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If | should pass the tomb of Jonah
| would stop there and sit for awhile;
Because | was swallowed one time deep in the dark

And came out alive after all

Carl Sandburg, Losers
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Abstract

The cya-5-34 nuclear mutant of Neurospora crassa was initially
isolated as a slow-growing, tetrazolium non-reducing strain. Further
analysis dcmonstraied that it was deficient in spectrally detectable
cytochrome aa3, and accordingly lacked cytochrome oxidase activity.
The absence of cytochrome oxidase activity was specifically
attributed to the lack of subunit 1 (COX 1) of the enzyme. This was
demonstrated by attempting to immunoprecipitate the subunits of
the complex with an antibody raised against holocytochrome oxidase

and with subunit specific antibodies.

In this study the deficiency in COX 1 of the cya-5 mutant was
confirmed by radioactively labelling mitochondrial translation
products. The COX 1 protein was undetectable in mutant strains.
The cyva-5t gene was previously cloned by complementation of the
mutant in transformations with a wild-type genomic library. The
gene was sub-cloned into an approximately 6.4 kb SphlI-Xmal
fragment, the majority of which was sequenced. In this study, the
approximately 1.5 kb that was remaining to be sequenced was
completed. Partial cDNA clones obtained from a wild-type library
and by the RACE procedure (Rapid Amplification of ¢cDNA Ends) have
identified the 3' terminus of the cya-5* transcript and 3536 bp of

cya-5* cDNA sequence, but the 5' end of the gene has not been



characterized. Examination of the sequence obtained from the
genomic and partial ¢cDNA cleones suggest that the cya-5* gene
contains nc introns, and that the first mcthionine codon of the
protein coding reading frame is the cya-5* translation initiation site.
Evidence for the latter comes from at least two observations. The
sequence immediately preceeding this methionine codon displays
similarity to the consensus sequence established for N. crassa
translation initiation sites. In addition, sequence analysis predicts a
mitochondrial targeting peptide, which are most often found at the
amino terminus of proteins, immediately downstream of this
methionine codon. Thus, the CYA-5 protein is predicted to be 1136

amino acids long.

The CYA-5 protein appears to be expressed at very low levels
as suggested by codon usage analysis of the DNA sequence, and by
Northern analysis, in which the cya-5% transcript was undctectable
under conditions that allowed detection of the transcripts from the
cyt-2 gene, which is known to be expressed at low levels. Northern
analysis of mitochondrial RNA from mutant and wild-type strains
has revealed that the COX 1 mRNA is present at apparently wild-type
levels in the cya-5 mutant. This suggests that CYA-5 affects COX |
expression at the post-transcriptional level. This is supported by the
finding that transcripts from the cytochrome b (COB) gene, which is
transcribed from the same promoter as COX 1, are also present at

normal levels in the cya-5 mutant.
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Introduction

Mitochondria perform several essential functions in the
eukaryotic cell, including those involved in cellular respiration. The
vast majority of proteins preseat in mitochondria are encoded by the
nuclear genome. These proteins are translated on cytosolic
ribosomes and imported into mitochondria (Hartl et al., 1989).
However, a small number of proteins, that is, several subunits of
enzymes involved in oxidative phosphorylation, are encoded by the
mitochondrial genome. These proteins are translated on

mitochondrial ribosomes (Tzagoloff, 1982).

We owe our current knowledge of the role of nuclear and
mitochondrial genes in mitochondrial biogenesis to the early work
that established mitochondrial genetics. The first cytoplasmic
mutants characterized were in Saccharomyces cerevisiae (Ephrussi
and Hottinguer, 1951). These mutants gave rise to small colonies due
to a respiratory deficiency, and were thus named petite mutants.
They arose at a high frequency spontaneously, and their frequency
could be greatly induced by the mutagen acriflavine. When mated to
normal cells, they gave rise to normal diploids; upon sporulation, asci
were produced in which all spores were normal. Repcated
backcrosses to the mutant did not recover the mutant phcnotype.

The observed non-Mendelian inheritance of the mutant character



was ascribed to the loss or inactivation of a cytoplasmic,
autoreproducing factor required for the normal synthesis of
respirziory enzymes (Ephrussi and Hottinguer, 1951). A short time
afterwards, a slow-growing, respiratory deficient mutant that also
showed non-Mendelian behaviour in crosses was identified in
Neurospora crassa (Mitchell and Mitchell, 1952). The mutant, named
poky, was characterized as maternally inherited, only transmitted
when the mutation was carried by the protoperithecial parent. It
was suggested that the poky mutation was due to a cyicplasmic
factor. The discovery of DNA in mitochondria of yeast (Schatz et al.,
1964) and Neurospora (Luck and Reich, 1964), and the
demonstration in yeast petite mutants of alterations in mitochondrial
DNA (Mounolou et al., 1966), suggested that cytoplasmically
inherited characteristics were encoded by mitochondrial DNA
(mtDNA). Soon after the first cytoplasmic mutants were
characterized, nuclear respiratory deficient mutants were identified
in yeast and N. crassa (Chen et al., 1950; Mitchell et al., 1953). These
were the first nuclear mutants identified that were defective in
genes involved in mitochondrial function. These studies layed the

groundwork for future studies that determined the nature of the

mitochondrial genome and its functions.

