and are then secreted into the extra

cellular medium. Using this system, it is possible to 

recover milligram quantities of recombinant gene product 

from the extracellular medium. Bitter et ale (1984) have 

reported the expression and secretion of both p-endorphin 

and an analog of human alpha interferon, IFN-aCon, using 

this system. 

There are several systems available for over

expressing proteins in E. coli. Some of the first 

described for the expression of heterologous proteins were 
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the gene fusion systems. Small peptides such as 

somatostatin (Itakure et ale 1979) and insulin (Goeddel 

1979) were expressed as fusions to the bacterial B

galactosidase gene product. Over the past several years 

trpE fusions have been used successfully to overexpress many 

proteins. Using the trpE system, the gene of interest is 

expressed as a carboxyl terminal fusion to a truncated 37 

kDa trpE polypeptide. Expression of the fusion protein is 

regulated transcriptionally by the trpE promoter, and is 

under both repressor and attenuation control (for review see 

Yansura 1990). 

More recently, the bacteriophage T7 promoter has been 

exploited to overexpress proteins in E. coli. The bacterio

phage T7 polymerase is highly selective for a very specific 

promoter sequence spanning the region between -17 and +6 

relative to the start of transcription (Chamberlin et ale 

1970; Dunn and Studier 1983). In addition to the high 

selectivity of the T7 polymerase there are two other 

advantages to using this system. Proteins are not over

expressed as fusion proteins and expression can be induced 

to very high levels, approaching 50% of the total cellular 

protein. It is possible to achieve these levels of over

expression by placing the plasmid encoding the foreign gene 

in a cell which can overexpress T7 RNA polymerase. I chose 

a bacterial strain which harbors a lambda prophage 
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containing the gene for T7 polymerase under control of the 

inducible E. coli lacUV-5 promoter (Studier and Moffatt 

1985). Cells can be grown to a high density, and then over

expression driven by the T7 polymerase can be induced by the 

addition of isopropyl B-D-thiogalactoside (IPTG). This is 

very useful if the gene product being overexpressed is toxic 

to the cell. 

RESULTS 

overexpression and Secretion of CBPl as an a-Factor Fusion 

Protein 

I have previously shown that if CBP1 is overexpressed 

in yeast using the inducible GallO promoter it is 

sequestered in the mitochondria in an insoluble fraction. 

This material can only be solubilized by the addition of 2% 

SDS. To avoid using such harsh conditions to extract CBP1, 

I wanted to try to overproduce and secrete CBP1 from yeast. 

I expected that the a-factor expression system might enable 

me to isolate the intact protein in a soluble form which 

would be useful for in vitro studies of CBP1 function. 

In order to determine if CBP1 could be expressed and 

secreted from the cell, a plasmid was constructed which 

contains the amino terminally truncated version of the CBP1 

gene at position +85 fused in-frame to the a-factor sequence 

at position +262 (Figure 10). This was accomplished by 

first introducing an 18 bp HindIII-BamHI-HindIII adapter 
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into the HinDIII site of plasmid pCY37, and than inserting a 

BamBI fragment containing the CBPl coding sequence beginning 

at position +85, into this BamBI site. That the plasmid 

construction contained the correct sequence, and that the 

DNA sequence was in the correct reading frame was confirmed 

by DNA sequence analysis through the critical regions. 

western analysis of both whole cell extracts and the extra

cellular medium using the anti-CBPl monoclonal antibody did 

not reveal the presence of any reactive antigen (data not 

shown). Therefore, either CBPl is being made at levels 

below which could be detected by the antibody, or that the 

protein is being degraded by intracellular or extracellular 

proteolytic enzymes. 

overexpression of trpE-CBP1 Fusions 

Since it was already known that a fragment of the 

CBPl gene could be expressed as a trpE-CBPl gene fusion in 

~. coli (Figure 2), I wanted to overexpress the full length 

CBPl gene as a fusion protein. Two plasmids were con

structed to test this idea. The first plasmid, ptrpEjCBPl 

(Figure llA) , contains the complete CBPl gene excluding 

sequences encoding the amino terminal 30 residues, fused in

frame to the trpE coding sequence. The second plasmid, 

pAtrpEj+85 CBP1, contains the amino terminally truncated 

CBPl gene fused in-frame to the DNA sequence encoding the 

amino terminal four residues of the trpE gene (Figure llB). 



Figure 10. CONSTRUCTION OF pmf-a/CBP1 FOR OVERPRODUCTION 

AND SECRETION OF CBPl FROM YEAST. Plasmid pmfa/CBPI was 

constructed by inserting a 2.7 kb BamHI DNA fragment 

isolated from pCBPl-3 (see Table I) encoding the complete 

CBP1 protein except for the amino terminal 31 residues into 

plasmid pCY37 (Kurjan and Herskowitz 1983). This was 

accomplished by synthesizing a HindIII-BamHI-HindIII adaptor 

which was cloned into the unique HindIII site in pCY37. 

