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ABSTRACT 

Two yeast nuclear genes (NUC1 and CRT1) that flank PBP1 

were studied. NUC1 is located 230 bp downstream of CBPl and 

encodes a major mitochondrial nuclease. In strains which 

carry double stranded RNA (dsRNA) virus L-A, disruption of 

NUC1 causes a dramatic increase in the level of L-A dsRNA 

genome and its product, the viruslike particle coat protein. 

This phenotype is similar to that observed in a strain with 

a mutation in the nuclear gene encoding the most abundant 

outer mitochondrial membrane protein, porin. The disruption 

of NUC1 does not affect the level of porin. Mutations in 

NUC1 are recessive with respect to virus overexpression and 

the overexpression phenotype can be suppressed by the 

presence of M type dsRNA. In both NUC1 and nucl strains, 

virus abundance is increased by growing cells in a medium 

containing a nonfermentable carbon source, an effect 

independent of the increase in coat protein and viral genome 

due to nucl mutations or to the absence of M. Since 

mutations in NUC1 affect the abundance of L-A but not M, 
, 

NUC1 defines a new family of nuclear genes involved in dsRNA 

metabolism. 

CRT1 is located 270 bp upstream of CBP1 and encodes a 

function related to yeast respiration. CRT1 produces two RNA 

species which are 0.8 and 0.9 kb. The longer transcripts are 
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initiated upstream of the open reading frame and are 

expressed constitutively, while the shorter transcripts are 

initiated within the open reading frame and are induced 8 to 

lO-fold upon carbon source derepression. Sequence analysis 

revealed that .the open reading frame could encode a basic 

protein with a molecular weight of 30.7 kDa. The deduced 

amino acid sequence indicates that the CRT1 protein has 

putative zinc finger, leucine zipper, and acidic blob 

domains, which are typical ~f transcriptional regulatory 

proteins. A complete deletion of CRT1 from the genome has no 

apparent phenotype. Thus, CRTl is not an essential yeast 

gene. A gene (CRT2) that duplicates the function of CRTl was 

identified in a synthetic lethal/respiratory deficiency 

screen. The function of either CRT1 or CRT2 is sufficient to 

support respiration in yeast. Therefore, CRT1 may encode a 

regulatory factor involved in the expre~sion of genes 

encoding respiratory functions. 
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OVERVIEW 

This dissertation describes two projects in which I 

characterize the CRT1 and NUC1 genes within the CRT1-CBP1-

NUC1 gene cluster located on chromosome ten of the budding 

yeast Saccharomyces cerevisiae. The first chapter of this 

dissertation is an introduction and consists of two parts. 

In the first half I describe the yeast double stranded RNA 

(dsRNA) virus system and in the second half I review 

transcriptional regulation of gene expression. Chapter Two 

is a description of the materials and methods used in these 

projects. Chapter Three is focused on the identification of 

a new class of yeast nuclear genes, represented by NUC1, 

involved in the regulation of dsRNA virus metabolism. In 

Chapter Four, I describe the characterization of a novel 

yeast gene, CRT1, which encodes a protein involved in 

respiration. CRT1 contains features similar to DNA binding 

proteins, specifically transcriptional factors. Chapter Five 

contains general conclusions as well as considerations for 

future work. 



CHAPTER ONE 

INTRODUCTION 
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Yeast Saccharomvces cerevisiae is a unicellular 

eUkaryote. Although its genetic system is more complex than 

prokaryotes such as ~. 90li, it shares many of the 

advantages of prokaryotes employed in molecular and genetic 

studies. Its small genome size, simple and well-dissected 

genetic system, rapid growth, ease of replica plating and 

mutant isolation, and the availability of a highly versatile 

transformation system make it an ideal organism with which 

to work. 

It has been observed in yeast that some functionally 

related genes cluster together, for example, GAL7-GAL10-GAL1 

(Douglas and Hawthorne, 1964; Bassel and Mortimer, 1971; st. 

John and Davis, 1981), H2A-H2B (Hereford et al., 1979), 

rp49-MRP13 (Partaledis and Mason, 1988). In the Dieckmann 

laboratory, the work has been focused on CBPl, a nuclear 

gene located on chromosome X which encodes a mitochondrial 

protein required for the stability of cytochrome ~ messenger 

RNA. During th~ study of CBPl, two genes were found in its 

flanking regions. These genes are called CRT1 (the upstream 

gene) and NU91 (the downstream gene). These two genes are 

very close to CBPl, with spacing sequences smaller than 300 

nucleotides. Through the study described in this 
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dissertation, it was found that these genes all encode 

mitochondrion-related functions. At the time the downstream 

open reading frame was discovered, its function was unknown. 

Later (see Chapter Three of this dissertation), it was found 

that the downstream gene was NUC1, which encodes the major 

mitochondrial nuclease (Dake et al., 1988; Vincent et al., 

1988; Zassenhaus et al., 1988). Furthermore, NUC1 was found 

to contribute to the regulation of the yeast dsRNA virus 

metabolism. The upstream gene CRT1 was found to encode a 

protein required for the respiratory growth of yeast in the 

absence of a second gene (CRT2). The respiratory growth of 

yeast cells requires a fully functional mitochondrion. The 

expression of CRT1 is regulated by carbon source at the 

transcriptional level and the CRT1 protein itself possesses 

features of transcriptional regulatory factors. 

PART ONE. YEAST dsRNA VIRUS SYSTEM 

A. Yeast cells are hosts for dsRNA viruses 

Most Saccharomyces cerevisiae strains contain one or 

more linear dsRNA virus species (see reviews by Wickner, 
, 

1986 and 1989). These viruses are not infectious and can 

only be propagated to other cells by mating or by 

polyethylene glycol induced cell fusion (Wickner, 1986). 

Five types of dsRNA are found in yeast: M, L-A, L-BC, T and 

W. The first three exist in the form of viruslike particles 
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and are encapsidated in a protein shell (Herring and Bevan, 

1974; Sommer and Wickner, 1982). M type dsRNAs (1.8 kb) 

encode a secreted protein toxin, which kills strains that do 

not carry M, and provides the host cells with immunity to 

the same toxin. (Bostian et al., 1980). The maintenance of M 

viruslike particles depends on the presence of L-A dsRNA 

(4.6 kb) because L-A encodes the major coat protein for M as 

well as for L-A dsRNA itself (Wickner, 1989). L-A also 

encodes a 180-kDa protein which has single stranded RNA 

(ssRNA) binding activity (Fujimura and Wickner, 1988b) and 

presumably has RNA polymerase activity (lcho and Wickner, 

1989). L-BC dsRNAs are approximately the same size as L-A 

(4.6 kb) and encode their own coat proteins (sommer and 

Wickner, 1982; El-Sherbeini et al., 1984). T and W (2.7 and 

2.25 kb, respectively) exist in a naked form (Weselowski and 

Wickner, 1984). Recently, Rodriguez-Cousino et ale (1991) 

have identified an open reading frame from the (+) strand of 

W which spans almost the entire length of the genome and 

encodes a protein with sequence features of an RNA dependent 

RNA polymerase. These features are summarized in Table 1.1. 
, 

B. Metabolism of dsRNA viruses 

The life cycle of dsRNA viruses consists of 

replication, transcription, translation, and for M and L 

types, packaging. Among the five dsRNA species, M and L-A 

have been studied most extensively with respect to the above 



TABLE 1.1 dsRNA species in Saccharomvces cerevisiae 

viruslike 
dsRNA si~ Particle coat protein Encoded functions 

M 1.8 kb Yes Encoded by Killer toxin 
L-A 

L-A 4.6 kb Yes Encoded by Coat protein; 
L-A RNA binding protein; 

RNA polymerase 

L-BC 4.6 kb Yes Encoded by Coat protein 
L-BC 

T 2.7 kb No ? 

W 2.25 kb No RNA polymerase 

... 
Ol 

== 
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:t . 

19 

processes. 

1. Transcription and translation 

The viruslike particles M and L-A contain a 

transcriptase activity. This is based on the observation 

that the purified empty particle can synthesize the (+) 

ssRNA in vitro when dsRNA template is provided (Fujimura and 

Wickner, 1989). In vivo synthesized (+) ssRNA is extruded 

from the viruslike particle (Esteban and Wickner, 1986) and 

serves two purposes. One is as a mRNA for the translation of 

virally encoded proteins, and the other is as an 

intermediate for replication (Fujimura et al., 1986; 

Fujimura and Wickner, 1987). The (+) ssRNA of L-A contains 

two open reading frames (ORF1 and ORF2) , which overlap each 

other by 130 bp (Icho and Wickner,1989). Translation from 

ORF1 produces the major coat protein (about 80 kDa) whereas 

translation of ORF2 results in a 180-kDa protein which is a 

product of the fusion of the two ORFs (Hopper et al., 1977; 

Fujimura and Wickner~ 1988b; Icho and Wickner, 1989). The 

production of the fusion protein is due to a -1 ribosomal 

frameshift in the overlapping region of the two ORFs (Icho 

and Wickner, 1989; Dinman et al., 1991). The carboxyl 

terminal domain of the 180-kDa protein has ssRNA binding 

activity and has sequence patterns which are similar to an 

RNA-dependent RNA polymerase (Fujimura and Wickner, 1988b; 

Icho and Wickner, 1989). Translation of (+) strand of M 



dsRNA results in the production of killer toxin. 

2. Replication 

The replication of dsRNA is conservative. One strand 

(the + strand) is transcribed from the parental dsRNA 

template and then this (+) strand is used as a template to 

synthesize the complementary (-) strand to form a mature 

dsRNA genome (Newman et al., 1981; Sclafani and Fangman, 

1984; Fujimura et al., 1986). The synthesis of the (-) 
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strand is catalyzed by a replicase which is associated with 

the virus particles (Fujimura and Wickner, 1988a). When 

empty viruslike particles are mixed with (+) ssRNAs, NTPs 

and cellular fractions, the particles catalyze the (-) 

strand synthesis. The virus particles can physically hold 

one double stranded L-A genome (Esteban and Wickner, 1986). 

Since M is less than half the size of L-A, it replicates 

twice until the particle is full, a process called "headful 

replication" (Esteban and Wickner, 1986). 

It is possible that the 180-kDa protein produced from 

the fusion of two ORFs on L-A has both transcriptase and . 

replicase activities, in addition to its ssRNA binding 
, 

activity (Fujimura and Wickner, 1988b). It has been proposed 

that the 180-kDa protein first binds to the (+) strand RNA 

and this RNA/protein complex serves as a nucleation site to 

which more coat proteins are added to form a capsid. This is 

followed by replication catalyzed by the RNA polymerase 
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activity inside the particle (Fujimura and Wickner, 1988b). 

c. Regulation of virus metabolism 

1. Regulation by cis-acting elements 

Transcription and replication of dsRNAs depend on both 

cis-acting elements and trans-acting factors. The L-A 

deletion mutant X (0.53 kb) has lost most of the L-A genome. 

The (+) strand retains 25 bases of the 5' sequence and the 

rest of the sequence is from the 3' end (Esteban and 

Wickner, 1988; Esteban et al., 1988). The X dsRNA has been 

shown to be transcribed, replicated and encapsidated by 

trans-acting factors provided by wild-type L-A (Esteban and 

Wickner, 1988). Thus, it contains all the cis-acting signals 

for these processes. Esteban et ale have shown that the 

sequence 399 to 376 nucleotides from the 3' end of the X (+) 

strand could form a stem-loop structure and is the site for 

virus particle binding (Esteban et al., 1989) (Fig. 1.1). A 

similar structure has been found in M (+) strand. It is 

believed that protein binding to t~e virus (+) strand is an 

important intermediate step for virus packaging (Fujimura 

and Wickner, 1988b). 
, 

Esteban et al. (1989) investigated the cis-acting 

elements for replication. It was found that a few 

nucleotides at the very 3' end of X (+) strand (also for L-A 

+ strand) are required for replication (Fig. 1.1). Deletion 

of a single nucleotide from the 3' end or a change in any 



Fig. 1.1. Schematic illustration of X genome. A. X is 

derived from L-A. B. Transcription and replication elements. 

Nucleotide numbers are relative to the 3' end of the (+) 

strand. Illustration is not to scale. 
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one of the last three nucleotides abolishes replication. A 

stem-loop structure was found immediately upstream of the 

last four nucleotides (Fig. 1.1). Alterations that impair 

the pairing in the stem region also abolish replication, 

while nucleot~de sUbstitutions that restore the pairing in 

the stem restore replication activity. In addition to the 

3' end nucleotides and the adjacent stem-loop structure, an 

internal sequence (435 to 405 bases from the 3' end) has 

been found to enhance replication (Fig. 1.1). When this 

region is deleted, the template activity is reduced to less 

than 20% of the control. 

The 3' end region of M (+) strand has no homology to 

that of X or L-A and has no stern-loop structure. However, 

when the four 3' end nucleotides of X were replaced by five 

nucleotides from the M 3' end, or the L-A (X) stern-loop 

structure was substituted with M 3' end sequences, the 

template activity was retained (Esteban et al., 1989). This 

result indicates that the few nucleotides at the 3' end of 

the virus (+) strand are important for replication 

initiation but more than one sequence can serve this 

purpose. In addition, the M 3' end region contains a 

replication signal which can sUbstitute for that of X (or 

L-A) but in a form other than a stern-loop structure. 

Transcription from X dsRNA genome can be carried out 

normally (Fujimura and Wickner, 1989). Since X retains only 
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25 base pairs ,from the 5' end of the L-A (+) strand (Esteban 

et al., 1988) (Fig. 1.1), this 25 base sequence must contain 

all the cis-acting signals for transcription. 

2. Regulation by cytoplasmic trans-acting factors 

Cytoplasmic factors have been observed to affect yeast 

dsRNA replication or stability (Wickner, 1986 and 1989). For 

example, the presence of M dsRNAs in yeast cells depends 

upon the product of L-A dsRNA which encodes the major coat 

proteins of the virus particles, in which L-A and Mare 

separately encapsidated. As mentioned above, the L-A genome 

also encodes a 180-kDa protein which has ssRNA binding 

activity and putative RNA polymerase activity. These 

activities are required for viral genome packaging and 

transcription or replication. 

Ball et ale have reported that the copy number of L-A 

is negatively regulated by M dsRNA (Ball et al., 1984). When 

M is cured by heat treatment from strains that contain both 

L-A and M dsRNA, the L-A copy number is increased 5 to 10-

fold. It is not clear how M dsRNA lowers the L-A abundance, 

but it probably competes for factors necessary for the 
, 

replication of both viral genomes. Another example of 

regulation of one species of dsRNA by another is the 

exclusion of the M2 sub-type of M dsRNA from cells by M1 

subtype. M1 and M2 differ from each other in their primary 

sequences and the toxins they produce. When cells carrying 
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MZ are mated to those carrying M" the resulting diploids 

lack Mz (Naumov and Naumova, 1973; Wickner, 1983). Sommer 

and Wickner have shown that the exclusion of Mz by M, is not 

due to a differe~tial degradation of preexisting Mz 
molecules, suggesting it is mediated by inhibition of 

replication or segregation with subsequent dilution. The 

inhibition could result from competition for some limiting 

cellular product or from the interference of M, with Mz 
replication (Sommer and Wickner, 1984). 