The mitochondrial genome and its expression

The basic function of the mitochondrial genome in all
eukaryotes is to encode components of its own translation machinery

(i.e. IRNAs and tRNAs) and certain proteins that function in electron



transport and oxidative phosphorylation in mitochondria. However,
the number and type of genes encoded by mitochondrial genomes
varies greatly among plants, animals, fungi and protists (Gray, 1989).
Only a few genes appear to be common to all characterized mtDNAs.
They are genes for the large and small subunit rRNAs, cytochrome
oxidase subunit 1 (COX 1), and cytochrome b (COB). There is also a
great deal of heterogeneity in the size and structure of mtDNA within

and between plants, animals, fungi and protists.

Among animals alone, mtDNA is relatively conserved in gene
content and structure. Mitochondrial DNA in vertebrates, in
particular, show very little variation between species (Gray, 1989;
Wolstenholme, 1992). The size of mtDNA in vertebrates ranges from
16-18 kb. The order of the genes among human, mouse, bovine and
Xenopus laevis is invariant, and the genomes are extremely
economical in organization. Virtually the entire vertebrate
mitochondrial genome is comprised of coding sequence. There are no
introns and little or no intergenic space (Attardi, 1985). The liule
size variation that is observed is confined to a 1-2 kbp non-coding
region (the D-loop region), which contains promoters for
transcription and origins or replication (Gray, 1989; Wolstenholme,
1992). Greater variation in size and structure of mtDNA has been
observed among invertebrates (Wolstenholme, 1992). Size ranges
from 14 kbp in the nematode worms Ascaris  suum and
Caenorhabditis elegans (Okimoto et al.,, 1992) to approximatcly 40
kbp in the sea scallop, Plactopecten megellanicus (Snyder et al.,

1987). However, as in vertebrates, the size variation is primarily



due to localized duplications of sequences in the non-coding control
regions of mtDNA containing promoters for transcription and origins
of replication (Wolstenholme, 1992). There are little or no non-
coding sequences between genes. Thus, economy of organization of
coding sequences is a common feature of all animal mitochondrial
genomes.  All animal mitochondrial genomes encode the same
number and types of genes with few exceptions. They encode a
complete set of tRNAs, the large and small subunit rRNAs, and 13
proteins. The proteins encoded by animal mitochondrial genomes
are 7 subunits of complex 1 of the electron transport chain (NADH
dehydrogenase), cytochrome b of coenzyme QH2-cytochrome b
oxidoreductase (complex 3), 3 subunits (COX 1, COX 2 and COX 3) of
cytochrome oxidase (complex 4), and 2 subunits of the ATP synthase
complex (ATP 6 and 8). However, there is little conservation of gene
order between different animal phyla (eg. vertebrates, insects,

echinoderms and nematodes) (Gray, 1989; Wolstenholme, 1992).

There is much greater variation in mtDNA size, structure and
gene content in fungi, plants and protists than observed in animals.
In contrast to the economical organization of animal mitochondrial
genomes, mtDNA in fungi, plants and protists largely consist of non-
coding sequences between genes. Fungal mitochondrial genome sizes
range from approximately 18 kbp in Schizosaccharomyces pombe to
over 100 kbp (Wolf and Del Giudice, 1988; Clark-Walker, 1992). The
size differences are chiefly the result of intergenic spacer lengths, the
presence or absence of optional introns, and the presence and

number of repetitive sequences (Wolf and Del Giudice, 1988; Gray,



1989: Clark-Walker, 1992). However, there are some instances of
variation in the types of genes encoded. For example, N. crassa and
S. cerevisiae mtDNAs each contain a gene for a ribosomal protein
(Butow et al., 1982; LaPolla and Lambowitz, 1981). In addition, some
introns in the COB and COX 1 genes of S. cerevisiae code for proteins,
called maturases, responsible for intron splicing (Tzagoloff and
Myers, 1986; Attardi and Schatz, 1988; Perlman and Butow, 1989).
Intron encoded maturases also appear to be present in mitochondrial
genes of N. crassa, Aspergillus nidulans, and other fungi (Brown,
1987; Burke et al., 1984). Several yeast mitochondrial genomes (S.
cerevisiae, S. pombe and Candida glabrata) are devoid of genes for
subunits of NADH dehydrogenase (complex 1), since mitochondria in
these species do not contain a NADH dehydrogenase of the complex 1
type (Grivell, 1989; Clark-Walker, 1992). There is little conservation
of mitochondrial gene order between species of fungi, suggesting that
extensive rearrangements of mtDNA have occurred during evolution

(Clark-Walker, 1992).