Plasmid pCY37 is a derivative of YEp13 (Broach et al. 1.979), 

and contains a 3.5 kb Sau3a partial digest fragment encoding 

a copy of the a-factor structural gene ligated into the 

BamHI site of YEp13. Clear bar = non-coding region of a

factor structural gene, solid bar = coding region of a

factor structural gene, shaded bar = coding region of CBP1, 

H = HindIII, B = BamHI. 
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Figure 11. (A) CONSTRUCTION OF ptrpE/+8SCBP1 FOR OVER

EXPRESSION OF CBP1 IN~. coli. Plasmid ptrpE/CBP1 was 

constructed by inserting a 2.7 kb BaI~I DNA fragment 

containing the CBP1 gene beginning at position +85 into the 

BamHI site of pATH2 (Spindler et al 1982). This resulted in 

an in-frame fusion of the CBP1 gene, excluding the DNA 

sequences encoding the amino terminal 31 residues, with the 

bacterial trpE gene. Clear bar = trpE coding sequence, 

shaded bar = CBP1 coding sequence. B = BamHI. 

(B) CONSTRUCTION OF pAtrpE/+8SCBP1 FOR OVEREXPRESSION OF 

CBP1 IN ~. coli. The 2.7 kb CBP1 BamHI DNA fragment was 

inserted into the BamHI site of plasmid pATH1 (Spindler et 

ale 1982). The resulting plasmid was digested with NruI, 

and a 12 bp blunt ended EcoRI linker was inserted (New 

England Biolabs, Beverly MA). This EcoR1 adapter contained 

the following sequence: d(CCGGAATTCCGG) The plasmid was 

than digested with EcoRI and re-ligated to generate plasmid 

pAtrpE/CBP1. Plasmid pAtrpE/CBP1 consists of the CBPl gene 

fused in-frame to the 5 f -proximal sequence encoding the 

first 7 amino acids of the trpE protein. The DNA sequence 

of this trpE-CBPl fusion gene was not confirmed by DNA 

sequence analysis. N = NruI, E = EcoRI. 



89 

ptrpE/+85CBP 1 

(A) 

B j / B 

B 

N,E 
KJenow 

( 
... patrpE/ •~ 

E-E B 

(B) 



overexpression of CBPl in all of the systems examined was 

assayed by western analysis using monoclonal antibody 

4E9/F5. 
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Because it has been shown that a trpE-CBP1 fusion 

protein can be made using an internal 700 bp BamHI-HindIII 

fragment from the CBPl gene (Weber and Dieckmann 1990), I 

expected that a fusion of the complete 3'-end of the CBP1 

gene to the trpE coding sequence would result in a 

detectable gene product. Although I was unable to detect 

the full length fusion peptide using the monoclonal 

antibody, I could detect an out-of-frame truncated trpE-CBP1 

fusion peptide which was used as a control, using polyclonal 

serum generated against the trpE-CBP1 fusion peptide (data 

not shown). Insertion of the CBP1 gene into the BamHI site 

of plasmid pATH1 (Figure 11B) results in a frame shift in 

the CBP1 gene, and the synthesis ofa fusion peptide with a 

molecular weight of 38 kDa. This plasmid construction was 

not sequenced, however the size of the truncated trpE-CBP1 

fusion product was commensurate with the size of a peptide 

predicted .from the out-of-frame DNA sequence. The 

polyclonal serum contained antibodies against the trpE gene 

product as well as CBP1, and therefore was able to recognize 

the out of frame fusion peptide. 

I wondered whether the reason the trpE-CBP1 fusion 

was not expressed at detectable levels was due to 



91 

instability of the large protein. Therefore, I synthesized 

a truncated version of the trpE-CBP1 fusion by deleting all 

of the coding sequence for trpE except for the amino 

terminal seven residues (Figure 11B) Again, western 

analysis of ~. coli cell extracts did not show any 

detectable fusion protein (data not shown). Therefore, 

either trpE-CBP1 RNA is unstable, the mRNA is not translated 

efficiently or the protein is unstable in ~. coli. However 

as shown in the next section, CBP1 can be overexpressed in 

~. coli using the T7 system. 

overexpression of CBPl in ~. coli using ,the Bacteriophage T7 

Promoter 

Many different foreign proteins can be overexpressed 

in ~. coli using'the bacteriophage T7 promoter. Gentry and 

Burgess (1990) have recently reported on the overexpression 

of the w subunit of ~. coli DNA polymerase, and J. W. Little 

(University of Arizona) has successfully overexpressed the 

bacterial LexA gene product at levels approaching 50% of the 

total cellular protein (unpublished results). Therefore, I 

wanted to try this system to overexpress CBP1 as a full

length gene product. To test for overexpression of CBP1 in 

this system, two plasmids were constructed. Plasmid 

pT7/CBP1 (Figure 12a), contains the complete CBP1 gene under 

transcriptional control of the bacteriophage T7 promoter 

with translation of CBP1 beginning at the true initiator 
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Figure 12. (a) CONSTRUCTION OF pT7/CBP1 FOR OVEREXPRESSION 

OF CBP1 IN ~. coli. The complete coding sequence of the 

CBP1 gene was inserted into plasmid pET11A (Rosenberg et al. 

1987; Studier et al •. 1990). To accomplish this a CBP1 gene 

was generated which contained the translation start codon in 

an NdeI site. Two oligonucleotide primers were synthesized 

which spanned the region from +1 to +21 on the coding strand 

and from +681 to +655 on the noncoding strand and were used 

to prime the polymerase chain reaction using plasmid pCBP1-3 

as template. The PCR products were digested with NdeI and 

BstBI, purified by gel electrophoresis, and ligated into 

plasmid pETIIA-2.7CBP1, which had been digested with NdeI 

and BstBI. Plasmid pETIIA-2.7CBPl contains the 2.7 kb BamHI 

fragment from plasmid pCBPl-3 described in Chapter 2, 

inserted into the BAMHI site of plasmid pETIIA. The 

oligonucleotides which were used to prime the polymerase 

chain reaction contained the following sequence; coding 

strand primer/5'-CTCCATATGTTTTTACCTCGTCTCGTT-3', non-coding 

strand primer/5'-TTGAAACCTCGTTAACTTTATTCCGCC-3' Shaded bar 

= CBPl coding sequence. N = Ndel, Bst = Bstl. 