3. Regulation by nuclearly encoded trans-acting factors 

Nuclearly encoded factors play an important role in 

dsRNA virus metabolism. The products of more than 30 nuclear 

genes are required for the maintenance of M dsRNA (Wickner 

and Leibowitz, 1976; Wickner, 1986 and 1989). These genes 

are named MAR, for maintenance of killer. A mutation in any 

one of these genes will result in the loss of M dsRNA virus 

from the cell. Three of these genes (MAR3, MARlO and PET18) 

are also required for maintenance of L-A. It has been 

suggested that the MAR genes function to protect dsRNA virus 

from attack by a host antiviral system (the SRI genes on 

yeast chromosomes, see below), because the absence of the 

antiviral system (i.e., mutations in the SRI genes) makes 

almost all of the MAR ,genes dispensable for X or M 

replication (Wickner, 1989). Some of the MAR genes have been 

identified or studied and all of them have essential 
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functions for cell growth in addition to their role in 

regulating virus replication. For example, MAK1 is the 

topoisomerase I gene (Thrash et al., 1984), MAK8 encodes 

ribosomal protein L3 (Wickner et al., 1982), the MAK16 gene 

product is required for cells to go through the G1 phase of 

cell cycle (Wickner, 1988). 

Another family of nuclear genes that affect virus 

replication or stability is called SKI, standing for §uper 

killer. Mutations in SKI genes result in an increased copy 

number of M dsRNA and thus lead to a superkiller phenotype 

(Toh-e et al., 1978; Ball et al., 1984; Ridley et al., 

1984). ski mutations not only increase the copy number of M, 

but also that of L-A. Since the ski mutation confers a 

superkiller phenotype, the wild-type SKI genes must have a 

negative effect on the virus. It has been suggested that SKI 

genes constitute the antiviral system in yeast (Toh-e et 

al., 1978; Ridley et al., 1984; Esteban and Wickner, 1987; 

Sommer and Wickner, 1987; Rhee et al., 1989). The functions 

of these genes in addition to their antiviral role have not 

yet been elucidated (Sommer and Wickner, 1987; Rhee et al., 

1989). 

4. Interactions between factors 

Wickner et ale (1991) have recently ligated the two L-A 

ORFs into a plasmid, resulting in a recombinant called 

pORF1+2 in which the ORFs are expressed from the yeast PGK1 
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promoter. It was found that this plasmid supported the 

replication of the toxin-encoding M1 dsRNA in the absence of 

L-A dsRNA. This result indicates that it is the protein 

product of L-A rather than L-A dsRNA itself that is required 

by M1• Interestingly, this plasmid and another (pORF1) which 

contained only ORF1 (the coat protein gene) supported M1 

replication in the presence of L-A in mak18 and mak27 

strains which normally lead to the loss of M from cells. 

Thus, MAKl8 and MAK27 products could have functions related 

to coat protein expression from the dsRNA and the production 

of plasmid encoded coat protein made these two genes 

dispensable. While mutations in MAKIO could also be 

suppressed by pORFI+2, they could not be suppressed by 

pORF1. This shows that the MAKIO product is required for a 

function other than providing the coat protein, possibly for 

replication or packaging. 

It has been known that MiS requirement for MAR gene 

products can be suppressed by ski m~tations (Toh-e and 

Wickner, 1980). Thus, pORF1+2 and pORF1 provided the host 

strain with a phenotype equivalent to that of ski mutations. 

Since the SKI genes are thought to be an antiviral system, 

one of the functions of the major coat protein might be to 

protect the dsRNA virus from attack by SKI products. Thus, 

the model for the above observation is that the major coat 

protein protects the dsRNA virus and is the target for the 



SKI antiviral system. 

5. A new group of yeast nuclear genes that affects dsRNA 

virus 
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As described in Chapter Three of this dissertation, a 

new group of nuclear genes (represented by NUe1) that affect 

the replication or stability of dsRNA has been identified. 

These genes do not belong to either the MAK or SKI family. 

Mutations in these genes lead to an increased abundance of 

L-A dsRNA genome and its product, the coat protein. The 

mutations are recessive, and this phenotype can be 

suppressed by the presence of M dsRNA. 

PART TWO. TRANSCRIPTIONAL CONTROL IN YEAST GENE EXPRESSION 

Gene expression in yeast, like in any other organism, 

is controlled at different levels: transcription, mRNA 

processing, translation, and posttranslational modification. 

The importance of transcriptional control is evidenced by 

the fact that numerous genes are controlled predominately by 

this mechanism. Transcriptional control is achieved by the 

interaction of cis-acting elements located upstream of the 

target gene and trans-acting factors (Struhl, 1987; ptashne, 

1988). Some features of these elements and factors have been 

elucidated during the past several years. 

A. cis-acting elements 

Transcriptional cis-acting elements include the TATA 



box, upstream activating sequences (UASs), and the site of 

initiation (Struhl, 1987). Some genes also have operator 
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sequences that are involved in repression of the target gene 

(Brent, 1985; Renkawitz, 1990). 

The TATA·box is the site recognized and bound by one 

component of the eukaryotic transcription machinery, TFIID, 

and is necessary for the accurate initiation of 

transcription (Davison et al., 1983; Parker and Topol, 1984; 

Sawadogo and Roeder, 1985b). In yeast, the TATA box (the 

consensus sequence is TATAAA) is usually located in the 

region of position -40 to -120 relative to the transcription 

initiation site (struhl, 1987) in contrast to higher 

eukaryotes in which it is 25-30 bp upstream of the 

initiation site (Breathnach and Chambon, 1981). Some genes 

have multiple TATA elements in the promoter region. For 

example, the HIS3 gene has two TATA-like sequence, called TR 

and Tc (Struhl, 1986). While Tc mediates basal level 

transcription from position +1 and +13, TR responds to 

transcriptional stimulation by the GCN4 activator protein to 

increase transcription from +13 (Harbury and Struhl, 1989) • 
. 

Although the TATA sequence is important for most eukaryotic 

genes, certain genes do not contain such a sequence although 

they are expressed at high levels (e.g., the 

phosphoglycerate kinase gene, PGK1) (Ogden et al., 1986). 

Thus, there must be other sequences which have a function 



equivalent to ~he TATA box and such sequences are most 

likely recognized by factors specific for these genes. 
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The initiation sequence is located close to the mRNA 

start site. Unlike higher eukaryotes where the transcription 

start site is determined by the distance to the TATA 

element, the start site in yeast is primarily determined by 

the initiation sequence. This is evidenced by the 

observation that when the distance to the TATA element is 

changed, transcription still initiates at the same position 

(reviewed by Struhl, 1987). 

Upstream activating sites (UASs) are sequences that can 

be recognized by transcriptional regulatory proteins. They 

are located upstream of the TATA box, and the distance to 

the TATA box can be changed without affecting their function 

(Struhl, 1987; Guarente, 1988). A UAS exerts its function by 

providing a binding site for activating proteins. Several 

different UAS-activator protein pairs are found in yeast. 

However, some UAS sequences are found upstream of many 

different genes. For example, the sequences recognized by 

the transcription factor GCN4 are present in the promoters 
, 

of over 30 genes related to amino acid biosynthesis (Hope 

and struhl, 1985; Arndt and Fink, 1986). certain genes have 

multiple UASs which are responsible for regulation by 

different environmental factors. For example, the CYCl gene 

has two UASs, UAS1 and UAS2, which mediate induction by heme 
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and nonfermentable carbon sources, respectively (Guarente et 

al., 1984). UASI is the site to which the activator HAP1 

binds (Pfeifer et al., 1987), while UAS2 has the sequence 

CCAAT that is recognized and bound by an activating protein 

complex, HAP2/3/4 (Olesen et al., 1987; Forsburg and 

Guarente, 1989). 

B. Trans-acting factors 

1. Transcriptional machinery 

Eukaryotic rnRNA synthes~s is initiated by RNA 

polymerase II together with several general auxiliary 

proteins: TFIIA, TFIIB, TFIID, and TFIIE (Matsui et al., 

1980; Samuels et al., 1982; Dignam et al., 1983; Sawadogo 

and Roeder, 1985a). TFIID is a protein that binds 

specifically to the TATA element (Sawadogo and Roeder, 

1985b; Nakajima et al., 1988). TFIIA is required for the 

efficient interaction of TFIID with the TATA element 

(Davison et al., 1983; Fire et al., 1984). The functions of 

TFIIB and TFIIE are not clear; however, they bind RNA 

polymerase II in vitro (Reinberg and Roeder, 1987; Zheng et 

al., 1987). Using a native gel electrophoresis DNA binding 

assay and either purified or partially purified general 

transcription factors, Buratowski et al. (1989) have 

demonstrated a hierarchy of specific protein-promoter DNA 

complexes. Based on the result of this experiment, they 

proposed a model for the sequential and spatial actions of 
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these general factors and polymerase (Buratowski et al., 

1989). 

2. Regulatory factors 
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Regulatory factors are proteins that bind to the 

upstream region of a target gene and activate or repress the 

transcription machinery. Some of these factors function as 

homodimers (e.g., GCN4) while others as heterodimers ( e.g., 

fos-jun) or oligomers (e.g., HAP2/3/4). Thus, these proteins 

possess at least three functional domains: those responsible 

for DNA binding, protein-protein interaction, and 

transcriptional activation. During the past few years, 

transcriptional regulatory proteins have been extensively 

studied and many features of these functional domains have 

been elucidated. 

(1) DNA binding domain 

Two kinds of DNA binding domains have been well 

defined: helix-turn-helix and zinc finger motifs (Pabo and 

Sauer, 1984; Pavletich and Pabo, 1991; Luisi et al., 1991). 

The former contains a-helices that are separated by a turn 

or loop sequence. One of the helices makes specific contact 

with the bases in the major groove of the target DNA, and 

the other lies across the major groove and makes some non

specific contacts to DNA (Struhl, 1989). In higher 

eUkaryotes, it has been found that many "homeodomain" 

proteins involved in developmental regulation have sequences 
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similar to that of the helix-turn-helix motif in 

prokaryotes, and some of them were proven to bind DNA 

specifically (Levine and Hoey, 1988; Scott et al., 1989; 

Hayashi and Scott, 1990). Yeast MATa2 is a repressor protein 

which regulates cell type by binding to operator sequences 

via the helix-turn-helix motif (Sauer et al., 1988). 

Mutations introduced into the helix-turn-helix region 

abolished its function, presumably by destroying the DNA 

binding properties (Porter and smith, 1986). 

The zinc finger motif was first discovered in the 

Xenopus transcriptional factor TFIIIA (Miller et al., 1985). 

Since then, similar metal binding motifs have been found in 

many other DNA binding proteins (see review by Evans and 

Hollenberg, 1988; Berg, 1990). The classic model for the 

structure of a zinc finger is described as that two 

conserved pairs of metal-chelating amino acid residues 

(usually cysteines or histidines) tetrahedrally coordinate a 

zinc ion, and the amino acid resid~es between the two pairs 

project out to form a finger. This structure has been shown 

to be responsible for the DNA binding activity of a number 

of transcriptional regulatory proteins (Johnston, 1987a; 

Blumberg et al., 1987; Redemann, 1988; Carey et al., 1989). 

Recent studies (Luisi et al., 1991; Schwabe and Rhodes, 

1991) using NMR and x-ray crystallography techniques have 

revealed that in steroid receptors, the DNA binding domain 
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contains two a-helices in the zinc finger region. The amino

terminal helix starts from the second pair of Zn

coordinating cysteines. This helix lies in the major groove, 

and the side chains of the residues which are also in the 

second cysteine-pair region make specific contact with the 

target DNA. The second helix also follows (overlaps) the 

second zinc finger sequence and it is joined to the first 

helix at a right angle near their midpoint through the 

interaction of the aromatic side chains of the amphipathic 

helices. Such a structure is somewhat similar to the helix

turn-helix motif found in prokaryotic proteins except that 

zinc fingers play an important structural role in the 

receptor proteins. 

Zinc finger proteins have been classified into three 

groups by the composition of metal chelating residues (Evans 

and Hollenberg, 1988; Berg, 1990): the CzHz type 

(represented by TFIIIA), the Cx type (represented by yeast 

GAL4 and mammalian steroid receptors), and the CzHC type 

(retrovirus capsid proteins). Recently, a novel putative 

zinc finger sequence has been observed in a number of 

proteins by Freemont et al.(1991). Proteins in this group 

have a zinc finger pattern of nnncnZcn11_Z7cnHnzcnZCn9_1ScpnCnnn 

(where n stands for any amino acid; C, cysteine; H, 

histidine; P, proline), or C3HC4 for simplicity. Although 

not all of the functions of these proteins are clear, and so 



far there is no structural data for this putative zinc 

binding domain, these proteins are likely to interact with 

DNA. Tagawa et ale (1990) have demonstrated that mel-18 

binds DNA in vitro and that when the putative zinc finger 

region is removed, the DNA binding activity is lost. The 

mel-18 zinc fingers are of the C3HC4 type. Thus, these 

proteins may define a new family of zinc finger proteins. 

(2) Protein-protein interactions 
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The leucine zipper is a unique structure involved in 

protein-protein interaction and has been found in many DNA 

binding proteins, such as C/EBP, GCN4, fos and jun 

(Landschulz et al., 1988). The zipper structure is an a

helix with four or five leucine residues (separated by seven 

amino acids, called heptad repeats) aligned on one side of 

the helix. The leucines interact with a similar structure of 

another protein (Landschulz et al., 1988). Leucine zipper 

mediated interactions occur between identical proteins to 

form homodimers (e.g., GCN4, O'Shea et al., 1989) or between 

different proteins to form heterodimers (e.g., fos and jun, 

Kouzarides and Ziff, 1988). 

Kouzarides and Ziff (1988) have dissected the zipper 

structure by in vitro mutagenesis. They found that amino 

acid replacement of one of the middle three leucines in the 

fos protein does not affect the dimer formation. However, 

replacement of two of the three leucines abolishes it. 
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Furthermore, they have shown that the dimerization of fos 

and jun proteins is a prerequisite for their DNA binding 

activity. Hu et ala (1990) analyzed the importance of the 

amino acid side chains'at eight positions that form the 

hydrophobic interface of the leucine zipper dimer of GCN4. 

Their results indicated that most functional variants 

contained hydrophobic residues at the dimer interface, while 

most nonfunctional sequence variants contained strongly 

polar or helix-breaking residues. Although none of the 

leucines at a particular position are absolutely necessary, 

at lea'st two and normally three are required in the zipper 

region of GCN4. 

Recent studies by Luisi et ala (1991) indicated that' 

residues in the second zinc finger motif of glucocorticoid 

receptors mediate dimer formation. Therefore, in some cases 

the zinc finger structure has multiple functions. 

(3) Transcriptional activation domain 

Activation domains of transcriptional activators have 

been defined as short stretches of negatively charged amino 

acids with little sequence homology (struhl, 1987; Ptashne, 

1988). Such a domain has been localized to a 19 amino acid 

region in GCN4 by deletion analysis (Hope and Struhl, 1986). 

Similar results have been obtained from analyzing GAL4 in 

which two acidic regions have been identified (region I, 

amino acids 148-238, net charge -7; region II, amino acids 
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768-881, net charge -9) and they do not have any sequence 

homology to GCN4 (Ma and Ptashne, 1987a). In another 

experiment, Ma and Ptashne (1987b) fused ~. coli genomic DNA 

fragments to the coding sequence of the DNA-binding portion 

of GAL4 and screened for the activation of a GAL1-lacZ 

fusion gene in yeast. By sequence analysis, they found that 

all 15 isolates that activated transcription had an acidic 

sequence while most of these sequences showed no obvious 

homology either to the activ~ting regions of GAL4 and GCN4 

or to each other. 