Plant mtDNA is the largest and most complex of eukaryotic
mtDNAs. There is great heterogeneity in size and structure of mtDNA
among plant species. Size varies over a 10-fold range, from 200 kbp
to over 2400 kbp (eg. Cucumis melo), and there is little conservation
of gene order (Gray, 1989; Hanson and Folkerts, 1992). The physical
heterogeneity is largely due to directly repcated sequences which
promote recombination, generating subgenomic circular molecules
(Lonsdale et al.,, 1988; Hanson and Folkerts, 1992). Plant

mitochondrial genomes have been shown to contain genes not



detected in other mitochondrial genomes. For example, 5S rRNA
genes have been detected in many plant species (Gray and Spencer,
1981; Chao et al., 1983; Hanson and Folkerts, 1992). Genes for
mitochondrial ribosomal proteins (eg. rpsl2, rpsl3, rpsl4, and
rps19) homologous to E. coli ribosomal proteins have been detected
in severai species (Hanson and Folkerts, 1992). Sequences from
other genomes (i.c. the nucleus and chloroplast), particularily tRNA
genes, have also been widely detected in plant mtDNA (Gray, 1989;
Hanson and Folkerts, 1992).

Although protistan mtDNA has not been widely characterized,
an astonishing amount of variation in information content, size and
structure has been discovered. The smallest protist mitochondrial
genome is that of Chlamydomonas reinhardtii, which is 15.8 kbp
long, while that of Tetrahymena is as long as 55 kbp (Cummings,
1992). Linear mitochondrial genomes have been found in
Tetrahymena pyriformis (Suyama et al.,, 1985; Cummings, 1992) and
Paramecium aurelia (Pritchard et al.,, 1986; Cummings, 1992).
Mitochondrial DNA from trypanosomatids is complex. It is composed
o1 large maxicircles with interwound minicircles concatenated in
special structures called kinetoplasts (Stuart and Feagin, 1992).
Many of the genes found in mtDNA of animals are missing in various
protistan mitochondrial genomes. Chlamydomonas reinhardtii
mtDNA does not contain any genes for the ATP synthase complex,
and is missing the common genes for the COX 2 and COX 3 subunits of
cytochrome oxidase as well as most tRNA genes (Attardi and Schatz,

1988; Cummings, 1992). The kinetoplasts of Trypanosomatids lack



genes for the ATP synthase compiex and any tRNA genes (Gray,
1989; Stuart and Feagin, 1992). Only a small number of tRNA genes
have been found in Paramecium aurelia and Tetrahymena pyriformis
indicating that most mitochondrial tRNAs are encoded in the nucleus

(Cummings, 1992).

The large degree of heterogeneity in the organization of the
mitochondrial genome is accompanied by essential differences in the
control of gene expression among various species. Sequences
important for mitochondrial gene expression have been well studied
in 8. cerevisiae, N. crassa and human mtDNA. Despite the differences,
a common feature of mitochondrial gene expression in these
organisms is the occurrence of primary transcripts that include the
information for more than one gene. Processing of primary

transcripts is necessary to produce mature mRNAs, rRNAs and tRNAs.

In S. cerevisiae promoters for transcription were first
identified by in vitro capping with Vaccinia virus
guanylyltransferase (Christianson and Rabinowitz, 1983; Levens et
al., 1981). These experiments identified a nonanucleotide sequence,
5'-ATATAAGTA-3' (with the last A being the transcription start site),
which functions as a promoter. This was confirmed by in vitro
transcription (Edwards et al., 1982; Biswas et al., 1987; Schinkel et
al., 1987a). Other sequences that influcnce promoter strength have
also been found (Biswas et al., 1987; Schinkel et al., 1987a). Contrary
to what is frequently observed in N. crassa and human mitochondria,

processing 5' and 3' to tRNA genes does not generate mature



transcripts in yeast. Further processing is often necessary (Grivell,
1989; Breitenberger et al.,, 1985). Processing of primary transcripts
appears to involve several endonucleases. An RNase P-like tRNA
processing enzyme is responsible for cleaving primary transcripts on
the 5' side of tRNAs (Grivell, 1989). The RNA component of this
enzyme is encoded in mtDNA. A dodecamer sequence,
AAUAAUAUUCULU, on the 3' end of mRNAs serves as a processing site
to generate mature mRNA 3' termini (Osinga et al., 1984; Thalenfeld
et al., 1983). Other endonucleases may be required for further
processing of transcripts (eg. at the 5' end of mRNAs; Tzagoloff and
Myers, 1986; Kubelik et al., 1990). Intergenic spaces in yeast mtDNA
are highly AT rich interspersed with GC rich clusters (Bernardi,
1982), whose function is not understood, but have been shown to be

mobile elements (Clark-Walker, 1992).