Figure 12. (b) CONSTRUCT~ON OF pT7/+8SCBP1 FOR OVER

EXPRESS~ON OF CBP1 ~N ~. coli. Plasmid pT7/+85CBP1 was 

constructed by digesting pT7/CBP1 with NdeI and BamHI and 

inserting a 15 bp adapter with NdeI and BamHI ends and 

containing the sequence for NHz-met-ser-ser-arg-asp-cOOH, 

creating a 5 1 -truncated CBP1 gene with the new ATG fused to 

the serine codon at position 29. The oligonucleotides 

contained the following sequence; sense strand/5 1 -

AGCTTATGAGCAGG-3 1 , antisense strand/5 1 -GATCCCTGCTGCTCATA-3. 

These two oligonucleotides were mixed in equimolar amounts, 

as determined by AZ60 ' and ligated into plasmid pT7/CBP1 

which had been opened up with NdeI and BamHI. N = NdeI, B = 

BamHI. 
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ATG. Plasmid pT7/+85CBP1 (Figure 12b) would express a 

truncated version of the CBP1 gene, with the start of 

translation at position +85 which eliminates the 5 1 -end of 

the gene encoding the mitochondrial leader peptide. 
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Analysis of overexpression of CBP1 using this system was 

carried out using two strains; a control strain which 

harbored plasmid pET11A without an insert, and the 

experimental strain which harbored either plasmid pT7/+1CBP1 

or plasmid pT7/+85CBP1. These strains were grown to mid-log 

phase and IPTG was added to final concentration of ~.5 roM. 

In order to determine the optimal time for induction of 

CBP1, a sample of cells was removed every hour for four 

hours and expression of CBP1 was assayed by western analysis 

using the monoclonal antibody. As shown in Figure 13A, 

expression of the full length gene product approaches the 

highest level between two and three hours post induction. In 

addition, analysis of whole cell extracts by Coomassie 

staining (Figure 14A) shows the induction of a protein with 

a molecular weight of approximately 68 kDa (lane 2) which is 

not present in the control strain (lane 1). 

That CBP1 was overexpressed at high levels was 

encouraging, however I wanted to know if the protein could 

be isolated in a soluble form. Cells were lysed either in 

the presence of 1 M NaCI, 1 M NaCI and 2% Triton X-100 or 

alkaline carbonate pH 11.0, and Western analysis of the 
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soluble and insoluble protein fractions was carried out. As 

can be seen in Figure 13B, a small portion of the CBP1 is 

soluble in the presence of detergent (lane 2) or alkaline 

carbonate (lane 3), however as shown in lanes 4-6, the 

majority of the overexpressed protein remains in the 

alkaline sodium carbonate 

Since I wanted to carry out functional assays using 

the overexpressed CBP1, it was necessary to obtain protein 

in a soluble form. Gentry and Burgess (1990) have observed 

that overexpressed proteins which are insoluble in E. coli 

can be solubilized with the detergent Sarkosyl. They have 

shown that the hl subunit of E. coli RNA polymerase, which is 

mostly insoluble when overexpressed using this system, can 

be solubilized in the presence of 0.25% Sarkosyl detergent. 

Furthermore, the protein remains soluble when the detergent 

is removed by dialysis. 

To test the possibility that CBP1 could be 

solubilized with Sarkosyl, the insoluble pellet containing 

CBP1 was extracted with increasing amounts of the detergent. 

Figure 14B shows that CBP1 remains insoluble in the presence 

of .05% Sarkosyl (lane 2) and is only slightly soluble in 

the presence of 0.15% detergent (lane 4). However, 

extraction of the pellet with 0.25% Sarkosyl releases a 

significant amount of the protein (lane 6). Following 



Figure 13. INDUCTION AND FRACTIONATION OF CBP1 UNDER 

CONTROL OF THE BACTERIOPHAGE T7 PROMOTER. (A) Bacterial 

cells were grown to mid-log phase in LB containing 50 mg/ml 

ampicillin and IPTG was added to a final concentration of 

0.5 roM. An aliquot of cells was harvested every hr for four 

hr beginning at t=o. Approximately 20 ~g of cellular 

protein were boiled in sample loading buffer and examined by 

SDS-PAGE in a 16 x 18 cm, 10% polyacrylamide gel and probed 

with monoclonal antibody 4E9/F5 as previously described. 