(4) Different functions of a eukaryotic regulatory protein 

reside in separable domains 

DNA binding, protein-protein interaction, and 

activation are separable functions in a protein and can be 

interchanged. Brent and Ptashne (1985) replaced the DNA 

binding domain of GAL4 with that of ~. coli Lex A. This 

fusion protein could activate transcription in yeast which 

carried a target gene with an upstream Lex A binding site. A 

similar experiment has been done with the DNA binding domain 

of fos and leucine zipper domains of GCN4 (Kouzarides and 

Ziff, 1989; Sellers and Struhl, 1989). In this experiment, 

the fos DNA binding sequence was fused to GCN4 dimerization 

region (the leucine zipper domain). Such a fusion protein 

could form a homodimer and specifically bind to TRE (TPA

responsive element), in contrast to the native fos protein 
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which could not form a homodimer and bound to DNA only via a 

fos-iun heterodimer. 

(5) Novel proteins with putative zinc finger and leucine 

zipper domains 

Bolotin-Fukuhara et ale (personal communication) have 

isolated two nuclear genes (MRBl and MRB2) which are related 

to the mitochondrial translation process. MRBl is essential 

for mitochondrial function and its expression is regulated 

by carbon source. Interestingly, the MRBl protein has a zinc 

finger type structure. MRB2 is not essential for 

mitochondrial function and its expression is not regulated 

by carbon source. The MRB2 protein has a potential leucine 

zipper domain. Both of these genes suppress the same nuclear 

mutations which affect mitochondrial translation. 

Chapter Four of this dis~ertation describes the 

characterization of a novel yeast nuclear gene, CRT1. This 

gene encodes a protein with a putative zinc finger motif 

resembling proteins in the newly emerging C3HC4 family. 

Also, this gene is regulated by carbon source and is 

involved in cell respiration. Thus, it may play a role 

similar to the HAP genes, i.e., encoding a regulatory factor 

involved in the expression of genes encoding respiratory 

functions. 
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CHAPTER TWO 

MATERIALS AND METHODS 

strains and plasmids 

The yeast· and bacterial strains used in this study as 

well as the plasmid vectors employed are listed in Table 

2.1. In experiments in which cbp1 strains were compared to 

those wild-type for CBP1, the p+ mitochondrial genomes were 

eliminated from all of the strains by ethidium bromide 

mutagenesis (Deutsch et al., 1974). A mitochondrial genome 

carrying a suppressor of cbp1 was introduced into each 

strain via cytoduction from a karl strain harboring the 

p,nt4-35 mtDNA (Dieckmann and Gandy, 1987). This replacement 

procedure allowed the growth of normally respiratory 

deficient cbp1 strains and wild-type CBP1 strains on 

glycerol medium. 

Media 

Yeast strains were grown on ei.ther YPD, YEPG or WO. YPD 

is 2% peptone, 1% yeast extract and 2% glucose. YEPG is 2% 

peptone, 1% yeast extract and 3% glycerol. WO is 0.67% 
\ 

nitrogen base without amino acids and 2% glucose. Amino acid 

supplements were added at 20 ~g/ml, except for leucine which 

was added at 30 ~g/ml. Top agar used to plate spheroplasts 

from the transformation procedure contained 1.2 M sorbitol. 

The medium for repressing respiratory function contained 10% 



glucose and the medium for derepression contained 5% 

glycerol (Myers et al., 1987; Mayer and Dieckmann, 1989). 

The KAc medium for sporulation was 1% potassium acetate, 

0.1% Bacto-yeast extract, 0.05% glucose. Solid media 

contained 2% agar. 

Whole-cell protein extracts and Laemmli gels 
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Yeast strains were grown in 2 ml of YPD or YEPG to 

stationary phase. After being washed with water, the cells 

were vortexed for 2 minutes in 0.1 ml freshly diluted 20% 

trichloroacetic acid and 0.1 ml glass beads (425-600 ~m; 

Sigma Chemical Co.). The protein suspension was decanted and 

the protein concentration was determined by the 

bicinchoninic acid method (Pierce Chemical co.). 100 ~g of 

protein from each sample was pelleted and suspended in 5 ~l 

4X Laemmli sample buffer (0.25 M Tris-HCl, [pH 6.8], 40% 

glycerol, 20% ~-mercaptoethanol, 0.024% bromophenol blue, 8% 

sodium dodecyl sulfate)/3 ~l 1.0 M Tris-HCl (pH 8.5)/10 ~l 

of water. The suspensions were heated at 100°C for 3 minutes 

and half of the volume (50 ~g of protein) was loaded onto a 

10% sodium dodecyl sulfate-polyacrylamide gel (Laemmli, 

1970) • 

Differential centrifugation procedure for virus1ike particle 

preparation 

Yeast strains were grown to stationary phase on liquid 

YEPG medium, harvested by centrifugation at 2,500 x g for 5 
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minutes, and washed once with 1.2 M sorbitol. Spheroplasts 

were prepared by digestion with zymolyase (ICN 

Pharmaceuticals Inc.) (Faye et al., 1974) and lysed by 

treatment with 0.6 M sorbitol containing the following 

protease inhi~itors: 1 mM each antipain, leupeptin, 

pepstatin, chymostatin, aprotinin, and phenylmethylsulfonyl 

fluoride. The lysed spheroplast mixture was centrifuged at 

700 x g for 10 minutes to remove the cell debris. The 

supernatant was centrifuged at 25,000 x g for 10 minutes to 

pellet the mitochondria. The supernatant from this spin was 

centrifuged at 100,000 x g for one hour to collect the 

pellet fraction containing the viruslike particles (Oliver 

et al., 1977). 

dsRNA preparation 

dsRNA was prepared from whole cells according to the 

method of Fried and Fink (1978). 

outer mitochondrial membrane preparation 

One-liter cultures of yeast were harvested by 

centrifugation and washed with 1.2 M sorbitol. Mitochondria 

were prepared from lysed spheroplasts (Daum et al., 1982), 

washed twice with 0.'5 M sorbitol and suspended in 10 ml of 

10 mM Tris-HCl (pH 8.0)/0.1 mM EDTA (TE), and 1 mM each of 

the protease inhibitors mentioned above. The mitochondria 

were sonicated 3 times for 5 seconds each, and the sonicate 

was centrifuged at 81,000 x g for 1 hour. The pellet was 
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suspended in ~ ml of TE, loaded onto a 30 to 50% linear 

sucrose gradient, and centrifuged at 53,000 x g for 15 

hours. The outer membrane fraction was collected from the 
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top of the gradient, diluted 10-fold with TE, and sedimented 

at 118,000 x g. for 1 hour. The pellet was suspended in TE 

containing protease inhibitors and frozen at -80°C. Samples 

were prepared for electrophoresis from thawed samples. 

Northern Blots 

Yeast poly A (+) RNA was isolated from LL20 cells under 

repressed and derepressed conditions according to previously 

described methods (Sherman et al., 1986; Mayer and 

Dieckmann, 1989). The Northern blot procedure used was as 

described (Mayer and Dieckmann, 1989). 

DNA sequencing 

DNA fragments were sequenced by the chain termination 

method (Sanger et al., 1977; Messing, 1983) as adapted for 

the use of Sequenase (United states Biochemical Co.). 

Sl nuclease mapping 

(1) Probe preparation. Plasmid pSH2400, which contains 

the CRT1 gene and part of the downstream CBP1 gene was 
, 

digested with BamH I and Sac I. The restriction fragments 

were dephosphorylated at the 5' ends with calf intestine 

alkaline phosphatase (Boehringer Mannheim) and labeled with 

T4 polynucleotide kinase and y_32p-ATP (Maniatis et al., 

1982). The double stranded DNA fragments were suspended in 
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sequencing stop solution (95% formamide, 20 roM EDTA, 0.05% 

bromophenol blue, and 0.05% xylene cyanol FF, from united 

states Biochemical), heated to 90°C for 15 minutes and 

cooled quickly in an ethanol-dry ice bath. The cooled DNA 

mixture was loaded onto a 5% polyacrylamide gel to separate 

the complementary strands of each fragment. The 5' labeled 

single stranded BamH I-Sac I fragment, which is antisense to 

CRT1 mRNA, (see restriction map in Fig. 4.1B.) was extracted 

from the gel and purified by passage through a glass wool 

column. After ethanol precipitation, the single stranded 

probe was suspended in TE (10 roM Tris-HC1, pH 8.0, 1 roM 

EDTA). 

(2) Sl mapping. The CRT1 mRNA 5' ends were determined 

using the method described by O'Connor et al. (1988). RNA 

used in the Sl mapping was the same as that used for 

preparing the Northern blots. 20 ~g of poly A(+) RNA from 

each strain was mixed with single stranded probe (0.045-

0.090 ~Ci) and 30 ~g denatured salmon sperm DNA and 

precipitated with ethanol in the presence of 0.3 M NaOAc. 

The pellet was suspended in 35 ~l of hybridization solution 
I 

(80% deionized formamide, 40 roM Pipes pH 6.4, 400 roM NaCl, 1 

roM EDTA) and incubated at 65°C for 10 minutes and then 45°C 

for 48 hours. The above incubation was divided into three 

parts (5 ~l, 15 ~l and 15 ~l) and treated with Sl nuclease 

(0, 1 and 2 units per microliter respectively) in 100 ~l of 
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reaction mixture (0.05 M NaOAc, pH 4.5, 0.25 M NaCl, 1 mM 

Zn(OAc)2' 0.5% glycerol). After incubation at 37°C for 45 

minutes, the reaction was stopped by addition of 18 ~l of 10 

M NH40Ac followed by ethanol precipitation. The precipitate 

was suspended 'in 10 ~l of sequencing stop solution (United 

states Biochemical) and fractionated on a 5% polyacrylamide 

sequencing gel. After fixation and drying, the gel was 

exposed to X-ray film. 

Antibody against CRTl 

The 600-bp BamH I-BamH I DNA fragment from the CRTI 

gene (see Fig. IB) was fused to the trpE gene at the BamH I 

site in the pATH3 plasmid (Koerner et al., 1991) using 

standard cloning techniques (Maniatis et al., 1982). E. coli 

strain XLI-blue was transformed with the plasmid and 

transcription of the trpE-CRTl fusion gene was induced by 

adding indoleacrylic acid to the cell culture at 5 ~g/ml for 

2 hr at 30°C. The cells were harvested, lysed and the lysate 

was centrifuged to pellet the insoluble fraction according 

to Koerner et al. (1991). The trpE-CRTl protein was 

separated from most of the other proteins by SOS-PAGE and 

isolated from the gel by electro-elution in Laemmli buffer 

(0.192 M glycine, 0.025 M Tris-HC1, and 0.1% sodium dodecyl 

sulfate) in an ISCO sample concentrator (model 1750) (ISCO 

Inc., Lincoln, Nebraska). Polyclonal antibodies were raised 

by repeatedly injecting 200 ~g of the fusion protein 



intradermally into each of two rabbits. Antisera were 

collected using a standard procedure (Harlow and Lane, 

1988). 

western blot 
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Proteins were transferred to nitrocellulose at 200 

volts for 30 min and then at 100 volts for 30 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-l00) containing 

5% dried milk for 1 hour and then probed with antiserum in a 

1% milk solution in low salt buffer overnight. The blots 

were washed 3 X 20 min in low salt buffer containing 1% milk 

and incubated with the same solution containing 0.1 ~ci 

125I-protein A (0.1 ~Ci/~l, Amersham) per mI. After washing 

3 X 20 min in low salt buffer with 1% milk, the blot was 

dried and exposed to X-ray film. 

synthetic lethal/respiratory deficiency screen 

The LL20AXAH strain which carries resistance mutations 

in can1 and cyh2 and harbors plasmid p318CU was grown 

overnight in YPD to a density of AKlett=400. The cells were 

pelleted, washed twice with water, and resuspended in 0.1 M 

sodium phosphate buffer (pH=7.0) with ethylmethanesulfonate 

(EMS) at 4.5%. The cell suspension was shaken at 30DC for 

1 hr. The EMS treated cells were then washed twice with 5% 

sodium thiosulfate, resuspended in the same solution, 

diluted, and plated on 50 WO plates. The colonies were 
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replicated to four sets of YEPG and WO plates containing 60 

~g/ml canavanine, 10 ~g/ml cycloheximide and the required 

amino acids. The four sets of plates were incubated at 16°, 

23°, 300 and 37°C respectively. Colonies arising on the drug

containing plates should have lost plasmid p318CU due to the 

counterselection (Sikorski and Boeke, 1991). The colonies 

which grew well at 30°C but not at other temp'eratures were 

chosen to repeat the above screening process.· Mutants with 

confirmed temperature sensitivities were transformed with 

plasmids p318CU, p318C and YEp13/T10. The transformants were 

patched on 4 sets of YEPG and WO plates with required amino 

acids and incubated at different temperatures. 