As mentioned above, the human mitochondrial genome as in
other vertebrates, is extremely economical in organization, with
virtually no intergenic spaces, no introns and no untranslated leader
sequences (Anderson et al., 1981; Tzagoloff and Myers, 1986). The
rRNA genes and most protein coding genes are flanked by tRNA
genes, which are dispersed throughout the genome. The 5' and 3'
ends of tRNA genes appear to act as signals for processing of primary
transcripts from both strands of the genome (Ojala et al., 1981;
Clayton, 1992), thus generating mature transcripts. Each strand is
transcribed from a single promoter located in the D-loop region
leading to primary transcripts that contain all the genes on each

strand (Chang and Clayton, 1984; Clayton, 1991; 1992). Promoters



for the heavy strand (HSP) and light strand (LSP) are separated by
150 bp and have a similar 8 bp core sequence 5' CC(G)CCAAAA(+4) 3'
that includes the transcription initiation site.  This supports a
minimal amount of transcription. Additional upstream sequences are
required for efficient transcription (Bogenhagen et al., 1984; Chang
and Clayton, 1984; Hixson and Clayton, 1985; Clayton, 1991; 1992).
A mitochondrial transcription factor, mtTF1, has been recently
identified that binds upstream of transcription initiation sites to

activate transcription (Clayton, 1992).

Neurospora crassa mtDNA, which ranges in size from 60 to 73
kb (Collins and Lambowitz, 1983), differs from yeast mtDNA in that
it has fewer promoters. Longer transcripts, therefore, are often
observed that contain the information for more genes (Green et al.,
1981; Burger et al.,, 1985; Breitenberger et al.,, 1985). Using an in
vitro transcription assay, at least 5 transcription initiation sites have
been identified in N. crassa mtDNA (Kennell and Lambowitz, 1989;
Kubelik et al., 1990). Sequences of these sites have defined an 11-
nucleotide consensus sequence TTAG(A/T)RR(G/T)(G/C)N(A/T) as
part of the Neurospora mtDNA promoter. Transcription initiation
occurs at the fifth or sixth nucleotide cf the consensus sequence.
Promoters have been identified upstream of the small rRNA, large
rRNA and cytochrome b genes. Active promoters are preceeded by

AT rich regions (Kubelik et al., 1990).

Mature tRNA, tRNA and mRNAs are produced by processing of

primary transcripts, presumably by endonucleases that recognize



secondary structures generated upstream and downstream of each
gene. In several cases, the 5' and 3' ends of tRNAs that flank genes
are processing sites to generate mature mRNAs and rRNAs (Akins
and Lambowitz, 1984; Breitenberger et al.,, 1985; Burger et al., 1985;
de Vries et al., 1985). However, there are also protein coding genes
that are not flanked by tRNA genes, and primary transcripts in these
regions of the genome are processed at sites around secondary
structures in the mRNA that substitute for tRNA sequences. This has
been demonstrated for the region of mtDNA consisting of the ATPase
subunit 6, cytochrome oxidase subunit 2, and the mitochondrial

ATPase proteolipid-like genes, which is transcribed as one unit

(Agsteribbe and Hartog, 1987).

Most of the genes of N. crassa mtDNA are flanked by highly
conserved GC-rich palindromic sequences.  Coincidentally, these
sequences consist of two tandemly repeated Pstl sites preceeded by
a cluster of C's and followed by a cluster of G's. Pstl palindromes, as
they are commonly called, were proposed to serve as processing sites
of primary transcripts to generate mature RNAs (Yin et al, 1981).
However, this was shown not to be the case, since virtually every
identified processing site is not associated with these sequences.
There is good evidence that these GC rich clusters are mobile genetic

elements (Clark-Walker, 1992).
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Cytochrome c¢ Oxidase

Cytochrome ¢ oxidase is an enzyme of the mitochondrial
respiratory chain. The enzyme catalyzes the oxidation of
ferrocytochrome ¢ and the reduction of molecular oxygen to water.
The energy from this reaction is conserved as a pH gradient and
membrane potential across the inner membrane, generated by H*
consumption in the reaction, and by proton translocation through the
inner membrane to the intermembrane space (Capaldi, 1990; Denis,
1986). The mammalian cytochrome c oxidase is comprised of 13
subunits, whereas only 12 and 7 subunits have been identified in
Saccharomyces cerevisiae and Neurospora crassa, respectively
(Capaldi, 1990; Denis, 1986; Power et al., 1984; Taanman and Capaldi,
1992). The bacterial enzyme is very simple in comparison, with only
3 subunits identified in most species examined. The three largest
subunits of the eukaryotic enzyme, 1, 2 and 3, are encoded by the
mitochondrial genome, whereas the remaining subunits are nuclear-
coded. The enzyme is associated with 4 metal prosthetic groups that
make up the redox centres of the complex: hemes a and a3, CuA and
CuB. There is a considerable amount of evidence that localizes the

prosthetic groups to subunits 1 and 2 of the complex (Capaldi, 1990).

The in vivo membrane associated cytochrome c¢ oxidase exists
in the form of a dimer (Capaldi, 1990). The cytochrome ¢ binding
site is in a cleft on the cytoplasmic side of the inner membrane. The

binding site has been localized primarily to subunit 2, but there may
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also be contributions of nuclear-coded subunits to cytochrome c¢

binding (Capaldi, 1990).