Lane 1, 0 hr Lane 2, 1 hr Lane 3, 2 hr Lane 4, 3 hr Lane 5, 

4 hr (B) Bacterial cells were harvested 3 hr post induction 

and 1.0 g cells (wet weight) were fractionated as described 

(see "Materials and Methods). 50 ~g of material which was 

soluble in the presence of 1 M NaCI (Lanes 1-3) or 20 ~g of 

the insoluble fraction (Lanes 4-6) were boiled in sample 

loading buffer and examined by SDS-PAGE on a 16 x 18 cm 10% 

polyacrylamide gel and analyzed by western blotting as 

previously described. 
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Figure 14. INDUCTION OF T7/+1CBP1 AND EXTRACTION WITH 

INCREASING CONCENTRATIONS OF SARKOSYL DETERGENT. (A) Cells 

were harvested 3 hr post induction and 50 ~g of cellular 

protein were boiled in sample loading buffer and examined by 

electrophoresis in a 16 x 18 cm, 10% polyacrylamide gel 

containing 0.2% SDS followed by Coomassie staining. Lane 1, 

negative control strain harboring plasmid pET11a. Lane 2, 

overexpression strain containing plasmid pT7/+1CBP1. (B) 

Whole cells from both strains were harvested 3 hr post 

induction and the insoluble pellet containing CBP1 was 

extracted with either 0.05% Sarkosyl detergent (lanes 1 and 

2), 0.15% Sarkosyl detergent (lanes 3 and 4), or 0.25% 

Sarkosyl detergent (lanes 5 and 6) as described in 

"Materials and Methods". 
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Figure 15. FRACTIONATION OF T7/+1CBP1 AND EXTRACTION WITH 

0.25% SARKOSYL DETERGENT. Cells containing either plasmid 

pET11A (lanes 1, 3, 5, 7, 9, 11, 13) or plasmid pT7/+1CBP1 

(lanes 2, 4, 6, 8, 10, 12, 14) were grown to mid-log phase, 

induced with IPTG and harvested following a 3 hr induction. 

One gram of cells was fractionated as described (see 

"Materials and Methods"), and the insoluble material 

contained within the pellet was extracted with 0.25% 

Sarkosyl detergent. The detergent insoluble material was 

seperated from the soluble material by centrifugation at 

100,000 x g and the supernatant was dialyzed against 50 roM 

Tris-HCl pH, 8.0, 25 roM NaCl, 2.0 roM EDTA extensively to 

remove the detergent. The dialyzed material was subject to 

centrifugation at 30,000 x g for 30 min and 40 ~g of protein 

from the soluble and insoluble components at each step were 

examined by SDS-PAGE in a 16 x 18 cm polyacrylamide gel, 

followed by Coomasssie staining. Lanes 1 and 2, total 

cellular protein~ lanes 3 and 4, 1% Triton X-100 

supernatant; lanes 5 and 6, 1% Triton X-100 pellet; lanes 7 

and 8, 0.25% Sarkosyl soluble material; lanes 9 and 10, 

0.25% Sarkosyl insoluble material; lanes 11 and 12, 0.25% 

Sarkosyl soluble material post dialysis (pd); lanes 13 and 

14, 0.25% sarkosyl insoluble material pd. 
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extensive dialysis of the soluble fraction, approximately 

40-50% of the CBP1 remains in the soluble fraction (Figure 

15, lane 12) 

Overproduction Of pT7/+85CBPl 

One explanation for the insolubility of CBP1 could be 

the presence of the amino terminal mitochondrial leader 

peptide. It has recently been reported that overproduction 

of a truncated form of the CBP2 gene product which has had 

sequence encoding the leader peptide deleted, results in a 

soluble product, using the T7 system (Lewin, University. of 

Florida, unpublished results). Therefore, I wanted to try 

to overexpress a truncated form of CBP1. Plasmid 

pT7/+85CBP1 (Figure 12b) contains a 15 bp adapter with NdeI 

and BamHI ends, and the sequence encoding met-ser-ser-arg

asp, fused to the native CBP1 sequence. Ligation of this 

adapter into plasmid pT7/CBP1 which had been restricted with 

NdeI and BamHI resulted in an artificial CBP1 gene which 

does not contain a mitochondrial signal peptide, and codes 

for a gene product with a theoretical molecular mass of 70 

kDa. 

Analysis of whole cell extracts revealed that the 

truncated form of the CBP1 gene is overexpressed (Figure 

16), and has the mobility of a protein of approximately 64-

66 kDa (lane 3)~ Whole cells were fractionated into soluble 

and insoluble components in the presence of 1 M NaCl, and 



Figure 16. INDUCTION AND FRACTIONATION OF T7/+8SCBP1. 

Cells containing either plasmid pET11A (lanes 2,4,6) or 

plasmid pT7/+85CBP1 (3, 5, 7) were grown to mid-log phase, 

induced with IPTG for 3 hr and harvested by centrifugation 

at 5000 x g. One gram of cells was fractionated into 

soluble and insoluble components in the presence of 1M Nacl, 

and 25 ~g of protein from each fraction was examined by SDS

PAGE on a 16 x 18 cm, 10% polyacrylamide gel, followed by 

Coomassie staining. Lane 1, protein molecular weight 

markers; lanes 2 and 3,' total cellular protein; lanes 4 and 

5, insoluble pellet; lanes 6 and 7, supernatant. 
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analyzed by SDs-polyacrylamide gel electrophoresis. I 

determined that all of the +85CBPl resides in the insoluble 

fraction as is the case with the full length gene product 

(lane 5). 
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CHAPTER 5 

IN-VITRO ANALYSIS OF CBPl FUNCTION 

INTRODUCTION 

The main objective of this project has been to set up 

an in vitro assay to study how CBP1 might be interacting 

with the mitochondrial cob transcript. One possible 

mechanism for the stabilizing effects of CBP1 on the cob 

transcript could be via a direct binding interaction between 

CBP1 and the 5'-untranslated leader of the cob transcript, 

which would protect the RNA from nuclease attack. It is 

also possible that CBP1 acts as a site specific RNA 

endonuclease, directly catalyzing the formation of the 

mature 5'-end of the cob mRNA and the formation of this end 

protects the mRNA from degradation. 