Table 2.1. Yeast and ~. coli strains and plasmids 

strain or 
plasmid 

Yeast 
strains 

LL20 

AB3 

B2L 

B13L 

CP1L 

CNBL 

HNUC 

LL20AxAL 

LL20AXAH 

S150-2B 

S150AXAL 

A12 

Description Reference or 
source 

Q, leu2-3 leu2-112 his3-11 Orr-Weaver et 
his3-15 al., 1981 

LL20 with a deletion extending This study 
900 bp upstream and 600 bp 
downstream of CBP1 

LL20 with LEU2 inserted in This study 
CRT1 

LL20 with deletion from the 3' This study 
end of CRT1 to the 5' end of 
CBP1 and replacement with LEU2 

LL20 with LEU2 inserted at the This study 
Pst I site in CBP1 

LL20 with deletion extending This study 
from the 3' end of CBP1 into 
the 3' end of NUC1 

LL20 with HIS3 inserted in This study 
NUC1 

LL20 with a complete deletion This study 
of the CRT1 gene and 
replacement with the LEU2 gene 

LL20 with CRT1 deleted and This study 
replaced by HIS3 

a, ura3-52 his3 leu2-3 leu2-
112 trpl-289 

S150-2B with CRT1 deleted and 
replaced by the LEU2 gene 

a, p+, trp1 ura3-52 leu2-3 
nuc1-1::LEU2 

This study 

Zassenhaus, 
personal 
communication 
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A12WT 

A12-LA 

A12-0 

A12WT-LA 

DCL 

~KG 

CB11 

D273-10B 

N5-26/LA1 

T10 

~. coli 
strains 

RR1 

XL1-Blue 

A~2 strain with a replacement 
of disrupted ~ with the 
wild-type yeast sequence 

A12 strain which has lost M 
dsRNA due to heat treatment 

A12 strain which has lost both 
L~A and M dsRNAs due to heat 
treatment 

A12WT which has lost M dsRNA 

DCL strain with a deletion in 
CBP1 from +55 (Kpn I site) to 
+977 (BgI II) relative to the 
ATG of CBP1 and replacement 
with LEU2 

a, p+, cbp1-1 ade1 leu2-3 
leu2-112 

N5-26/LAI carrying plasmid 
YEp13/T10 

, 
F" hsdS20 (rB"mB") ara-14 proA2 
lacY1 galK2 rpsL20(Smr) xyl-5 
mtl-1 supE44 ~: 

recA1 endA1 gyrA96 thi 
hsdR17 (rK"mK+) supE44 relA1 A" 
lac [F' proAB laclqZ~M15 
Tn10(tet)] 
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This study 

This study 

This study 

This study 

Dieckmann and 
Tzagoloff, 1985 

This study 

ten Berge and 
Zoutewelle, 
1974 

Tzagoloff et 
al., 1976 

Homison, 1984 

Homison, 1984; 
Dieckmann et 
al., 1984a, 
1984b 

Bolivar et al., 
1977 

Bullock et al., 
1987 



BL21(DE3) 

Yeast 
p1asmids 

YEp52 

YEp52X 

pMA91 

pMA-CRT1a 

pMA-CRT1b 

YEp13/T10 

pRS318 

p318C 

p318CU 

E. coli 
p1asmids 

pBS (+/-) 

F" ompT !:a"ms" DE3 

Yeast-E. coli shuttle vector 
containing the GALlO promoter 

YEp52 with an Xho I linker 
inserted at Hind III 

Yeast-E. coli shuttle vector 
containing the 
phosphoglycerate kinase (PGK1) 
promoter and UAS 

pMA91 with full'length CRT1 
inserted at Bgl II 

pMA91 with the 5' truncated 
CRT1 reading frame inserted at 
Bgl II 

YEp13 with an insert of a 
§Sg3A fragment of yeast 
nuclear DNA containing CRT1, 
CBP1 and NUC1 

Yeast-E. coli shuttle vector 
containing CYH2 
counterselectable marker 

pRS318 with the 
counterselectable marker CAN1 
inserted in the multiple 
cloning sites 

pRS318 with both CAN1 and CRT1 
insertep in the multiple 
cloning sites 

Plasmids with T3 and T7 phage 
RNA polymerase promoters 
flanking a pUC19 multiple 
cloning sites 
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Studier et al., 
1990 

Broach et al., 
1983 

This study 

Kingsman et 
al., 1990 

This study 

This study 

Homison, 1984; 
Dieckmann et 
al., 1984a, 
1984b 

Sikorski and 
Boeke, 1991 

This study 

This study 

stratagene 



pSH2400 pBS(+) with a 2400-bp insert This study 
containing the yeast sequence 
from the Sac I site upstream 
of CRT1 (at -499 relative to 
the ATG of CRT1) to the Hind 
III site within the CBP1 gene 
(at +793 relative to the ATG 
of CBP1) 
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pET11a A derivative of pBR322 Studier et al., 
containing a T7 promoter 1990 
followed by cloning sites 

pET-CRT1a pET11a with a full length CRT1 This study 
inserted at Nde I 

pET-CRTlb pETlla with a 5' truncated This study 
CRTl inserted at Nde I 

pATH3 Plasmid encoding the trpE N- Koerner et al., 
terminal fragment 1991 



CHAPTER THREE 

OVERPRODUCTION OF YEAST VIRUSLIKE PARTICLES BY 

STRAINS DEFICIENT IN A MITOCHONDRIAL NUCLEASE 

INTRODUCTION 

Yeast Saccharomyces cerevisiae strains often contain 

one or more species of linear double stranded RNA (dsRNA) 

virus (Wickner, 1986 and 1989). While two of the five 
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dsRNAs, T and W, are in a naked form (Weselowski and 

Wickner, 1984), the other three, M, L-A and L-BC are 

encapsidated in a protein particle (Herring and Bevan, 1974; 

Sommer and Wickner, 1982). M and L-A are associated with the 

"killer" phenomenon. M dsRNA encodes a protein, called 

killer toxin, that is secreted and can kill strains that do 

not carry M (Bostian et al., 1980). L-A supports M dsRNA 

virus by supplying the capsid protein. M and L-A use the 

same type of particles but they are separately encapsidated 

(Wickner, 1989). The metabolism of dsRNA viruses is 

regulated by many nuclear genes (Wickner, 1986 and 1989). 

Two major groups of these genes are called MAK and SKI. The 

MAK genes are required for the maintenance of the killer 

phenotype, i.e., mutations in a MAK gene result in the loss 

of M dsRNA from the cell. Some of these MAK genes are also 

required for the maintenance of L-A. The SKI genes have an 

opposite effect. Wild-type SKI genes suppress dsRNA, while a 
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mutation in a SKI gene causes increased abundance of M dsRNA 

and hence a "superkiller" phenotype. 

Here I report the identification of a new class of 

nuclear genes which regulate the metabolism of dsRNA. 

Mutations in these genes specifically increase the abundance 

of L-A type dsRNA and its product, the coat protein. These 

mutations are nuclear recessives and cause the overabundance 

of L-A dsRNA and the coat protein. Furthermore overabundance 

can be suppressed by the presence of M type dSRNA. 

RESULTS 

The deletion of CBPl and flanking sequences from the yeast 

genome causes overexpression of an 86-kDa protein 

In the study of CBPl, which encodes a protein required 

for stabilizing cytochrome Q pre-messenger RNA (Dieckmann et 

al., 1982, 1984a and 1984b), a mutant (~B3) was constructed 

in which the CBPI gene and flanking sequences (900 bp 

upstream and 600 bp downstream) were deleted and replaced by 

the HIS3 gene (Dieckmann, personal communication). It has 

been found that in this deletion mutant, an 86-kDa protein 
, 

is overexpressed (compare ~B3 and WT in Fig. 3.1). However, 

mutations within the CBPI reading frame, such as those in 

strain CPIL, which has a LEU2 insertion at the Pst I site 

(Fig. 3.1), and in strain ~KG, which has a 900-bp deletion 

of the coding sequence (data not shown), do not cause the 



Fig. 3.1. overexpre'ssion of an 86-kDa protein in a strain 

carrying a deletion covering CBP1 (1962 bp)'and 5' and 3' 

(900 and 600 bp, respectively) flanking regions. Total 

protein was extracted from stationary phase cells grown on 

YEPG. 50 ~g of the protein was fractionated on a 10% Laemmli 

gel and stained with Coomassie Brilliant Blue. Lane 1, wild

type strain LL20; lane 2, the CBP1 deletion strain (~B3); 

lane 3, a mutant (CP1L) which has a LEU2 insertion at the 

Pst I site in the CBP1 reading frame. The overexpressed 86-

kDa protein is indicated by an arrow. The bottom panel 

illustrates the CBP1 gene (open box) and flanking regions. 

The arrow above the CBP1 reading frame denotes the direction 

of transcription. The deletion mutation in the ~B3 strain 

and the insertion mutation in the CP1L strain are indicated. 

Restriction sites are: B, BamH I; G, BgI II; C, CIa I; P, 

Pst I. 
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overexpressio~ phenotype. This indicates that it is not the 

disruption of CBPl that induces the overabundance of the 86-

kDa protein. 

To examine if the overexpression of the 86-kDa protein 

is caused by the inserted HIS3 gene, two other mutants were 

constructed in which the same genomic DNA sequences as in 

~B3 were deleted but were replaced by the LEU2 gene in 

either orientation. These two mutants also overexpress the 

86-kDa protein (data not shown). Thus, the overexpression 

phenotype is not related to a particular insert or its 

orientation. 

The overexpression phenotype is recessive 

The overexpression of the 86-kDa protein in the ~B3 

strain could be due to the removal of a negative cis acting 

element (which would indicate that the gene encoding the 

86-kDa protein is adjacent to CBP1) or due to a disruption 

of a gene encoding a trans-acting factor. To determine which 

was the case, I crossed the deletion strain ~B3 to wild-type 

strain CBll. The overexpression of the 86-kDa protein was 

suppressed in the diploid (Fig. 3.2). That the 

overexpression phen~type was recessive indicated that the 

deletion in the ~B3 strain disrupted a gene which encoded a 

trans-acting inhibitor, and that the gene for the 86-kDa 

protein was most likely located somewhere else. I decided to 

define the gene which suppressed the production of the 



Fig. 3.2. Expression of the 86-kDa protein is recessive. 

Total cell protein was extracted from the CBP1 deletion 

strain ~B3 (lane 1), a wild-type strain (CB11, lane 3), and 

a diploid (lane 2) from a cross of the above two strains. 

Conditions for cell growth and gel electrophoresis are the 

same as described in Fig. 3.1. The arrow to the right of the 

gel indicates the position of the 86-kDa protein. 
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86-kDa protein. 

A gene downstream of CBPl is responsible for the 'suppression 

A series of insertion and deletion mutations were 

constructed to determine the location of the gene which 

conferred the suppression. As shown in Fig. 3.3, strains 

which had disrupted sequences in the 3' region (downstream) 

of CBP1 resembled aB3 in overexpressing the 86-kDa protein. 

Identification of the downstream gene 

Since the downstream DNA sequence was unknown, the Pst 

I-BamH I fragment spanning the 3' end of CBP1 and extending 

to the right endpoint of the large deletion in the ~B3 

strain was sequenced. The sequence revealed an open reading 

frame in an orientation opposite to that of CBP1. The 

termination codon of this reading frame was 230 bp from that 

of CBP1 (Fig. 3.4). The sequence of this fragment was 

compared to those in the Dayhoff database, and no homologous 

sequence was found. However, shortly thereafter, it was 

coincidentally found that the restriction map of CBPl 

matched that of NUC1, which encodes the major mitochondrial 

nuclease (Dake et al., 1988; Vincent et al., 1988; 

Zassenhaus et al., 1988). By comparing the DNA sequence of 

the fragment to that published for NUC1 (Vincent et al., 

1988), I confirmed that the gene downstream of CBP1 was 

NUC1. Thus, the overexpression of the 86-kDa protein was du~ 

to the disruption of the NUC1 gene. 



Fig. 3.3. The 3' flanking region of CBP1 is responsible for 

the overexpression of the 86-kDa protein. Total cell protein 

was isolated from LL20 wild-type and mutants which have 

either insertion or deletion mutations in CBP1 and flanking 

regions. Proteins were resolved on a Laemm1i gel as 

described in Fig. 3.1. The mutants are: B2L (lane 2), LL20 

with a LEU2 insertion at a BamH I site in URF (CRT1); B13L 

(lane 3), LL20 with a deletion from the 3' end of URF (CRT1) 

to the 5' end of CBP1; CP1L (lane 4), LL20 with a LEU2 

insertion at the Pst I site in the CBP1 reading frame; CNBL 

(lane 5), LL20 with a deletion extending from the 3' end of 

CBP1 to the 3' end of NUC1; HNUC (lane 6), LL20 with a HIS3 

insertion at the BamH I site in NUC1; ~B3 (lane 7), the 

original LL20 deletion strain that extends the deletion from 

the 5' end of URF (CRT1) to the 3' of NUC1. The arrow to the 

right of the gel indicates the position of the 86-kDa 

protein. The bottom panel illustrates the three genes in the 

cluster and their transcriptional directions. The insertion 
, 

or deletion mutation in each strain is indicated. 

Restriction sites are as in Fig. 3.1. 
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Fig. 3.4. DNA sequence spanning the 3' ends of the 

convergently transcribed CBP1 and NUC1 genes. The 

overlapping portion of the published CBP1 and NUC1 sequences 

is between the black dot (e) and the asterisk (*). 

Nucleotides are numbered according to Dieckmann et ale 

(1984a). Sequence from +1765 to +1962 is the 3' end of the 

CBP1 reading frame. Sequence from +2571 to +2193 is the 3' 

end of the NUC1 reading frame. 



Leu GIn lIe Gly Arq Thr Asp lIe Phe Leu Trp Ala Cys Ala Glu Leu Tyr GIn Asn Gly Met Thr lIe Glu Glu Leu Lys Leu Asp Trp Asn Phe 
+1765 CTG CAG ATA GGA AGA ACA GAC AT'!' TTT CTT TGG GCG TGC GCA GAA CTA TAC CAG AAC GGT ATG ACG AT'!' GAG GAA'l'TG AAG '1"l'A GAC TGG AAT TTC 

GAC GTC TAT CCT TCT TGT CTG TAA AM GAA ACC CGC ACG CGT CTT GAT ATG GTC 'l'TG CCA TAC TGC TAA CTC CTT AAC TTC AAT CTG ACC TTA AAG 

~~~~~~Arq~~~~~Thr~~~~~~Asp~~~~~~~~~~ArqTyr 
+1861 ATC T'!'A AM CAT eM AT'!' AGA AAT TCA GAG TTC AM ACA AAC AAG GAG ATe ATA eM GAT AT'!' AM AAG CAT GGT GTG TCG GCT GTe AM CGT TAC 

TAG AAT TTT GTA GTT TAA TCT T'!'A AGT CTC AAG TTT TGT TTG T'!'C CTC TAG TAT GTT CTA TAA TTT TTC GTA CCA CAC AGe CGA CAG TTT GCA ATG 

Leu Arq TER • 
+1957 T'!'A AGA TGA ACGGCCAAACGCACATTTACGATATAMTAACAAAGCAAATAATAACAAAA CAAATTTCTGTAMTATATACTAAATCCAAGCATTGCATCCTAATTCrrI'TCTTT'l'ATC 

AAT TCT ACT TGCCGGTTTGCGTGTAMTGCTATATTTATTGTTTCGTTTAT'!'ATTGTTTT GTTTAMGACATTTATATATGATTTAGGTTCGTAACGTAGGATTAAGAAAAGAAAAAAACTAG 

+2080 ATCAAATAMTGTAT'!'A'l"I'l'TATGT'!'ATATGCGTTAGACTTGTTATAT'!'=CATGCTAT'!'C TATCGTTGTGTTATGAATTAATTTATATTTACAG'l"l'T'l"rCGTACAT TCA AT'!' CCT TTT 
TAGTTTATTTACATAATAAAATACAATATACGCAATCTGAAeMTATAAGAMGTACGATAAG ATAGCAACACAATACTTAAT'!'AMTATAMTGTCAAAAAGTCATGTA AGT TAA GGA AM 

TER Asn Arq Lys 

+2202 TTT TGG AGG AGG TAA CAA TTT CAC ATC TTT CGA TTG TTT GAT CGC CGC GTT AGA GAA ATC TCT CAC TAC AAT TTG ACA AT'!' TAC CTC TTT GCA TAA 
AM ACC TCC TCC AT'!' GTT AM GTG TAG AM GCT AAC AM CTA GCG GeG CAA TCT CTT TAG AGA GTG ATG '1"l'A AAC TGT TAA ATG GAG AM CGT AT'!' 
~~~~~~~~Asp~~~~~~~~~~AspArq~~~~~-~~~~~ 

+2298 TGC CTT CTT CTT TGA AGG TGG TAC TTT TTG CAG AAG T'!'C TAG CCC AGT ACT TCT CTC TAA AGe ATe TAT AGG AAC TTC AM GTe AGT CAA TTT CGT 
ACG GAA GAA GAA ACT TCC ACC ATG AM AAC GTC T'!'C AAG ATC GGG TCA TGA AGA GAG AT'!' TCG TAG ATA TCC TTG AAG TTT CAG TCA GTT AM GCA 
Ala Lys Lys Lys ser Pro Pro Val Lys GIn Leu Leu Glu Leu Gly Thr Ser Arq Glu Leu Ala Asp lIe Pro Val Glu Phe Asp Thr Leu Lys Thr 