Evidence that cytochrome c¢ oxidase acts as a redox linked
proton pump was initially provided by Wikstrom, who showed that
oxidation of ferrocytochrome c¢ by oxygen in rat liver mitochondria
was associated with acidification of the external medium (Wikstrom,
1977). Studies since have suggested that the reaction consumes
approximately 2 H¥/ferrocytochrome c¢ oxidized (1 electron); one of
these Ht is used towards the formation of water, and 1 H% is
translocated across the inner membrane to the intermembrane space
(Brunori et al.,, 1987). The mechanism of proton pumping by
cytochrome ¢ oxidase is not well understood. Studies have shown
that subunit 3 is primarily responsible for this function (Casey et al.,
1980), although other subunits may also be involved (Capaldi, 1990).
Several hypothesis have been proposed to explain how cytochrome c¢
oxidase couples electron transport to proton translocation. Mitchell
et al. (1985) have proposed an O-loop scheme similar to the Q-loop
mechanism proposed for coupling in complex 3 (Mitchell, 1976).
Alternatively, conformational coupling models have been proposed,
which suggest that electron transfer is coupled tc proton

translocation by changes in protein conformation (Malstrom and

Nilsson, 1988).

The mitochondrially encoded subunits 1, 2 and 3 comprise the
catalytic core of the eukaryotic cytochrome c¢ oxidase. Evidence

suggests that this is the minimal unit competent for electron transfer
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and proton pumping functions. Bacterial oxidases, which consist of
homologues of only these three subunits, are capable of both
functions. Hence, the question remains as to the role of the subunits
coded by the nucleus. It is generally believed that these subunits
are involved in regulation of cytochrome oxidase function at the level
of subunit assembly and/or catalytic function (Kadenbach and Merle,

1981; Dowhan et al., 1985; Capaldi, 1990).

Nuclear genes required for mitochondrial gene expression

Saccharomyces cerevisiae

Mitochondria are highly dependent on the nuclear genome,
since the majority of mitochondrial proteins are nuclearly encoded.
The reliance on nuclear gene products is clearly reflected in the fact
that even proteins required for expression of the few mitochondrial
genes, are predominantly coded in the nucleus. The assembly of
functional mitochondria, therefore, involves the coordinated
expression of both the nuclear and mitochondrial genomes. The
mitochondrial genome carries some genes required for its own
expression. These are components of the translation system,
including tRNA genes, the small and large subunit TRNA genes, and in
some instances, a single ribosomal protcin (Tzagoloff and Myers,
1987). However, the genes for numcrous other proteins required for
mitochondrial gene expression, such as, RNA polymerase, ribosomal

proteins, RNA processing endonucleases, and translation factors are
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found in the nucleus (Tzagoloff and Dieckmann, 1990). Many of
these genes have been identified in the yeast §. cerevisiae,
primarily through the analysis of mutants with respiratory defects
(Tzagoloff and Dieckmann, 1990). Nuclear mutants in yeast which
are respiration deficient are commonly referred to as nuclear petite
or pet mutants, to distinguish them from the well characterized
cytoplasmic petite mutants, which were first identified by Ephrussi

and colleagues (see above).

Several laboratories over the last several years have used
various approaches to isolate nuclear respiratory defective mutants
of yeast (Tzagoloff and Dieckmann, 1990). The basic method of
selection for respiratory mutants is based on their ability to grow on
media containing a fermentable carbon source, such as glucose, but
inability to grow on a non-fermentable carbon source, such as
glycerol or lactate. These strains are also recognized by their colony
morphology after plating of a mutagenized stock on medium
containing a high concentration of glycerol with limiting amounts of
glucose (0.1 to 0.2%). Both nuclear and cytoplasmic petite mutants
form small colonies (as their name implies) on this medium, because
they are unable to grow after the glucose in the medium is used up.
Wild-type strains continue to grow after the glucose is depleted, and
form larger colonies using glycerol as a carbon source (Tzagoloff and
Dicckmann, 1990). To distinguish the nuclear mutants from the
more abundant class of cytoplasmic petites, the respiratory deficient
strains are then crossed to yeast tester strains that completely lack

mtDNA (tho©), and the diploid progeny are checked for growth on a
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non-fermentable substrate. Growth of the diploid implies that the
defect is in a nuclear gene and is recessive. However, if the mutant
is not complemented by the rho© tester, the mutation is presumed to

be in mtDNA.

Further analysis of PET genes represented in mutant collections
has identified very few nuclear genes directly involved in the control
of mitchondrial gene expression at the level of transcription. A
mitochondrial RNA polymerase has been identified (Schinkel and
Tabak, 1989). The RNA polymerase is composed of a 145 kDa core
subunit encoded by the RPO41 gene (Greenleaf et al., 1986), and at
least one specificity factor, MTF1 (Schinkel et al., 1987b; Jang and
Jaehning, 1991). The RPO41 gene product has non-specific
transcriptional activity, and requires MTF1 for promoter recognition
(Schinkel et al., 1987b; Schinkel et al., 1988). Another mitochondrial
transcription factor, MTF2, has also been identified (Lisowsky, 1990).
Temperature sensitive collections of pet mutants that specifically
lose or cause a decrease in mitochondrial mRNA levels have been
sought (Mueller et al., 1987), which, in the future, may idcntify other

RNA polymerase specificity factors or transcription factors.