There are several approaches one can take to study 

the interaction between an RNA binding protein or nuclease 

and the substrate RNA. The three methods which I used were, 

gel retardation, ultraviolet crosslinking of protein and 

RNA, and a scission assay. These different approaches have 

been used to characterize many different proteins which 

interact with RNA. Papadopoulou (1990) characterized p40 

which interacts with the 5'-untranslated leader of cob, cox1 

and cox3, by both gel retardation and uV-crosslinking. 

Recently, Liang and Jost (1991) have identified by UV

crosslinking, a 66 kDa estrogen dependant polysomal protein 
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which binds to the 5'-untranslated leader of the chicken 

vitellogenin mRNA. Using these same techniques I wanted to 

see if I could show an interaction between CBP1 and the 

region of the 5'-untranslated leader of cytochrome R mRNA 

which has been shown to be sufficient for CBP1 function. 

One of the major difficulties of studying RNA pro

cessing activities in yeast mitochondria is the presence of 

non-specific RNA nucleases. These nucleases make it very 

difficult to identify specific interaction between proteins 

which are not abundant and their RNA substrates. Therefore, 

I obtained a yeast strain which contains a deletion in the 

gene for the major mitochondrial nuclease, NUCl (Vincent et 

al. 1988; Zassenhaus et al. 1988). The product of the NUC1 

gene is located in the mitochondrial inner membrane (Dake et 

al. 1988) and accounts for greater than 50% of the total 

cellular nuclease activity (Rosamond 1981; von Tigerstorm 

1982). Our sources of protein for the functional assays 

were either: 1) purified mitochondrial fractions from a nuc1 

strain which were determined by Western blot analysis to 

contain CBP1, or 2) ~. coli extracts containing T7 

overexpressed CBP1. Protein fractions were incubated with 

several different 32P-Iabeled RNA substrates under 

appropriate conditions, and the products were analyzed 

electrophoretically. Because I did not know the exact 

sequence, and/or structural requirements for CBP1 function, 
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the RNA substrates tested varied in size and sequence 

content, but included the putative processing site located 

at -954 which has been shown by Sl nuclease mapping to be 

the 5'-end of the mature cob transcript (Bonitz et ale 

1982). Four different RNA substrates were generated 

covering the regions from +55 to -1100, -870 to -1330, -662 

to -954 and -900 to -1100 relative to the start of trans

lation of the cob gene. In addition, I have begun testing 

an RNA which covers the region of -898 to -930. T.M. 

Mittelmeier (University of Arizona) has shown that this 32 

nucleotide region is the smallest region of the cytochrome Q 

leader which might be sufficient for CBP1 function 

(unpublished results). 

RESULTS 

Gel Retardation 

Our goal was to provide evidence for a direct inter

action between CBP1 and a region within the 5'-untranslated 

leader of the cytochrome Q transcript. As previously dis

cussed, gel retardation has been used to identify the inter

action between several RNA binding proteins and their sub

strate RNAs. Having hypothesized that CBPl interacts 

directly with the cob mRNA I wanted to try this method. 

To test for binding of CBPl to the 5'-untranslated 

leader of cob mRNA two sources of protein were used; 

purified mitochondrial fractions from wild-type yeast which 
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contain CBP1 and crude protein fractions from ~. coli har

boring plasmid pT7/+1CBP1. The substrate used in these 

experiments was generated using plasmid pBS-/-938::-662 

(Figure 17A) as this region of the 5'-untranslated leader of 

cob has been shown to be sUfficient for CBP1 function. As 

revealed in Figure 18, even following overexposure of the 

autoradiogram, there is no detectable retardation of the RNA 

associated with a protein fraction containing CBP1. However, 

there are general differences in the RNA binding activities 

between the different purified mitochondrial fractions. 

RNA-Protein UV Crosslinking 

One of the problems associated with gel retardation 

experiments is that RNA-protein complexes, which are not 

very stable, can dissociate and go undetected. To 

circumvent this potential problem I tried RNA-protein UV 

crosslinking. Using this approach, complexes are permitted 

to form and then subjected to UV light. This results in the 

covalent crosslinking of protein to RNA and the formation 

of stable complexes which can be resolved by SDS

polyacrylamide gelelectrophoresis. Protein fractions from 

both yeast and ~. coli were tested with several of the RNA 

substrates but were unsuccessful in identifying an 

interaction between CBP1 and the putative sUbstrate. The 

results of a crosslinking experiment are shown in Figure 19. 

In this experiment two different amounts of protein from the 



Figure 17. (A) CONSTRUCTZON OF pBS-/-938::-662. Plasmid 

pBS/-938::-662 was generated using peR. Two oligonucleotide 

primers, containing XhoI ends, and spanning the regions of 

-662 to -683 on the antisense strand of cob and -958 to -938 

on the sense strand were synthesized. PCR was carried out 

using plasmid pBS/-1330::-870 as template. The product of 

the PCR reaction was digested with XhoI, purified by gel 

electrophoresis and ligated into plasmid pBluescript KS 

(stratagene), which had been digested with XhoI and treated 

with calf intestinal alkaline phosphatase. 