+2394 CTC AT'!' TGA TAT CGG T'!'C GT'!' TGG CAA TAC AM TGC CGC GAC AGe AAT ATC CTC TCT AGe AGG AT'!' GGC TGT TGG TGC TTC TGC AAC AAT eM TTT 
GAG TAA ACT ATA GCC AAG eM ACC GTT ATG TTT ACG GeG CTG TCG T'!'A TAG GAG AGA TeG TCC TAA CCG ACA ACC ACG AAG ACG TTG TTA GTT AM 
~~~~~~~~~~~~~~~~Asp~Arq~~~~Thr~~~~~~~~ 

+2490 AM AM GTG CGT TGG AAC AGC AAT ACT GGG TGG AT'!' GCC AAT AAC T'!'C ATA AT'!' AAC CCT AM TTT AT'!' ATC TAT GGG ATe C 
TTT TTT CAC GCA ACC TTG TeG T'!'A TGA CCC ACC TAA CGG T'!'A TTG AAG TAT TAA TTG GGA TTT AM TAA TAG ATA CCC TAG G 
Phe Phe His Thr Pro Val Ala lIe ser Pro Pro Asn Gly lIe Val Glu Tyr Asn Val Arq Phe Lys Asn Asp lIe Pro Asp 

U1 
Q) 



The 86-kDa protein is the yeast viruslike particle coat 

protein 

59 

Interestingly, Dihanich et ale (1987) have reported a 

similar phenomenon in which a strain with a mutation in the 

POR gene whicQ encodes the mitochondrial pore protein, 

porin, overexpresses an 86-kDa protein (Dihanich et al., 

1987). In subsequent work, they identified the 86-kDa 

protein as the coat protein of double stranded RNA viruslike 

particles (Dihanich et al., 1989). Since both Nue1 and POR 

are genes encoding mitochondrial functions, and the sizes of 

the overexpressed protein in nuc1 and por strains are about 

the same, we wondered if our observations were related to 

that of Dihanich et ale We obtained antiserum from Melitta 

Dihanich against the 86-kDa protein purified from the por 

mutant strain and incubated it with total cell protein from 

our nucl strain. The 86-kDa protein in the nucl strain was 

immunoreactive with the antiserum by Western analysis (data 

not shown). Thus, the 86-kDa protein from the nucl strain is 

the same as that from the por strain. 

To confirm further the identity of the 86-kDa protein, 

we obtained antiserum against highly purified viruslike 

particle coat protein from Reed Wickner of the National 

Institutes of Health. The antiserum detected the 86-kDa 

protein in fractions prepared from both AB3 (a nuc1 strain) 

and HR125-2A (a por strain) strains (Fig. 3.5). Hence, the 



Fig. 3.5. The 86-kDa protein is the coat protein of yeast 

viruslike particles. The ~B3 strain was lysed after growth 

in glycerol medium to stationary phase. The lysate was spun 

at 30,000 X g for 10 minutes and the supernatant was 

centrifuged at 100,000 X g for one hour. 5 ~g of protein 

from the pellet fraction were resolved on a 10% Laemmli gel 

next to 5 ~g ,of a similar fraction from a porin mutation 

(por") strain (Dihanich et al., 1987). One of the duplicated 

gels was stained with Coomassie blue and the other was 

analyzed by Western blotting using antibodies against yeast 

viruslike particle coat proteins (Fujimura and Wickner, 

1988b). Lanes: por", a mitochondrial porin deletion strain; 

~B3, the same strain as described in previous figures. The 

bands lower than 86 kDa (indicated by arrows) are the 

degradation products of the virus coat protein. 
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overexpressed 86-kDa protein in the AB3 strain is the 

viruslike particle coat protein. The lower-molecular-weight 

bands in the figure appeared to be proteolytic products of 

the 86-kDa coat protein that accumulated during the 

differential centrifugation procedure. 

Mitochondrial porin is Dot affected by a mutation in NUCl 

To investigate the possibility that a mutation in Nuel 

could affect the production of the POR gene product which in 

turn could alter the abundance of viruslike particles, I 

examined the porin level in four strains. Two of the strains 

(B2L and AKG) had intact NUCl genes and the other two (HNUC 

and AB3) were nucl mutants. Mitochondrial outer membrane 

fractions which contained porin were prepared from these 

strains and analyzed by SOS-page and coomassie staining. 

Fig. 3.6 shows that the level of porin in the four strains 

is the same. Therefore, the nucl mutation did not have any 

effect on porin expression. However, whether mutations in 

porin have an effect on the production of NUCl remains to be 

tested. Thus, either NUCl and POR have an independent effect 

on the pathway of the viruslike particle coat protein 

synthesis or, porin 'production affects Nuel expression which 

in turn regulates the coat protein production. 

Overexpression of the viruslike particle coat protein is 

accompanied by an elevated level of L-A dsRNA genome 

To examine whether the overabundance of the coat 
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Fig. 3.6. Porin is not affected by disruption of NUC1. 

Mitochondrial outer membrane proteins were prepared from 

cells grown in YEPG to stationary phase and electrophoresed 

on a 10% Laemmli gel. Coomassie staining indicates no 

difference in the level of mitochondrial porin between nuc1 

strains (~B3 and HNUC) and NUC1 strains (B2L and ~KG). 

Lanes: 1, B2L (URF insertion mutant); 2, ~KG (CBP1 deletion 

mutant); 3, ~B3; 4, HNUC (nuc1 insertion mutant). 

" 
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protein was due to an upregulated expression or to an 

increase of the viruslike particle copy number, I isolated 
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dsRNA from both the NUC1 (LL20) and the nuc1 (HNUC) strains 

according to a previously described method (Fried and Fink, 

1978). Isolated dsRNA was electrophoresed on a 1% agarose 

gel and stained with ethidium bromide. It was observed that 

the amount of L-A type dsRNA genome in HNUC is 5 to lO-fold 

higher than that in LL20 (compare LL20 with HNUC in Fig. 

3.7D), paralleli~g the difference in coat protein from these 

two strains (see LL20 and HNUC in Fig. 3.7C). since the coat 

protein is one product of the L-A type virus genome itself, 

and L-A replication depends on the availability of the coat 

protein, it is difficult to determine the initial reason for 

·the overabundance of dsRNA and coat protein. 

The overproduction of L-A viruslike particles (VLP) is 

suppressed by a cytoplasmic factor 

To confirm further that the disruption of the NUC1 gene 

caused the elevated L-A dsRNA and ~ts product (i.e., the 

coat protein) in a different genetic background, I examined 

a nucl strain (A12) obtained from P. Zassenhaus at st. Louis 
, 

University Medical center (Dake et al., 1988). The A12 

strain had a LEU2 insertion in NUC1 at the BamH I site, the 

same site as the HIS3 insertion in the HNUC strain. To 

generate a wild-type isogenic strain, A12 was transformed 

with wild-type sequence to convert nuc1 to NUC1. The new 



Fig. 3.7. M type dsRNA suppresses the overabundance of L-A 

viruslike particles caused by a mutation in NUe1. (A) Total 

cell proteins from nuc1 mutants were electrophoresed on a 

10% Laernmli gel. HNUe, LL20 (a mating type) with an 

insertion (HIS3) mutation in NUe1. A12, an s mating type 

strain which has an insertion (LEU2) in NUe1. A-D, four 

spores of a tetrad from the cross of HNUe and A12. (B) 

Viruslike particle RNAs from nuc1 mutants were 

electrophoresed on a 1% agarose gel and visualized by 

ethidium bromide staining. 2A-2D and 4A-4D are eight spores 

of two tetrads from the cross of HNUe to A12. (e) Total cell 

protein from wild-type (NUel.) and mutant (nuc1) strains 

which have different compositions of viruslike particles. 

A12WT, the Al2 strain with a replacement of the nucl 

mutation by wild-type Nuel sequence; A12, nucl strain; Al2-

LA, a strain derived from Al2 by elimination of M dsRNA with 

heat; Al2-0, a strain derived from Al2 by eliminating both 

L-A and M dsRNAs; LL20, wild type strain; HNue, an LL20 

strain with an insertion, mutation in NUel. (D) dsRNAs from 

the same strains described in (e) were electrophoresed on a 

1% agarose gel and visualized by ethidium bromide staining. 
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strain with the restored NUCl gene was named A12WT. 

Unexpectedly, unlike the LL20 mutant strain HNUC, the A12 

65 

strain did not overexpress the virus coat protein (see lanes 

HNUC and A12 in Fig. 3.7A and compare lanes A12WT, A12 with 

LL20, HNUC in Fig. 3.7C). When I isolated dsRNA from A12WT 

and A12 to see if they have the L-A genomes, I found that 

they not only have L-A, but also have a dsRNA species that 

was not present in LL20 and HNUC (see lanes HNUC and A12 in 

Fig. 3.7B and compare A12WT, A12 with LL20, HNUC in 7D). 

Judging from size, this new species belongs to M type dsRNA. 

Whereas A12 has two molecular weight species of M, the A12WT 

lost one of them during transformation (Fig. 3.7D). 

The suppression of L-A dsRNA and the coat protein in 

A12 could be due to a difference in the genomic background 
, 

between the HNUC and A12 strains or due to a cytoplasmically 

inherited factor. If it was due to a difference in the , 

genomic background of the two strains, spores from the cross 

of the two strains would segregate 2:2 with respect to the 

suppression. If the suppression was due to a cytoplasmic 

factor, the segregation would be 0:4. I crossed HNUC and A12 

and sporulated the diploids on KAc plates. 80 spores were 

obtained from 20 tetrads and none of the progeny 

overexpressed the virus coat protein. Fig. 3.7A shows a 

Coomassie stained SDS gel of total cell protein from four 

spores of a tetrad (A-D) and from the two parents (HNUC and 
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A12). Thus, the overexpression phenotype segregated 0:4, 

which suggested that the suppressor for the L-A viruslike 

particle is cytoplasmic. dsRNAs isolated from the parents 

(HNOe and A12 in Fig. 3.7B) and progeny (2A-20 and 4A-40 in 

Fig. 3.7B) paralleled these results. Interestingly, at least 

one form of the M type dsRNAs segregated to all progeny 

spores (Fig. 3.7B). 

The cytoplasmic suppressor of L-A viruslike particles is M 

type dsRNA 

Since the M dsRNA was absent from the L-A overproducing 

strain HNue and was present in progeny from the HNue X A12 

cross and the parent A12, all of which did not have the 

overexpression phenotype, I reasoned that M might be the 

cytoplasmic suppressor. Regulation of L-A copy number by M 

has been observed before (see review by R. Wickner, 1986). 

To verify this speculation, the A12 strain was grown at 37°e 

for two days to remove M dsRNA from the cell, since it has 

been shown that heat treatment can effectively cure the 

viruslike particles from yeast cells (Wickner, 1974). Two 

derivatives were recovered from the treatment. One (strain 

A12-LA) lost M dsRNA and showed a concurrent increase in the 

abundance of L-A dsRNA. The other strain (A12-0) lost both M 

and L-A (see lanes A12-LA and A12-0 in Fig. 3.70). A stained 

SOS-page gel showed that the level of coat protein in A12-LA 

was elevated to the same degree as in the HNue strain (Fig. 
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3.7C). As expected, the coat protein in Al2-0 was not 

detected since this strain has not only been cured of M but 

also of L-A which encodes the coat protein. This result led 

to the conclusion that the M type dsRNA negatively regulates 

L-A overexpression caused by the disruption of the NUCl 

gene. 

Since M dsRNA can suppress L-A dsRNA overproduction 

caused by mutation in NUCl, it is possible that the 

conclusion from the previous experiment that the 

overexpression phenotype in nucl strain was recessive was 

incorrect, because the strain (CBll) used for this test 

could carry M dsRNA. To examine if this was indeed the case, 

I isolated dsRNA from the CBll strain which was used in the 

cross to test dominance. No dsRNA was found in this strain, 

even though lO-fold the amount of RNA used in Fig. 3.7 was 

loaded onto the gel (data not shown). Therefore, our 

original conclusion was correct, i.e., the overexpression 

phenotype in the mutant strain was recessive, and the NUCl 

gene encodes a trans-acting negative regulator. 

Nonfermentable carbon source stimulates L-A viruslike 

particle production 

It has been reported that the abundance of viruslike 

particles can be lO-fold higher in cells grown in 

non fermentable carbon source than in fermentable carbon 

source (Oliver et al., 1977). To test if this is true for 



Fig. 3.8. Nonfermentable carbon source elevates the 

abundance of viruslike particles. Total cell protein was 

isolated from strains grown on YPD (glucose medium) (lanes D) 

or YEPG (glycerol medium) (lanes EG). 20 ~g of protein from 

each strain was resolved on a 10% Laemmli gel which was then 

analyzed by Western blotting. After autoradiography, the 

regions of the blot containing the signals were counted by 

liquid scintillation. Lanes: 1 and 2, strain A12WT (8 ± 8 

dpm and 195 ± 4 dpm, respectively); 3 and 4, strain A12WT-LA 

(17 ± 8 dpm and 195 ± 4 dpm, respectively; 5 and 6, strain 

A12 (52 ± 6 dpm and 170 ± 4 dpm, respectively); 7 and 8, 

strain A12-LA (610 ± 2 dpm and 2873 ± 1 dpm, respectively). 
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L-A in the nuc1 background and in the presence or absence of 

M, I examined the amount of coat protein in four strains 

grown in either fermentable or non fermentable media. These 

four strains had all combinations of dsRNA composition and 

NUC1 genotype. western analysis using antibodies against the 

viruslike particle coat proteins revealed that the carbon 

source stimulation of coat protein abundance is independent 

of, and in addition to, the stimulation by either the 

disruption of NUC1 gene or the absence of M type dsRNA (Fig. 

3.8). The analysis of dsRNAs prepared from these strains 

yielded similar results (data not shown). 

DISCUSSION 

A new class of yeast nuclear genes has been identified 

which regulate the'abundance of viruslike particles. 

Mutations in these genes lead to an overproduction of L-A 

type dsRNA and its product, the virus coat protein. The 

phenotype of these mutants is recessive and can be 

suppressed by the presence of M type dsRNA. 

It has been known that two groups of nuclear genes are 

involved in the replication or maintenance of viruslike 

particles. One group (MAK) consists of over 30 nuclear genes 

which are required for the replication of M dsRNA and some 

of them are also required for the maintenance of L-A 

(Wickner, 1986 and 1989). Mutations in these genes cause the 
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loss of virus genome from the host cells. Another group 

(ski) has an opposite effect, namely, mutations in these 

genes increase the copy number of M viruslike particles and 

hence confer a "superkiller" phenotype (Toh-e et al., 1978; 

Ball et al., 1984; Ridley et al., 1984). The NUC1 gene does 

not seem to belong to the above two groups, since mutations 

in this gene lead to neither the loss of virus genomes 

(e.g., L-A in HNUC or M and L-A ~n A12) nor an increased 

copy number of M (compare A12WT and A12 in Fig. 3.70). 

Rather, nuc1 mutations increase the copy number of L-A in 

the absence of M dsRNA. Thus, NUC1 and POR define a new 

class of yeast nuclear genes that are involved in the 

metabolism of dsRNA viruslike particles. 

NUC1 and POR encode different mitochondrial functions. 

The NUC1 product is the major mitochondrial nuclease and is 

localized on the mitochondrial inner membrane (Oake et al., 

1988; Vincent et al., 1988; Zassenhaus et al., 1988), 

whereas the POR product is an outer mitochondrial membrane 

structural protein (Riezman et al., 1983). Since mutations 

in these two genes result in the same net effect, one might 
1 

imagine that one of the two genes affects the other which in 

turn affects the virus. Our results show that the nuc1 

mutation does not influence POR expression. However, it is 

still possible that a mutation in POR affects the expression 

of NUC1. Alternatively, NUC1 and POR could have an 



I 
L .. 

71 

independent ef,fect on the metabolism of L-A viruslike 

particles. Since NUel encodes a nuclease, it is easily 

envisioned that Nuel is destructive to viral RNA if this 