The majority of characterized nuclear genes that affect
mitochondrial gene expression in yeast act at the post-transcriptional
level. Thus, nuclear mutants that are decfective in mitochondrial
mRNA processing, translation or post-translational events have been
identified (Fox, 1986; Costanzo and Fox, 1990). Such mutants fall into

two broad categories: those that are required for the expression of

1
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all or several mitochondrial genes, and those that control the

expression of a specific gene.

The pet mutants of mitochondrial RNA processing fall into both
categories. Proteins involved in RNA processing can function in
splicing or maintaining stability of transcripts. An example of the
latter is the cbpl gene product. This protein is required for the
stability of the cytochrome b (COB) transcript (Dieckmann et al.,
1984; Dieckmann and Mittelmeier, 1987). The COB gene is
transcribed as a precursor containing the tRNAGIU 1100 bases
upstream of COB coding sequences (Christianson et al.,, 1983). The
precursor is processed to yield mature tRNAGIu and COB mRNA with
a 954 base leader sequence. Mutants of CBPI have greatly reduced
(but detectabie) levels of COB mRNA, but transcription of COB
appears not to be affected, since levels of tRNAGIU are normal
(Dieckmann et al.,, 1984). Moreover, the CBP1l protein has been
mitochondrially localized (Weber and Dieckmann, 1990). The mutant
phenotype suggests that CBPI plays no role in transcription, or in
processing of tRNAGIu, ¢ appears, instead, that it is required to
protect COB mRNA from degradation, or to generate a stable mRNA

from an unstable precursor (Dieckmann et al.,, 1984; Dieckmann and

Mittelmeier, 1987).

The CBPI protcin acts on the 5' third of the untranslated leader
of COB mRNA. This was demonstrated by isolating mitochondrial
revertants of cbpl mutants, that are similar to revertants of

mutations in several mRNA specific translation factors (see below).
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The revertants encode chimeric COB transcripts, in which the COB
leader sequence is replaced by the leader of another mitochondrial

gene (Dieckmann et al., 1984; Dieckmann and Mittelmeier, 1987).

Several PET genes that function in splicing of mitochondrially
encoded COB and COX 1 genes have been identified. The number of
introns carried by these genes differs among strains of S. cerevisiae,
with up to 8 introns in COX 1 and 5 introns in COB of KL14-4A, the so
called "long" strain (Dujon, 1981). The excision of some introns of
COX 1 and COB are dependent not only on nuclear encoded factors,
but also on proteins encoded within the introns themselves
(Lazowska et al.,, 1980; De La Salle et al., 1982; Weiss-Brummer et al.,
1982; Lazowska et al.,, 1989; Perlman and Butow, 1989). The
requirement for both nuclear and mitochondrial intron encoded
proteins (called maturases) for splicing at least some group 1 and
group 2 introns in COB and COX 1 was unexpected, for it was
demonstrated that many of these introns (both group 1 and group 2
alike) are self-splicing in vitro (Garriga and Lambowitz, 1984; van
der Horst and Tabak, 1985; Gampel and Cech, 1991). It has,
therefore, been proposed that the function of the nuclear and
mitochondrial encoded splicing factors in vivo is to facilitate and
stabilize the correct folding of introns to allow splicing to occur. The
splicing mechanism itself, however, is RNA (self) catalyzed (Gampel

et al.,, 1989; Cech, 1990).

Analysis of many PET genes involved in mitochondrial RNA

splicing has demonstrated that most of them have additional roles in
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mitochondrial gene expression (Grivell, 1989). All of these genes
appear to function in translation, but there may be other functions as
well. Since splicing of many mitochondrial introns requires
translation of maturases encoded within them, it is difficult to decide
whether many pet mutants have primary defects in splicing, or that
their splicing defects are secondary effects of the inability to
translate mRNAs.  Nevertheless, evidence suggests that several

proteins have primary functions in both splicing and translation of

RNAs (Asher et al., 1989).