(B) CONSTRUCTION OF PLASMID pBS-/-930::-898 Plasmid pBS-/-

930::-898 contains a 32 bp insert of cob sequence in the 

HindIII site of pBS-. This insert was generated by 

synthesizing two oligonucleotides of opposite sense which 

contain HindIII ends. The oligonucleotides contained the 

following sequence; sense strand/5'-AGCTTACTATAATAAAAT

ATATAATATATTTTTCATTATA-3', antisense strand/5'-AGCTTATA

ATGAAAAAATATATTATATATTTTATTATAGTA-3'. These oligo

nucleotides were annealed and ligated into the HindIII site 

of pBS-. 
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Figure 18. ANALYSIS OFCBP1 BINDING BY GEL RETARDATION. 

Approximately 15000 cpm of -938::-662 32P-labeled RNA 

substrate was incubated with 20 ~g protein as described in 

"Material and Methods". Following incubation, glycerol was 

added to a final concentration of 50% and the reaction 

mixtures were run through a 4% non denaturing poly

acrylamide gel with TBE as the running buffer. The gel was 

than dried and exposed to x-ray film for 2 hr. Lanes 1 and 

2, supernatant of a 0.25% Sarkosyl extraction of the 

insoluble bacterial pellet of the control bacterial strain 

(pET11a) and the CBP1 overexpression strain (pT7/+1CBP1). 

Lanes 3, 5, 7· and 9 are purified mitochondrial fractions 

from the control strain ~KG/Int. Lanes 4, 6, 8 and 10 are 

the equivalent fractions from the wild-type strain, DCL/Int. 

Prior to incubation, the salt wash fraction was concentrated 

with 50% ammonium sulfate. Lane 11, RNA only. 





Fiqure 19. ANALYSIS OF BINDING BY UV-CROSSLINKING. CBP1 

was extracted from the insoluble pellet of the bacterial 

overexpression strain (pT7/+1CBP1) or the control strain 

using 0.25% Sarkosyl detergent and incubated with 15000 cpm 

of 32P-labeled RNA substrate generated from plasmid pBS-/ 

-938::-662, as described in materials and methods. 

Following incubation, reaction mixtures were resolved in a 

10% polyacrylamide gel, dried and exposed to x-ray film for 

12 hr. Lane 1, RNA only; Lanes 2 and 3, analysis of 15 ~g 

of protein; Lanes 4 and 5, analysis of 75 ~g protein. 
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Sarkosyl soluble fraction were tested with the -938::662 

substrate. Again, even following prolonged exposure of the 

autoradiogram, a binding activity associated with CBP1 could 

not be detected. 

scission Assay 

One possibility for the role of CBP1 in conferring 

stability to the cob mRNA is that it acts as a site specific 

endonuclease, catalyzing the formation of the mature 5 1 -end 

of the cob transcript. To examine this possibility, I 

carried out scission assays in which protein fractions 

containing CBP1 were incubated with 32p-Iabeled RNA 

substrate, and the cleavage products were analyzed by 

denaturing gel electrophoresis. Although there was no 

detectable interaction between CBP1 and the putative RNA 

substrate by the previous criteria, an interesting result 

was obtained using the scission assay. Analysis of 

mitochondrial fractions using the substrate which spans the 

region between -900 and -1100 (Figure 20B) showed an 

activity associated with the salt wash protein fraction 

(Figure 21, lane 6). This activity was not present in the 

control strain (lane 5), but could not be identified in a 

cruder mitochondrial fraction; the strep pellet (lane 4). 

This activity is an exonuclease activity which degrades the 

substrat~ in a size specific fashion, generating products 

which are no larger than 175 nt. It is interesting to note 
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that this would be the length of the larger product 

generated if a cleavage event was occurring at the putative 

processing site of the mature 5 1 -end of cob. Further 

studies of this activity were hampered by nucleases and 

limiting amounts of starting material. 



Figure 20. (A) CONSTRUCT~ON OF pBS/-ll00::+SS. Plasmid 

pBS/-1100::+55 was constructed by subcloning an approx

imately 1160 bp BamHl-EcoRl fragment from PROTS6-MB2 into 

pBS- which had been restricted with BamHl and EcoRl. 

PROTS6-MB2 is an SP6 based vector which contains an 1155 bp 

BAL31-treated HinF fragment from the cob 5'-untranslated 

leader (Hommison, Thesis). The fragment was originally 

isolated from the mitochondrial petite genome A12 (Nobrega 

and Tzagoloff 1980). 

(B) CONSTRUCTION OF pBS-/-ll00::-900. Plasmid pBS-/-1100::-

900 contains a 200 bp Sspl fragment inserted into the Smal 

site of pBS-. This fragment was subcloned from pBS-/-

1100::+55. Solid bar = cob sequence. B = BamHl, Ss = Sspl, 

E = EcoRl, Sm = Smal. 
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Figure 21. IN VITRO SCISSION ASSAY. 20 ~g of protein from 

mitochondrial fractions purified from either the control 

strain AKG/lnt, (lanes 1, 3, 5, 8) or the wild-type strain 

DCL/lnt (lanes 2, 4, 6, 9) were incubated with 5000 cpm of 

32 P-labeled RNA substrate (lane 7) which was generated using 

plasmid pBS-/-II00::-900 as template. Following incubation 

for 5 min, the products were resolved on a 5% sequencing gel 

which was than dried and exposed to x-ray film for 12 hrs. 
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CHAPTER 6 

GENERAL DISCUSSION AND FUTURE CONSIDERATIONS 

The work described in this dissertation has been 

focussed on the partial purification and biochemical 

characterization of the CBP1 gene product. Early on, I 

determined that the CBP1 polypeptide is not very abundant. 