enzyme is not strictly confined to mitochondria. However, to 

date there is no evidence that this is the case. To 

determine the relationship between NUel, POR and virus 

overexpression, I need to examine virus expression under 

conditions in which either of the two genes is overexpressed 

and in nucl por double mutations, and to examine the Nuel 

expression in a por background. 

Although NUel and POR encode quite different functions, 

these functions are both related to mitochondria. Together 

with the fact that virus abundance is increased lO-fold when 

cells are grown in the non-fermentable carbon source, 

glycerol, which requires full mitochondrial function, it 

could be inferred that the virus metabolism is affected by 

mitochondrial function. It should be noted that the effect 

of Nuel and POR is opposite to, and independent of, that of 

a functional mitochondrion, i.e., mutations in these genes 

cause the overabundance of L-A dsRNA, and this effect is in 
, 

addition to the enhanced expression caused by growing cells 

in glycerol which requires functional mitochondria. It also 

should be noted that the effect caused by mutation in NU~l 

can be suppressed by the presence of M dsRNA. The complex 

relationship between these factors remains to be dissected. 
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The overexpression of the virus coat protein reached a 

level of several percent of total cell protein. This 

suggested that the yeast dsRNA virus could potentially be 

used as an expression vector. The recent cloning and 

expression of the reversely transcribed L-A genome (Wickner 

et al., 1991) demonstrated the feasibility of this kind of 

genetic engineering procedure. with the availability of 

virus cDNA, cloning of a target gene into a virus genome can 

be accomplished easily. In a~dition, the study of cis acting 

elements in M, L-A and X (e.g., Esteban et al., 1989) will 

undoubtedly help this potential application. X dsRNA (530 

bp) retains all of the information required for replication, 

transcription and packaging while it has lost most of the 

sequence in the 4.6-kb L-A parent genome (Esteban and 

Wickner, 1988~ Esteban et al., 1988). Thus, X could be 

engineered to accommodate a large target gene. It is 

expected that such a system would require the co-existence 

of an intact L-A genome which would provide the coat protein 

and RNA polymerase activity. When such an expression system 

is used under conditions where nuc1 cells are grown in 

glycerol and in the 'absence of M dsRNA, the target gene 

could be expressed to a very high level. 



CHAPTER FOUR 

CHARACTERIZATION OF CRT1, A PUTATIVE 

REGULATORY GENE OF YEAST RESPIRATION 

INTRODUCTION 
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The budding yeast Saccharomyces cerevisiae, like other 

cells responding to external stimuli, adjusts its metabolism 

to adapt to new environments. For instance, when glucose is 

available as a carbon source and oxygen is absent, cells 

obtain energy through glycolysis. Meanwhile, functions not 

required by glycolysis such as the tricarboxylic acid cycle 

machinery, respiratory chain complexes and other carbon 

source utilization enzymes (Polakis and Bartley, 1965; 

Tzagoloff, 1969; Perlman and Mahler, 1974; Fraenkel, 1982; 

Oshima, 1982; Johnston, 1987b) are turned down, a condition 

commonly known as catabolite repression. While it is not 

well understood how catabolite repression is mediated, 

numerous experiments have shown that regulation of 

transcription plays an important role (Van Loon et al., 

1982; Szekely and Montgomery, 1984; Pinkham and Guarente, 

1985; Mueller and Getz, 1986; Kim et al., 1986; Roy and 

Dawes, 1987; McAlister-Henn and Thompson, 1987; Hahn et al., 

1988; Marykwas and Fox, 1989; Forsburg and Guarente, 1989; 

Dorsman and Grivell, 1990). 

Transcriptional regulation in yeast is achieved through 
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the interaction of cis acting elements located upstream of 

the target gene and trans acting regulators (Guarente, 1984; 

Struhl, 1987; Guarente, 1988; Ptashne, 1988). For example, 

the HAP2/3/4 complex binds to one of the upstream activation 

sites (UASs) of the CYC1 gene to activate transcription when 

the cells are grown in a non fermentable carbon source 

(Pinkham and Guarente,1985; Pinkham et al., 1987; Olesen et 

al., 1987; Hahn et al., 1988; Forsburg and Guarente, 1989). 

GAL4 binds to the UAS of several genes whose products are 

necessary for galactose metabolism (Bram and Kornberg, 1985; 

Giniger et al., 1985), and GCN4 activates transcription of 

over 30 amino acid synthesis genes in response to amino acid 

starvation (Hope and Struhl, 1985). GCN4 (Hope and Struhl, 

1987) and GAL4 (Carey et al., 1989) function as dimers 

whereas the HAP2/3/4 protein complex functions as a higher 

order oligomer (Olesen et al., 1987; Hahn and Guarente, 

1988; Forsburg and Guarente, 1989). Thus, these regulatory 

proteins possess several functional domains: those 

responsible for DNA binding, transcriptional activation, and 

protein-protein interactions. A zinc finger motif has been 

demonstrated to be responsible for the DNA binding activity 

of GAL4 and other transcription factors (Johnston, 1987a; 

Blumberg et al., 1987; Redemann, 1988; Carey et al., 1989), 

whereas a leucine zipper structure mediates dimerization of 

GCN4 (O'Shea et al., 1989) which is a prerequisite for 
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binding to DNA. 

Here I report the characterization of the yeast nuclear 

gene CRT1, which is transcriptionally regulated by carbon 

source and which codes for a protein with putative zinc 

finger and leucine zipper domains. I show here that CRT1 is 

necessary for mitochondrial function in the absence of the 

activity of a second gene, CRT2, identified in a synthetic 

lethal/respiratory deficiency screen. 

RESULTS 

The open read~ng frame upstream of CBPl produces two 

transcripts upon carbon source derepression 

During studies of the nuclear CBP1 gene, which encodes 

a mitochondrial protein required for the stability of 

cytochrome Q pre-mRNA (Dieckmann et al., 1982, 1984a, 1984b; 

Dieckmann and Mittelmeier, 1987; Weber and Dieckmann, 1990), 

two open reading frames were found flanking the CBPI gene 

(Fig. 4.lA and previous chapter). The downstream open 

reading frame is transcribed from the opposite strand and 

its termination codon is 230 bp 3' to the CBPl termination 

codon (see previous 'chapter and Fig. 4.1A). Restriction map 

and sequence analyses led to the finding that the downstream 

gene is NUCI (see previous chapter) which encodes a 

mitochondrial nuclease (Dake et al., 1988; Vincent et al., 

1988; Zassenhaus et al., 1988). The upstream open reading 



Fig. 4.1. A. The CRT1-CBP1-NUC1 gene cluster. Open boxes 

represent the reading frames of the three genes. Arrows 

above the boxes show the direction of transcription of each 

gene. The numbers of base pairs between restriction sites or 

between two reading frames are noted. Restriction sites are: 

B, BamH I; S, Sac I. 

B. Schematic illustration of the CRT1 gene and the two major 

transcripts. The long transcript starts upstream of the 

reading frame and the short transcript starts within the 

reading frame. Restriction sites are: S, Sac I; X, Xho I; B, 

BamH Ii A, Acc I. 

C. Northern blot. Poly A(+) RNAs were electrophoresed on an 

agarose gel and transferred to a nylon membrane. The 

membrane was hybridized to an RNA probe transcribed from a 

plasmid containing the 600-bp BamH I-BamH I fragment in the 

CRT! gene. The number above each lane is the hour after the 

cells were switched to medium containing glycerol. Actin 

mRNA level is independent of carbon source and was used as a 

control for the amount of poly A (+) RNA loaded in each 

lane. 
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frame is in tbe same orientation as CBP1, and its 

termination codon is 270 bp 5' to the ATG of CBP1. I was 

intrigued by t-~:e fact that the upstream gene produces two 

transcripts, one of which is regulated by carbon source. The 

gene was named CRT1, for garbon source Regulated Transcript. 

Northern blot analysis of poly A (+) RNAs isolated at 

various time points after cells were switched from the 

fermentable carbon source, glucose (repressed), to the non

fermentable carbon source, glycerol (derepressed) is shown 

in Fig. 4.1C. The 0.9-kb CRT1 transcript was constitutively 

expressed over the 12-hr period, while the level of the 

0.8-kb CRT1 transcript, barely detectable at the time the 

cells were switched, increased dramatically after four hours 

of growth on glycerol. It is possible that CRT1 could 

produce two proteins, one with a housekeeping function and 

the other with a function needed only when cells are 

derepressed. To learn more about the function of these 

transcripts, the gene was sequenced, and the ends of the two 

transcripts were determined by Sl mapping. 

sequence analysis reveals a novel gene which encodes a 
, 

protein with putative zinc finger and leucine zipper domains 

The sequence of the DNA fragment to which the CRT1 

transcripts mapped showed a continuous open reading frame of 

813 bp (Fig. 4.2). The deduced amino acid sequence predicted 

a basic protein (pI=8.6) consisting of 271 amino acids and 



Fig. 4.2. DNA sequence of the CRT1 gene and flanking 

regions. The deduced amino acid sequence is shown above the 

DNA sequence. The arrows and numbers denote the 

transcription start positions. Asterisks mark the two 5' in

frame ATGs. The leucine and cysteine residues in the 

putative leucine zipper and zinc finger domains are boxed. 

The N-terminal acidic blob is marked by a black bar. The 

numbers of nucleotides are relative to the A (position +1) 

of the first ATG of the reading frame and the amino acids 

are numbered relative to the first methionine in the reading 

frame. 
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having a molecular weight of 30.7 kDa. A computer search of 

the nucleic acid and protein sequences in GenBank (Release 

68.0) failed to reveal any good matches. However, several 

interesting features were noticed in the derived amino acid 

sequence. 

The first feature was a putative zinc finger domain, 

suggested by three cysteine pairs located toward the 

c-terminus of the CRT1 protein (Fig. 4.2). Zinc finger 

proteins are usually classified into three groups (for 

reviews, see Evans and Hollenberg, 1988; Berg, 1990): the 

C2H2 type (e.g., TFIIIA), Cx type (GAL4 and steroid 

receptors, etc) and the C2HC type (retrovirus capsid 

proteins). Four conserved cysteine/histidine residues 

chelate a zinc ion and the sequence between the cysteine (or 

histidine) pairs loops out to form a finger which is 

important for DNA binding. However, the zinc finger 

structure in CRT1 did not fall into any of the above groups 

with respect to the spacing between the conserved zinc 

chelating residues. With the help of Mark Goebl (Indiana 

University School of Medicine) in searching his data base, I 

found CRT1 to have more similarity to a newly emerging zinc 

finger protein family (Tagawa et al., 1990; Freemont et al., 

1991; van Lohuizen et al., 1991; Haupt et al., 1991). This 

protein family has the zinc finger pattern of nnncn2cn11 _ 

27cnHn2cn2cn9_1ScPncnnn (where n stands for any amino acid; C, 
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cysteine~ H, histidine~ P, proline), or C3HC4 for 

simplicity. Fig. 4.3 shows the alignment of several protein 

sequences from this family. As shown, CRT1 matched these 

sequences very well with the critical exception that the 

conserved histidine residue in the first finger was missing 

in CRT1 (see discussion below). 

Interestingly, in addition to the zinc finger domain, 

the amino acid sequence contained a short putative leucine 

zipper motif (Fig. 4.2). Both finger and zipper motifs are 

found in DNA binding proteins involved in transcriptional 

regulation, but are usually not found together. CRT1 is rich 

in leucine residues, which constitute 11% of the total amino 

acids (Table 4.1). The putative leucine zipper domain 

consisted of three heptad repeats in the region of residues 

189 to 203, which was in the carboxyl terminal half of the 

molecule. (see Fig. 4.2 and below). 

182 Q L L W N A L 

189 I! E L F S N T 

196 I! L T K R G L 

203 I! T F V K K P 
, 

A third feature found in the CRT1 sequence which was 

suggestive that CRT1 might encode a transcription factor was 

the presence of an acidic region located toward the amino 

terminus~ residues 32-38 are: Glu-His-LyS-Glu-Glu-Trp-Glu. 

This small region has a net charge of -3. If the entire 



Fig. 4.3. Alignment of zinc finger motifs of proteins in the 

new C3HC4 family. The conserved cysteine and histidine 

residues are boxed. The bmi1 gene product enhances tumor 

development in transgenic animals (Haupt et al., 1991; van 

Lohuizen et al., 1991); Mel-18 is a nuclear protein which 

has DNA-binding capacity and has been detected in all 

examined tumor cells (Tagawa et al., 1990); The Rad18 

protein is involved in DNA repair in yeast (Jones et al., 

1988); RAG-1 activates DNA recombination (Schatz et al., 

1989); rfp is expressed in a variety of mammalian tumor cell 

lines (Takahashi et al., 1988); RING1 is a gene in the 

class-II region of human major histocompatibility (MHC) 

complex and it is expressed in all examined tissues (Hanson 

et al., 1991; Freemont et al., 1991). 
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TABLE 4.1. Amino acid composition of CRTI 

Ala A: 22(8.1%) Arg R: 16(5.9%) Asn N: 15(5.5%) Asp D: 5 (1. 8%) 

GIn Q: 7(2.6%) Glu E: 11(4.1%) Gly G: 16(5.9%) His H: 6(2.2%) 

lIe l: 7(2.6%) Leu L: 30 (11.1%) Lys K: 12(4.4%) Met M: 5 (1. 8%) 

Phe F: 16(5.9%) Pro P: 10 (3.7%) Ser S: 21(7.7%) Thr T: 18(6.6%) 

Cys C: 13(4.8%) Trp W: 7(2.6%) Tyr Y: 15(5.5%) Val V: 19(7.0%) 

0) 
l\) 

""".".., 
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amino terminus is included, the first 38 amino acids have a 

net charge of -5. This acidic amino terminal sequence could 

serve as a transcription activation domain (Struh1, 1987; 

Ptashne, 1988). 

The two CRTl ~ranscripts differ at the S' end 

Sequence analysis of the CRT1 gene revealed a putative 

TATA box located at -88 (relative to the A in the first ATG 

of the reading frame). Knowing that the two CRT1 transcripts 

differ by approximately 100 nuc1eotides, I wondered where 

the 5' ends of the mRNAs would map. The 5' ends were 

determined by S1 nuclease mapping using a single-stranded 

DNA probe complementary to CRT1 mRNA (See Materials and 

Methods). RNA was isolated from two strains (wild-type and 

TI0; the latter contained a high copy number plasmid, 

YEp13/TI0, which carried the CRT1 gene) at 0, 4 and 8 hours 

after the cells were switched from a fermentable to a 

non fermentable medium. Each RNA preparation was hybridized 

to the DNA probe, divided into three parts and treated with 

0, 1 and 2 units of S1 nuclease per microliter of reaction 

mixture, respectively. 

The autoradiogram of this gel (Fig. 4.4) shows that 

there are multiple transcription initiation sites for the 

CRT1 gene (see lanes 5 and 6). This phenomenon is often 

observed in yeast (Faye et a1., 1981; Nasmyth et a1., 1981; 

Russell et a1., 1983; Beltzer et a1., 1986; Natsou1is et 



Fig. 4.4. 81 nuclease mapping of the 5' ends of CRT1 mRNA. 

Poly A(+) RNAs were isolated from wild-type (D273-10B) and 

plasmid containing (T10) strains under either repressed (0 

hr) or derepressed (4 or 8 hr) conditions. The RNAs were 

hybridized to a 5' end labelled single stranded DNA probe, 

and the hybrids were digested with 81 nuclease. The numbers 

above each lane are the units of 81 nuclease used per 

microliter of reaction mixture. Lanes which were labelled 1 

or 2 units of 81 were loaded with 15 #1 of the digestion 