Among the proteins which perform functions in addition to
RNA splicing are the products of several NAM (Nuclear Accomodation
of Mitochondria) genes, mutants of which were isolated by Dujardin
et al. (1980). The nam mutants were selected as suppressors of
various mutations in mitochondrial DNA (mit- mutants). Mutations
in naml, 2,7 and 8 suppressed mitochondrial intron mutations, and
were, therefore, classified as mitochondrial splicing factors. Naml,7
and 8 mutants suppressed defects in various introns of COB and COX
1, whereas nmam2 mutants only suppressed defects in the fourth
intron of the COB gene (bI4). Further analysis of the nam mutants,
however, has revealed defects in mitochondrial translation, and
perhaps other functions as well. Based on the phenotype of naml
mutants, this gene product has been implicated in both translation
and splicing of COX 1 mRNA (Asher et al., 1989). The NAM7 protein,
however, is required for splicing introns of both COX 1 and COB
transcripts, as it suppresses several group 1 and 2 intron mutations

in both genes (Dujardin, 1980). Evidence that NAM7 is responsible
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for other functions in the cell comes from the observation that yeast
strains devoid of mitochondrial introns remain respiratory deficient
in a nam7 mutant background (Altamura et al., 1992). Sequence
analysis has revealed homology to 5 conserved motifs of the
superfamily of replicative proteins with helicase activity (Hodgman,
1988), which has led Altamura et al. (1992) to propose a role for
NAM?7 in translation.

The best evidence for a dual role in transcription and
translation has been provided for the nam2 gene product. NAM2 is
involved in splicing of the fourth introns of the COB (bl4) and COX 1
(al4) genes, and has also been identified as a mitochondrial leucyl-
tRNA synthetase (Dujardin et al., 1980; Groudinsky et al., 1981;
Labouesse et al., 1985; Herbert et al., 1988). Compelling evidence for
NAM2 being directly required for splicing was provided by
Labouesse (1990). The bI4 maturase was synthesized from a
plasmid in the cytosol and imported into mitochondria in a nam?2
mutant. The maturase did not restore excision of the mitochondrial
bl4 and al4 introns (which is its normal function in wild-type cells).
This implies that the splicing deficiency in nam2 mutants is not
simply a secondary effect of absence of the bl4 maturase due to a
defect in protein synthesis. Interestingly, the mechanism of action of
the nam2 suppressor on bl4 mutations is by activation of the latent
al4 maturase, which, in turn, excises both al4 and bl4 (L.aboucsse et
al.,, 1985). In wild-type cells, bl4 maturase, in conjunction with the
NAM2 gene product, is responsible for excision of al4, as well as its

own (bl4) intron (De la Salle et al., 1982; Labouesse et al., 1984).

19



Other nuclear gene products required for mitochondrial RNA
splicing and translation include the MSS116 (Seraphin et al., 1989),
MSS51 (Simon and Faye, 1984; Decoster et al., 1990) and the PETS54
(Valencik et al., 1989; Valencik and McEwen, 1991) proteins.
Interestingly, Valencik and McEwen (1991) were able to show that
the translation and splicing functions of PETS54 are genetically
separable, such that mutants defective in only one or the other of the

two functions could be obtained.

The many examples of nuclear gene products with dual
functions in splicing and translation implies that this is a general
phenomenon in yeast, and may be prevalent in mitochondrial
systems of other organisms as well (eg. the cyt-18 gene product of
N. crassa, see below). A consequence of this form of expression
might be the coordination of synthesis of mitochondrial transcripts

and their proteins. The advantages of this, if any, are unclear.

Some PET genes function solely in splicing. The most well
studied of these genes, cbp2, codes for a protein responsible for
excision of the terminal intron of the COB gene (McGraw and
Tzagoloff, 1983). A mtDNA mutation that suppresses =2 cbp2 defect
is a precise excision of the last intron (bI2) from the COB gene (Hill et
al.,, 1985). The revertants are otherwise completely normal,
indicating that CBP2 has no other function in the cell. The COB
terminal intron can self-splice in vitro at Mg2+ concentrations 10-

fold higher than physiological concentrations (eg. 50mM; Gampel et

20



al.,, 1989). However, at physiological concentrations of Mg2+ (5mM)
splicing of the bI2 intron is strictly dependent on the CBP2 protein
(Gampel et al., 1989). Thus, CRP2 does not have a catalytic function,
per se, in the splicing reaction, but stabilizes secondary structures
required for the autocatalytic reaction to occur. Presumably, the
correct secondary structures are favoured in high Mg2 +
concentrations in vitro, even in the absence of proteins (Gampel et

al., 1989; Gampel and Cech, 1991).

Nuclear control of mitochondrial gene expression in yeast
occurs primarily at the level of translation (Falcone et al., 1983; Fox,
1986). The nucleus encodes many components of the general
mitochondrial translation system, such as ribosomal proteins and
tRNA synthetases (Costanzo and Fox, 1990). Analysis has had to rely
primarily on genetics. Only a minority of the approximately 70 yeast
mitochondrial ribosomal proteins (Mieszczak et al., 1988; Boguta et
al., 1992) have been identified and examined. These include MRPI
and 2 (Myers et al.,, 1987), MRP3 and 4 (Tzagoloff and Dieckmann,
1990), MRP13 (Partaledis and Mason, 1988), PETI23 (Haffter et al.,
1990; McMullin et al., 1990), YmL31 (Grohmann et al., 1989), YMR-
31 and YMR-44 (Matsushita et al.,, 1989), MRP 20 and 49 (Fearon and
Mason, 1992), MRP7 (Fearon and Mason, 1988) and NAM9 (Boguta et
al., 1992). All of these ribosomal proteins are distinct from the
cytosolic ribosomal components. In contrast, two genes for
mitochondrial tRNA synthctases also specify the cytosolic forms of
the enzymes. They are the histidinyl-tRNA synthetases (Natsoulis et
al., 1986) and the valyl-tRNA synthetases (Chatton et al., 1988). In
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both cases, the mitochondrial and cytosolic forms are transcribed
from alternate promoters. The mitochondrial form is transcribed
from an upstream promoter that produces transcripts that code for
N-terminal mitochondrial targeting signals. The other mitochondrial
tRNA synthetases that have been identified are encoded by genes
distinct from the genes encoding their cytosolic counterparts, as
mutations in these genes produce a non-respiratory, but viable