This was based on the observation that CBP1 was undetectable 

in crude mitochondrial fractions from wild-type yeast using 

a monoclonal antibody directed against CBP1 (Figure 3). 

That the CBP1 polypeptide is a mitochondrial protein was 

shown by Western analysis of mitochondrial fractions 

isolated from a yeast strain which overexpresses CBP1. This 

was confirmed by in vitro import assays of 35S-labeled CBP1 

into isolated mitochondria. These experiments also showed 

that during import, the amino terminus of CBP1 which 

contains the mitochondrial signal sequence is removed, 

generating a mature peptide which is approximately 2 kDa 

smaller than the precursor protein. 

Using a scheme similar to that which was used for the 

purification of the CBP2 gene product, I was able to obtain 

a purified mitochondrial fraction containing CBP1. This 

fraction represented an approximately 5000 fold level of 

concentration and purification of CBP1 from whole cells 

(this estimate is correct only if the isolation of CBP1 was 

complete. However, extensive analyses did not result in the 



detection of an RNA binding activity in the purified 

fraction. There was no difference between the control 

strain, in which CBP1 had been deleted and the wild-type 

strain in any of the gel retardation or UV-crosslinking 

assays. 
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One of the major difficulties which I have encoun

tered during this project, has been trying to obtain enough 

starting material to continue fractionating mitochondrial 

extracts containing CBP1. I found that from a 24 liter 

preparation, I could isolate enough material to do 4-5 

Western blots. This became problematical because each time 

I wanted to carry out the purification scheme another step, 

I ran out of starting material. Therefore, I tried another 

approach to obtain CBP1. 

The other approach which I took to try to obtain 

enough protein to perform functional assays was to over

express CBP1. I tried to overexpress CBP1 as a secreted 

product in yeast utilizing the mating factor-a system, but 

was unsuccessful. I was unable to detect any CBP1, either 

intracellularly or extracellularly by Western analysis. The 

most likely explanation for this is that CBP1 contains 

several of the target sites which are recognized by the 

protease encoded by the KEX2 gene (Thomas et ale 1988). The 

KEX2 gene product of ~. cerevisiae, which is required for 

processing of the a-factor precursor protein, is a membrane-
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bound endoprotease specific for cleaving on the carboxyl 

side of pairs of basic residues that contain arginine (-Y-R 

and R-R-). The CBP1 gene product contains four KEX2 sites 

which are distributed evenly over the length of the protein, 

therefore it is possible that prior to secretion CBP1 was 

digested by the KEX2 gene product. The use of strains which 

harbor a deletion in the KEX2 gene is problematical since 

these strains grow very poorly. It is also possible that 

CBPl could have been the target of extracellular proteases. 

I attempted to overexpress CBP1 as a trpE-CBPl fusion 

protein in E. coli. This approach was not fruitful either, 

possibly having to do with instability of the large fusion 

protein synthesized. However, I found that CBP1 could be 

overexpressed in E. coli as a transcription fusion, under 

control of the bacteriophage T7 promoter, and that some CBPl 

remains soluble if the insoluble pellet containing CBPl is 

extracted using the weakly anionic detergent Sarkosy1. This' 

material was tested in functional assays, but I was 

unsuccessful in identifying an activity associated with 

CBP1. This approach might be more fruitful if the starting 

material were pure. This could be accomplished by first 

isolating the insoluble inclusion bodies, followed by 

extraction with Sarkosyl detergent and purification using 

standard biochemical techniques. The other problem which I 

was faced with, was that I did not know how the properties 
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of the recombinant CBP1 compared to CBP1 isolated from wild

type yeast. 

Over the course of this project, a great deal of 

effort has been made to prepare an in vitro functional assay 

for CBP1. Our working hypothesis has been that CBP1 is an 

RNA binding protein, and that cytochromeb mRNA stability is 

the result of a direct interaction between CBP1 and the cob 

transcript. As discussed in Chapter 3 of this dissertation, 

CBP1 does contain regions which share homology with portions 

of two proteins which are known to interact with nucleic 

acid: yeast DNA topoisomerase II and the largest subunit of 

yeast RNA polymerase III (Grivell 1989). In addition, CBP1 

contains a carboxyl region which has an overall basic 

charge, a feature shared by other RNA binding proteins. 

That I was unable to show a direct interaction between CBP1 

and an RNA substrate derived from the cob 5'-untranslated 

leader by either gel retardation or UV-crosslinking could be 

due to several reasons. One possibility is that I have not 

been testing the correct RNA sUbstrate. In general, protein 

binding sites on RNA molecules are characterized by regions 

of unique secondary and tertiary structure, in contrast to 

DNA binding proteins which recognize unique regions of DNA 

sequence. For example, binding of the phage R17 coat 

protein to the RNA binding site in the coat protein 

messenger RNA is dependent on the presence of an RNA 
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structure containing a 20 nucleotide stem-loop (Carey et al. 

1983a). Carey et al. (1983b) have shown by mutational 

analysis that binding of R17 coat protein to the binding 

site is dependant on the existence of this unique structure. 