mixture whereas 5 #1 were loaded to lanes labelled with 0 

unit of 81. After electrophoresis, the polyacrylamide gel 

was dried and exposed to x-ray film. The transcription start 

positions are labelled next to the corresponding bands. Band 

intensities (cpm) for the T10 strain before/after 

derepression (lanes 1): -57: 34.8/24.0;,-45: 21.9/21.5; -33: 

15.5/24.5; -16: 8.2/19.0; -9: 7.0/27.1; +46: 5.1/8.2; +49: 

3.3/9.9; +59: 3.0/6.5; +74: 2.1/22.0; +93: 1.3/11.0; +100: 

1.0/6.0; +110: 0.7/4.9. 
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al., 1986; Wu and Tzagoloff, 1987). These sites map to two 

regions: -57 to -9 (designated as region 1) and +46 to +110 

(region 2), relative to the first translation start ATG 

(Fig. 4.2). Taking into account the major transcripts in the 

two transcription start regions (at pos~tions -57, -45, -33, 

-16 and -9 for the long one, +74 and +93 for the short one), 

the difference between the average length of the two groups 

was about 100 nucleotidese 51 mapping of the 3' ends (data 

not shown) revealed two 3' end sites for CRT1 transcripts 

which differed by 17 nucleotides. The combined 5' and 3' 51 

mqpping data support the hypothesis that the 100 base pair 

size difference between the two CRT1 transcripts observed on 

Northern blots is due to differences at the 5' ends of these 

transcripts (Fig. 4.1C). 

Carbon source 'regulation of CRT1 transcription was also 

reflected in the 81 autoradiograph as well as in the 

Northern blots. Beta-scope scanning of CRT1 transcript 

levels between the repressed and derepressed strains showed 

that levels of the mRNAs transcribed from region 1 remained 

relatively unchanged, while the levels of the mRNAs 
. 

transcribed from region 2, especially from position +74 and 

+93 increased 8-10 fold upon derepression (compare lane 2 

with lane 5, lane 3 with lane 6, and see data in the legend 

for Fig. 4.4). As CRT1 expression was regulated both in 

wild-type strains and in strains carrying a multi-copy 
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plasmid (YEp13/T10) harboring the CRT1 gene (compare wild

type with T10 in Fig. 4.4), this moderate increase in DNA 

template did not alter the regulation by carbon source. 

86 

Different transcription initiation sites may lead to 

the use of different AUGs for translation. It has been 

widely accepted that in eukaryotes, the first AUG in an mRNA 

is used as the translation start site (Kozak, 1978, 1983: 

Sherman and Stewart, 1982: Bairn et al., 1985). Thus, CRT1 

transcripts initiated upstream of position 1 will be 

translated starting at the first in-frame ATG to make a 

full-length protein, whereas the transcripts initiated 

downstream of position 1 would be translated starting at an 

internal ATG. The first in-frame ATG downstream of region 2 

was found at position 139. Preceding this, there are three 

out of frame ATGs starting at positions 50, 74, and 108 

respectively. If these ATGs are used, three short peptides 

(24, 16, and 22 amino acids, respectively) would be 

produced. However, usage of the fo~rth ATG, which is in

frame, would result in translation of a 25-kDa protein. This 

25-kDa protein lacks the N-terminal acidic domain of the 

full-length protein'and thus may have a different function. 

Characterization of the CRTl protein 

To detect CRT1 protein from yeast cells, an antiserum 

was raised against a trpE-CRT1 fusion protein produced with 

a pATH vector system (Koerner et al., 1991). However, CRT1 
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abundance was too low to be detected in a wild-type cell 

extract (Western blot data not shown). Therefore, I decided 

to overexpress CRT1 in yeast to aid in the purification, 

characterization and localization of the protein. The CRT1 

gene was ligated into plasmid pMA91 which provided the 

constitutive yeast PGK1 (phosphoglycerate kinase) promoter 

(Kingsman et al., 1990). However, I have been unable to 

detect the CRT1 protein in strains harboring this plasmid by 

either Coomassie staining or western blot analyses. 

Similarly, two plasmids with a galactose-inducible promoter 

ligated to CRT1 also failed to yield CRT1 protein to a 

detectable level in yeast cells, although I have been able 

to show that CRTl RNA was induced by growth of the strains 

on galactose. I am not certain why this protein could not be 

expressed to a high level in yeast. Either the nature of the 

mRNA sequence did not favor efficient translation or the 

protein was rapidly degraded after synthesis, or a high 

level of this protein was lethal to the cells. 

Interestingly, strains harboring pMA-CRTla (pMA91 with 

a full length CRT1 insert) and pMA-CRT1b (pMA91 with an 

insert starting from the second in-frame ATG of CRT1) grew 

slower in minimal glucose medium (WO) as compared to a 

control strain which carried pMA91 without a CRTl gene 

insert. Single colony isolates of eight transformants from 

each of the pMA91, pMA-CRTla and pMA-CRTlb strains were 
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grown overnight in WOo The overnight cultures were used to 

inoculate 10 ml of fresh WO at a density of 1X104 cells/mI. 

The cultures were shaken vigorously at 30oC, and the cell 

density was determined every 12 hours. Fig. 4.5 shows that 

the LL20 stra~ns which harbored either pMA-CRT1a (encoding 

full-length CRT1) or pMA-CRT1b (encoding the CRT1 protein 

starting from the second methionine) had a slower growth 

rate in log phase than strains with the plasmid pMA91. The 

densities of stationary phase cultures of strains containing 

pMA-CRT1a and pMA-CRT1b (3.8 and 4.2 X 107 cells/ml, 

respectively) were also lower than that of the control 

strain (5.5 X 107 cells/ml). The number of cells plotted at 

each time point was the average for eight isolates of that 

cell type. This result suggests that CRT1 protein 

overexpression has'a negative effect on cell growth. How 

CRT1 affects cell growth remains to be investigated. 

As CRT1 could not be detected in yeast extracts, I 

turned to expressing the protein in vitro and in ~ coli. 

The CRT1 gene starting from either the first or second in

frame ATG was ligated into pET-11a (named pET-CRT1a and pET

CRT1b, respectively) (Studier et al., 1990). The linearized 

templates were transcribed in vitro with T7 RNA polymerase. 

The synthetic mRNA was translated in the presence of 35S_ 

methionine in a rabbit reticulocyte lysate. The in vitro 



Fig. 4.5. overexpression of CRT1 slows the growth of yeast 

cells. Yeast strains with pMA, pMA-CRT1a or pMA-CRT1b 

plasmids were grown in liquid WO medium with an initial 

density of 1X104 cells/mI. Cells were counted with a 

hemacytometer every 12 hours after the inoculation. The 

number of cells of each strain at each time point is an 

average of eight transformants grown separately. 
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translated CRT1 proteins had aberrant mobilities, migrating 

faster on SDS polyacrylamide gels (as 24 and 21-kDa 

proteins) than what was predicted from translation of the 

DNA sequence (30.7 and 25 kDa, respectively) (Fig.4.6A). 

To obtain larger amounts of CRT1 protein for DNA 

binding assays, I transformed the pET-CRT1a and pET-CRT1b 

plasmids into ~. coli to overexpress the protein. The ~. 

coli strains carrying pET-CRT1a produced CRT1a to 

approximately 1% of the total protein based on the Coomassie 

stained gel (see Fig. 4.6B). The shorter CRT1 protein was 

not detectable by staining, however, both the full-length 

and shorter proteins could be detected by Western analysis 

(Fig. 4.6C). Although the CRT1 protein produced in this 

system was insoluble and thus not useful for DNA binding 

analyses, I confirmed that the mobility of the proteins 

expressed in ~. coli was the same as that for the proteins 

translated jn vitro. 

No apparent phenotype was found when CRTl was deleted from 

the genome 

Considering the interesting features of the CRTl 

protein, I wondered if deletion of CRTl from the genome 

would have any measurable effect on cell metabolism. I 

deleted the CRTl gene in two different strains (LL20 and 

S150-2B) from the Xho I site immediately following the first 

in-frame ATG to the Acc I site 38 bp downstream of the 
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Fig. 4.6. The apparent molecular weight of CRT1 protein is 

less than that predicted from the DNA sequence. 

A. The autoradiograph of a dried SDS-po1yacry1amide gel. 

Lane 1, 14C labeled protein standards; Lanes 2 and 3, CRT1a 

and CRT1b proteins translated in vitro from RNAs transcribed 

from plasmid pET11-CRTla and plasmid pETII-CRTlb, 

respectively. 

B. Coomassie brilliant blue stained polyacrylamide gel. Lane 

1, protein standards; Lane 2, total ~. coli proteins from 

cells carrying no plasmid; Lane 3, total protein from cells 

carrying plasmid before IPTG induction; Lane 4, total 

protein from cells carrying the pET11a-CRT1 plasmid and 

induced by IPTG. 

C. Western analysis showing that both CRT1a and CRT1b are 

expressed in ~. coli. 
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termination codon (Fig. 4.1B) and replaced this sequence 

with the LEU2 gene using the method of Rothstein (1983). The 

deletion mutants were compared with their respective wild-

type strains for growth on either solid or liquid media 

under various conditions, such as different carbon sources 

(including both fermentable and non fermentable sugars), 

different metal ions, and different temperatures. possible 

defects in mating efficiency and sporulation were also 

investigated (data not shown). No significant difference was 

observed between the deletion mutants and the wild-type 

parental strains. The CRT1 gene appears then to be a non

essential gene under the conditions I have tested to date 

and is among the majority of genes (up to 70%) that are not 

essential in yeast (Goebl and Petes, 1986). There may be one 

or more genes in the yeast genome whose function duplicates 

or can sUbstitute for that of CRT1. 

To investigate the possibility that there is another 

gene with sequence similarity to C~T1, I used a CRT1 probe 

to hybridize to a total yeast DNA Southern blot. However, no 

bands other than those containing CRT1 were detected. Thus, 
, 

it was not likely that there was another gene in the yeast 

genome with significant sequence similarity to CRT1. It is 

possible however that there is a yeast protein which has a 

function analogous to that of CRT1. 
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CRT2 has the same PET function as CRTl 

To determine whether there is another gene (CRT2) which 

duplicates or can sUbstitute for the function of CRT1, we 

chose to use a modification of the synthetic lethal screen 

method of Basson et al. (1987). In this screen, not only 

lethality on glucose medium was tested, but respiratory 

deficiency on glycerol medium (YEPG) was also tested. We 

started with a strain in which the genomic copy of CRT1 had 

been deleted and had cyh2 and can1 resistant mutations. The 

strain also bore a plasmid carrying the wild-type alleles of 

CRT1, CYH2, and CAN1 (Sikorski and Boeke, 1991). After 

mutagenesis with ethylmethanesulfonate (EMS), those cells 

that had segregated without plasmid were selected for growth 

on medium containing cycloheximide and canavanine and 

replica plates were grown at different temperatures (16°, 

23°, 30°, and 37°C). survivors with ts mutations in CRT2 

(which duplicates CRT1 function) were expected to exhibit 

wild-type growth before plasmid loss and a ts phenotype 

after plasmid loss (see Fig. 4.7). 

Out of 6500 colonies screened in this manner, 108 grew 

well at 30°C but did not grow at all or did not grow well at 

other temperatures on either wo (glucose) or YEPG (glycerol) 

plates after plasmid loss. The colonies were streaked on 

plates containing drugs and single colonies were retested 

for the ts phenotype. 33 mutants which displayed a 



Fig. 4.7. Rationale of plasmid shuffling and ts mutant 

screen experiment. The CRTl deletion strain LL20~XAH was 

transformed with plasmid p318CU which carried a wild-type 

allele of CRTl and two negative selection markers (CYH2 and 

CAN1). This strain was mutagenized with EMS and ts mutants 

were identified by screening on drug containing YPD or YEPG 

plates at different temperatures. Only cells which had lost 

the plasmid could grow up on the drug plates. Mutants which 

have mutations in the CRT2 gene would show a ts phenotype 

only after loss of the plasmid, while mutants with mutations 

in other genes would not require loss of the plasmid for 

expression of the phenotype. wild-type genes are in capital 

letters and mutant genes are in lower case letters. 
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slow-growth phenotype at temperatures other than 30°C were 

transformed with CRTl-containing (p3l8CU and YEpl3/TlO) and 

control (p3l8C) plasmids. Only strain 30-2, which did not 

grow on YEPG at 37°C before transformation and thus was a ts 

respiratory deficient mutant (Fig. 4.8A, lane 3), was 

rescued by plasmid p3l8CU which contained a wild-type copy 

of CRTl (Fig. 4.8A, lane 4), and not by the control plasmid 

p3l8C, which was the same as p3l8CU except it lacked a CRTl 

insert (Fig. 4.8A, lane 5). A second plasmid (YEpl3/TlO) 

which had a composition different from that of p3l8CU but 

also contained the CRTl gene could also rescue this 

phenotype (Fig. 4.8A, lane 6). Furthermore, when the p3l8CU 

plasmid was cured from the rescued mutant, the cells became 

temperature sensitive again (Fig. 4.8A, lane 7). 

To assess whether the 30-2 mutation was in a nuclear 

gene, 30-2 was backcrossed to the CRTl deletion strain 

Sl50~XAL. Fig. 4.8B shows spores from one of the tetrads 

obtained from the cross. In all of the tetrads, two of the 

four spores are temperature sensitive and two are wild-type; 

a 2:2 segregation pattern which confirms that crt2 describes 

a single nuclear locus (Fig. 4.8B). Since p3l8CU (and 

YEpl3/TlO) rescued the 30-2 ts mutation for growth on YEPG, 

which is a non fermentable medium and requires cells to have 

functional mitochondria for respiration, I conclude that 

CRTl function is necessary for respiratory competent 



Fig. 4.8. A. The temperature sensitive respiratory deficient 

phenotype of mutant 30-2 can be rescued by plasmids 

containing the CRT1 gene. Cells were grown on YEPG 

(glycerol) plates at 30° and 37°C. Lane 1, wild-type LL20 

strain; Lane 2, LL20AxAH; Lane 3, temperature sensitive 

mutant 30-2; Lane 4, 30-2 carrying plasmid p318CU; Lane 5, 

30-2 carrying plasmid p318C; Lane 6, 30-2 carrying plasmid 

YEp13/T10: Lane 7, 30-2', the rescued strain (30-2/p318CU) 

cured of the plasmid. B. The ts phenotype of 30-2 on YEPG is 

caused by a single nuclear mutation. a, b, c, and d are four 

spores of one tetrad from the backcross of 30-2 to S150AXAL. 
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mitochondria in the absence of the function of a second gene 

which was named CRT2. 

It is known that some genes act as general regulators 

of carbon source utilization. The products of these genes 

function at higher levels, i.e. further upstream, in the 

regulatory cascade. For example, the SNF5 gene regulates not 

only the expression of the SUC2 gene which encodes the 

invertase required for sucrose metabolism, but also the 

expression of genes involved in the metabolism of other 

sugars. The snf5 mutants are defective in growth on 

raffinose, galactose, and glycerol (Laurent et al., 1990). 

To examine if the double mutations in 30-2 have an effect 

only on cell growth on glycerol or whether they exert a 

broader effect like snf5, I patched strain 30-2 on duplicate 

plates containing raffinose, galactose, and sucrose as 

carbon sources and incubated the plates at either 30°C or 