Binding of the HIV-1 REV gene product is dependant on a core 

element composed of one particular stem with flanking 

sequences capable of forming a double stranded region (Cook 

et al. 1991). Analysis of the RNA sequence of the 5'

untranslated leader of cob mRNA, has led to the conclusion 

that the RNA can form a 30 nucleotide stem structure 

containing a 2 nucleotide bulge within the 32 nucleotide 

region. To date, this 32 nucleotide stem structure has been 

shown to be the smallest region which might be sufficient 

for CBP1 function (Mittelmeier, unpublished results). 

Estimates of the amount of CBPI present in wild-type 

cells, which are based on a comparison of the levels of 

expression of CBP1 between the yeast overexpression strain 

and a wild-type strain are that there are no more than ten 

molecules of CBP1 per cell. In the light of previous 

observations that there are approximately 200-300 copies of 

the cob transcript per cell, CBP1 could play an enzymatic 

role in cob mRNA stability. Therefore, it is plausible that 

CBP1 could be responsible for a cleavage event and 

generation of the mature 5'-end of the cob transcript at 

position -954. To test this possibility I carried out 
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scission assays. Using this approach, I was able to 

identify an exonuclease activity in a purified mitochondrial 

fraction which was shown by western analysis to contain 

CBP1. This activity was not present in the negative control 

strain. When tested with the -900 to -1100 substrate, the 

activity generated a group of products with a defined upper 

size limit that would be commensurate with the mature 5'-end 

of the cob transcript being at -954. Although I tried to 

test this activity with other substrates, I was unable to 

obtain any conclusive results. It still needs to be 

determined as to weather this activity is acting on the 5'

end or the 3 '-end of the -900 to -1100 SUbstrate. In 

addition, it would be useful to know if this exonuclease 

activity will act on other substrates. 

Although a fair amount about the biochemistry of CBP1 

has been learned, many problems remain unsolved. The most 

important of these is to determine the role of CBP1 in 

stabilizing the cytochrome ~ transcript. Does CBP1 bind 

directly to the 5'-end of the mature mRNA, thus protecting 

it from nuclease attack? If this is the case, then does 

CBP1 act alone or in a complex? If CBP1 is part of a 

complex, it might be possible to crosslink the proteins in a 

crude mitochondrial fraction containing CBP1 and identify 

the complex by immunoprecipitation. Purification of the 

functional complex could be problematical if the goal is to 
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purify a single component. It is possible that during the 

purification of CBP! from wild-type yeast, these factors 

fractionated differently. Therefore, it would seem 

plausible to try adding crude fractions back to the purified 

fractions when carrying out the functional assays. One 

argument against a model in which CBP1 is part of a complex 

is that mutations in other complementation groups have not 

yet been identified which have phenotypes similar to cbp1 

mutants. However, it is possible that other factors 

required for cob mRNA stability play a general role in 

mitochondrial function and lesions in these genes have 

pleiotropic affects. p40, which is required for the 

translation of at least three mitochondrial transcripts, 

might be one such general factor. In addition to p40, each 

of the transcripts has specific factors required for 

translation. This hierarchy of regulation could prove to be 

a general mechanism for the regulation of mitochondrial gene 

expression. The other possibility is that factors required 

for cob mRNA stability could have another function in 

another cellular compartment, and a mutation in one of these 

genes is lethal to the cell. There are several avenues 

which can be taken to address these questions. However, the 

most direct approach would be to continue working with CBP1 

overproduced in E. coli, under control of the bacteriophage 

T7 promoter and to try to increase the yields of CBP1 from 
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wild-type yeast. 

Once the role of CBPl in conferring stability to the 

cob transcript has been determined, it would be useful to 

map the regions of the protein which are responsible for 

this activity. A mutational analysis could be carried out 

to determine the minimal requirement for CBP1 function by 

creating a nested group of deletions in the CBP1 gene and 

performing complementation tests with a cbp1 mutant. This 

approach might provide information about the region of CBP1 

which is necessary for the stabilizing effects on the cob 

mRNA. This approach could also be used to identify the RNA 

binding domain of CBP1 if CBP1 does interact with the cob 

transcript. This is interesting in light of the observation 

that CBP1 does not contain any of the known RNA binding 

motifs. Likewise, if it is determined that CBP1 is 

responsible for formation of the mature 5 1 -end of the cob 

transcript, than this approach might prove useful in the 

analysis of the catalytic domain within CBP1. 

My approach to studying CBP1 has been to use bio

chemical and molecular biological techniques. presently in 

our laboratory there are two projects underway which are 

using a genetic approach to the study of CBP1 function. The 

first project utilizes biolistic transformation techniques 

to introduce deletions into the 5 1 -untranslated leader of 

the mitochondrial encoded cob gene, and determine the 
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sequence requirements for RNA stability. The other project 

involves the identification of nuclear suppressors of 

temperature sensitive mutants defective in CBP1. 

Temperature sensitive cbp1 mutants could provide information 

about critical residues involved in the stabilizing effects 

of CBP1. The suppressors might help define gene products 

which interact directly with CBP1 to form a complex. 

In a more general context, the system which I have 

described is an excellent paradigm for understanding the 

problem of mitochondrial biogenesis. It brings to light the 

complexity of the interactions between nucleus and mitochon

drion, and provides us with a way to look at the specific 

details of these interactions. Using this approach, our 

understanding of nucleo-cytoplasmic interactions will 

continue to reach new horizons. 
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