37°C. 30-2 grew normally at both temperatures on these 

plates (data not shown). Thus, the CRT1 and CRT2 function 

appears to be limited to cell respiration. 

DISCUSSION 

The yeast nuclear gene CRT1 has been characterized. 

This gene is located on chromosome X (Vincent et al., 1988; 

previous chapter; Dieckmann, unpublished result), 270 bp 
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upstream of CBP1. Two mRNAs (0.8 and 0.9 kb) are produced 

from CRT1. The 0.9-kb mRNA is initiated upstream of the 

reading frame and is expressed constitutively, whereas the 

0.8-kb mRNA is initiated within the coding sequence and is 

regulated by carbon source. Sequence analysis revealed that 

proteins translated from both the constitutive and the 

carbon source-regulated transcripts have putative zinc 

finger and leucine zipper motifs. Overexpression of CRT1 in 

yeast cells did not produce enough protein for detection by 

Western blot analysis, however it caused the cells to grow 

slowly. A synthetic lethal/respiratory deficiency screen 

revealed a gene, CRT2, a mutation in which can be rescued by 

CRT1. The function of one of these two genes is required for 

mitochondrial respiration. Thus, CRT1 and CRT2 could be new 

PET genes (Tzagoloff and Dieckmann, 1990). 

Many nuclear genes which govern mitochondrial functions 

(i.e., the PET genes, Tzagoloff and Dieckmann, 1990) as well 

as genes involved in the metabolism of certain sugars (e.g., 

the SUC2 and GAL genes) are regulated by the carbon source 

in the medium. Most of the PET genes produce proteins 

targeted to mitochondria where they function either as 

electron transfer chain components or enzymes (e.g., 

cytochrome g) or as factors necessary for mitochondrial gene 

expression (e.g., CBP1). It has been demonstrated that 

regulation of gene expression by carbon source occurs mainly 
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at the transcriptional level (Van Loon et al., 1982~ Szekely 

and Montgomery, 1984; Pinkham ,and Guarente, 1985; Mueller 

and Getz, 1986; Kim et al., 1986; Roy and Dawes, 1987~ 

McAlister-Henn and Thompson, 1987; Hahn et al., 1988; 

Forsburg and Guarente, 1989; Marykwas and FOx, 1989; Dorsman 

and Grivell, 1990). Transcription of CRT1 is similar to that 

of the PET, GAL and SUC2 genes in being sensitive to carbon 

source. CRT1 is similar to SUC2 in that it produces two 

transcripts, only one of which is subject to carbon source 

regulation (Carlson and Botstein, 1982). However, in 

contrast to the pattern of CRT1 expression, the shorter SUC2 

transcript is made constitutively whereas the longer 

transcript is induced by derepressing conditions (Carlson 

and Botstein, 1982). 

Transcriptional regulation of gene expression is 

achieved through the binding of regulatory proteins to cis

acting elements usually located upstream of the target gene. 

During the past several years some important features of 

these proteins have been characterized. Among these are zinc 

finger motifs, leucine zipper structures and acidic blobs. A 
1 

zinc finger motif has been shown to be responsible for the 

DNA binding activity of the GAL4 protein (Johnston, 1987ai 

Carey et al., 1989) while a leucine zipper structure 

mediates dimerization of GCN4 (O'Shea et al., 1989) which is 

a prerequisite for binding to DNA. Acidic domains have been 
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found to be responsible for the transcription activating 

function of both GAL4 and GCN4 (Hope and Struhl, 1986; Ma 

and Ptashne, 1987a). While CRT1 is regulated at the 

transcriptional level, the CRT1 polypeptide itself contains 

features of transcriptional regulators, i.e., putative zinc 

finger, leucine zipper and acidic domains. Thus, similar to 

the HAP proteins which are activators for CYC1 transcription 

(Guarente et al., 1984; Pinkham and Guarente, 1985; Forsburg 

and Guarente, 1989) and which are also subject to carbon 

source regulation (Pinkham and Guarente, 1985; Forsburg and 

Guarente, 1989), CRT1 could be a component of a regulatory 

cascade. Bolotin-Fukuhara et ale (personal communication) 

have recently isolated two nuclear genes (MBRI and MBR2) 

which can suppress a nuclear mutation which affects 

mitochondrial translation. While MBR1 protein has a zinc 

finger type structure, MBR2 has a potential leucine zipper 

domain. It is possible that these two genes are 

transactivators of a set of genes involved in the 

mitochondrial translation process. To our knowledge, the HAP 

proteins (and possibly MBR1 and MBR2) are the only 
, 

transcriptional regulators encoded by the PET genes found to 

date. As either CRT1 or CRT2 are required for respiration, 

they could be new members of this class of proteins. 

Many transcriptional regulatory proteins function as 

dimers, formed via leucine zipper structures. Dimerization 
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can occur between identical subunits to form a homodimer 

(e.g., GCN4, Hope and Struhl, 1987) or between different 

proteins to form a heterodimer (e.g., jun-fos, Curran and 

Franza Jr., 1988), and dimerization is absolutely required 

for binding to. DNA (Kouzarides and Ziff, 1988). The leucine 

zipper dimerization domain is composed of heptad repeats of 

leucine residues (usually four or five) which line up on one 

side of an a-helix and interact specifically with a similar 

array on the other protein. The presence of putative leucine 

zipper and a zinc finger structures in CRT1 hints that this 

protein could be involved in the regulation of gene 

expression. Although CRT1 only has three heptad repeats as 

compared to a typical zipper with four or five, perhaps 

juxtaposition of a zinc finger aids in binding to specific 

DNA sequences. 

Freemont et al.(1991) have recently discovered a new 

class of zinc finger proteins which has a conserved metal 

binding residue pattern of C3HC4• This finding broadened the 

definition of the zinc finger protein family. Some of these 

proteins have been shown to be localized to the nucleus 
, 

(e.g., van Lohuizen et al., 1991) or to bind to DNA (e.g., 

Tagawa et al., 1990), and some of them are known to activate 

DNA recombination (Schatz et al., 1989) or gene expression 

(Patarca et al., 1988). Fig. 4.3 lists some of these 

proteins and shows the conserved amino acid sequence. The 
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eight potential zinc binding residues are believed to 

chelate two zinc ions (see model by Haupt et aI, 1991). The 

CRT1 protein matches these sequences very well with respect 

to the conserved cysteine residues in the putative finger 

region with the exception that CRT1 lacks the histidine in 

the first finger which is absolutely conserved in other 

proteins in this family. The general model of finger 

structure requires the tetrahedral coordination of the metal 

ion. with the histidine res~due missing, the last four 

cysteines could still form a classical finger. How could a 

finger structure be achieved with the first three conserved 

cysteines? The simplest hypothesis is that the first three 

cysteines do not form a functional finger. It is however 

possible that a cysteine residue in the second finger also 

contributes to the structure of the first one. NMR analysis 

by Pan and Coleman (1989) demonstrated that the zinc finger 

domain of the yeast GAL4 protein has two metal binding 

sites. Since GAL4 contains only six conserved cysteines in 

its DNA binding domain, they suggested that one or more 

shared _So ligands could exist, forming a binuclear Zn2 (cys)6 

center. 

The experiments reported in this chapter describe CRT1, 

a gene that seems most likely to encode a DNA binding and/or 

transcriptional regulatory protein whose function is 

necessary for respiration in the absence of CRT2 function. 
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Many facets of CRT1 expression and gene product activity 

remain to be elucidated including: 1) What regulates CRT1 

transcription? 2) Are the two CRT1 mRNAs translated into 

proteins? and if they are, what are the locations of these 

proteins? 3) Does CRT1 bind to DNA and activate 

transcription? 4) What gene(s) does CRT1 regulate? 5) Are 

the leucine zipper and zinc finger domains important for the 

function of CRT1? Combined genetic and biochemical efforts 

will be needed to answer these questions. 
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CHAPTER FIVE 

GENERAL CONCLUSIONS AND FUTURE DIRECTIONS 

This dissertation describes the characterization of 

CRTl and NUCl .in the CRTI-CBPI-HQg! gene cluster of the 

yeast Saccharomyces cerevisiae. CBP!, which was the first 

gene characterized in this cluster, encodes a mitochondrial 

protein required for the stability of cytochrome £ messenger 

RNA (Dieckmann et a1., 1982, 1984a, 1984b; Dieckmann and 

Mitte1meier, 1987; Weber and Dieckmann, 1990). In yeast, 

certain functionally related genes cluster together, e.g., 

GALlO-GALl (Douglas and Hawthorne, 1964; Basse1 and 

Mortimer, 1971; st. John and Davis, 1981) and H2A-H2B 

(Hereford et a1., 1979). In these cases, clustering has 

allowed coordinate regulation of gene expression. Gene 

disruption experiments have shown that the convergent1y 

transcribed CRT1 and NUC1 genes do not affect the expression 

and regulation of CBP1 (Mayer and ~ieckmann, 1991). However, 

studies described in this dissertation do prove that CRT1 

and NUC1, like CBP1, are both related to mitochondrial 

functions. NUCl has also been shown to be involved in the 

regulation of dsRNA virus metabolism. 

The gene disruption experiments described in Chapter 

Three demonstrated that the NUC1 gene negatively regulates 

the L-A type dsRNA virus in yeast cells. The phenotype 
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caused by a disruption in NUCl is the increased abundance of 

L-A double stranded RNA genome and one of its products, the 

86-kDa viruslike particle coat protein. It has been shown 

that the overproduced virus particle coat protein in our 

nucl strain i$ the same as that overproduced in a strain in 

which the POR gene is deleted. NUCl and POR are both nuclear 

genes that encode mitochondrial proteins. These two genes 

specifically down regulate the L-A type dsRNA. This pattern 

of regulation of dsRNA virus metabolism differs from that 

described for other genes involved in virus replication. 

Thus, they define a new class of nuclear genes related to 

yeast dsRNA virus metabolism. Mutations in the NUCl gene are 

recessive with respect to the virus overabundance phenotype. 

The cell mating and heat curing experiments also 

demonstrated that the overabundance of L-A dsRNA and coat 

protein caused by the nucl mutation could be suppressed by M 

type dsRNA. 

certain questions remain to be answered. First, NUCl 

and POR encode quite different mitochondrial functions, but 

mutations in these genes have the same net effect. Although 

I have demonstrated 'that porin expression is not affected in 

strains with mutations in nucl, the possibility that a 

mutation in por could affect NUCl expression is still 

present. This question can be answered by preparing and 

comparing NUCl proteins from both wild-type and por 
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disrupted strains. If por does affect HUQl expression, it 

would be interesting to find out the relationship between 

these two nuclear genes. If por does not affect NUC1, the 

two genes probably have independent effects on virus 

replication. In either case, the link between the nuclear 

gene(s) and virus metabolism will be investigated. Second, 

the mechanism of M dsRNA suppression on L-A overabundance is 

not clear. Although it has been suggested that the presence 

of M titrates out the cellular factors required for L-A 

replication, what is the relationship between these factors 

and NUCl and/or POR mutations? Third, the amount of dsRNA 

virus is stimulated by metabolite derepression. As mentioned 

in the introduction, many nuclear genes are regulated by 

carbon source. Since this effect is independent of the 

presence of M dsRNA, it is possible that one or more of the 

MAK or SKI genes could be regulated by carbon source, which 

in turn affect the replication of dsRNA. The second question 

can be answered by the identification and subsequent 

biochemical characterization of new cellular factors. The 

third question can be studied by further characterizing the 

SKI and MAK genes, for example, investigating if their 

expression is regulated by carbon source. 

Northern blot analysis described in Chapter Four showed 

that CRTl is regulated by carbon source and this regulation 

is at the transcriptional level. Sequence analysis revealed 
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that the CRTl.protein contains putative zinc finger and 

leucine zipper domains, which implies that it may function 

as a t~anscriptional regulatory protein. However, its 

deletion from the yeast genome resulted in no apparent 

phenotype. Mutagenesis and plasmid shuffling experiments 

demonstrated that another nuclear gene (CRT2) has a function 

similar to that of CRTI and both genes have functions 

related to cell respiration. Thus, CRTI could play a role 

similar to the HAP proteins, i.e., it functions as a 

transcriptional regulator and controls the expression of a 

gene or genes involved in respiration of yeast. 

Although CRTI could be a HAP-like protein, another 

possibility is still present, i.e., that it is a 

mitochondrial protein. The deduced amino acid sequence 

showed that CRTI does not have a presequence typical for 

nuclearly encoded mitochondrial proteins (Hurt and van Loon, 

1986; Douglas et al., 1986; Roise and Schatz, 1988). Since 

there are some mitochondrial proteins which lack a typical 

presequence (e.g., cyt Q, Zimmermann et al., 1979; ADP/ATP 

translocator protein, Adrian et al., 1986), the possibility 

that CRTl encodes a 'mitochondrial protein cannot be 

excluded. 

Questions addressed in the discussion of Chapter Four 

could be answered by the experiments described below. First, 

cis acting elements which confer carbon source regUlation on 
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CRT1 transcription could be identified by systematic 

mutagenesis in the upstream region of the CRT1 gene. Once 

the cis elements are defined, they could be used to isolate 

the trans acting regulatory factors by affinity 

chromatography. Gel retardation assays can be used to 

monitor the purification procedure. Second, a new system 

needs to be set up to overexpress the CRT1 protein to a 

reasonable level in yeast cells. One candidate is the 

overexpressing vectors that ,contain metallothionein 

promoters (Butt et al., 1988; Ecker et al., 1989; 

Etcheverry, 1990). A reasonably high level of CRT1 protein 

would enable us to determine if both CRT1 transcripts are 

translated using the available antiserum against the trpE

CRTI fusion protein. Further, the locations of the CRT1 

proteins could be determined by fractionating cells 

harboring the overexpressing plasmid. Third, if CRT1 is 

overexpressed and it remains soluble in yeast cells, it 

could be isolated and used in a DNA binding and two 

dimensional gel electrophoresis experiment to identify its 

binding sequence and the gene it regulates (Boffini and 

Prentki, 1991). Fourth, if CRT1 binds to DNA, the putative 

zinc finger and leucine zipper domains could be altered to 

examine if they are necessary for CRT1 function. Also, these 

domains could be swapped with domains from other proteins. 

Finally, characterization of the CRT2 gene would aid the 
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understanding of CRT1. The double mutant (strain 30-2) is 

available and it can be used to screen a genomic DNA library 

to isolate the wild-type allele of CRT2. 
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