phenotype (Costanzo and Fox, 1990).

A number of nuclear genes have been identified that code for
translational activators of specific mRNAs, rather than components of
the general translation machinery. Nuclear activation of at least two
mitochondrial proteins, COX 3 and COB, appears astonishingly
complex. Three specific translational activators have been identified
for each protein. Recessive mutations in nuclear genes pet494, pet54
and petl22 block accumulation of the COX 3 protein leading to a
respiratory deficiency (Ebner et al.,, 1973; Cabral and Schatz, 1978;
Muller et al., 1984; Costanzo et al., 1986; Kloeckener-Gruissem et al.,
1988). The proteins act at the post-transcriptional level, since COX 3
mRNA is present at wild-type levels in each of the mutant strains.
Mitochondrial suppressors of all three nuclear mutants, demonstrate
that the proteins activate translation by interacting with the 5'
untranslated region of the COX 3 transcript (Muller et al., 1984;
Costanzo and Fox, 1986; Costanzo et al.,, 1986; Costanzo and Fox,
1988). The suppressors are mtDNA rearrangements that generate
novel chimeric COX 3 mRNAs that retain the entire COX 3 coding

region, but have 5' untranslated leaders derived from other

22



23

mitochondrial genes. These petite (rho”) mtDNAs are retained in a
heteroplasmic state with wild-type (rhot) mtDNA, allowing the
suppressor strains to be respiratory competent. The site of action of
PET494, 54 and 122 has been narrowed down to the 5' two-thirds
(approximately 400 nucleotides) of the COX 3 leader by selecting as a
suppressor to a cbsl mutation (see below), a mtDNA rearrangement
that fuses this portion of the COX 3 leader to the COB structural gene.
The translation of the COB gene is dependent on all three COX 3
translational activators (Costanzo and Fox, 1988). The nature of the
suppressors suggest that the nuclear gene products do not have a
post-translational function (such as stabilizing the COX 3
polypeptide), since the COX 3 coding region (or in the latter example,
the COB coding region) remains unaltered in the suppressor
mutations.  Rather, the pet gene products appear to bind the 5'
untranslated region of the COX 3 mRNA to activate translation. The
suppressor mutations allow the COX 3 mRNA to be translated from a
different leader sequence, and, therefore, independently of PET494,
54 and 122 function. Additional evidence to support the hypotiesis
that PET 494, 54 and 122 act directly on the COX 3 mRNA leader
sequence (and not indirectly by, perhaps, activating another nuclear
gene) was provided by demonstrating that all three proteins are
located in mitochondria (Costanzo and Fox, 1986; Ohmen et al., 1988;

Costanzo et al., 1989).

At least two of the three translational activators of the COB
gene transcript, CBSI and CBS2, appear to act in a similar fashion to

the COX 3 specific translation factors. That is, mitochondrial
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suppressor mutations of cbsl and cbs2 mutants are fusions of the
COB coding sequence with the 5' untranslated regions of other genes
such as olil (Rodel et al.,, 1985; Rodel, 1986; Rodel and Fox, 1987).
CBS1 and CBS2 have also been immunologically localized to
mitochondria (Michaelis and Rodel, 1990; Michaelis et al., 1991).
Thus, the proteins activate translation of COB mRNA by interacting
with its leader sequence. The cbp6 gene product is also required for
COB translation, although mutants of this gene have not been shown
to be suppressible by COB leader substitution mutations (Dieckmann
and Tzagoloff, 1985). A specific nuclear encoded translational
activator of the COX 2 gene has also been identified. The petlll
gene product, which has been localized to mitochondria (Strick and

Fox, 1987), acts on the 54 nucleotide 5' untranslated leader of the

COX 2 mRNA (Mulero et al., 1993).

The many mRNA specific translational activators that have
been identified, suggest that this is an important level of nuclear
control of mitochondrial gene expression. For instance, in yeast the
regulation of mitochondrial gene expression in response to O2 and
glucose levels occurs primarily at the level of translation (Woodrow
and Schatz, 1979; Falcone et al., 1983; Zennaro et al., 1985). Steady
state levels of mitochondrial mRNAs vary little in response to glucose
or oxygen levels. Mitochondrial protein levels under these conditions
may bc controlled indirectly by regulating, among other nuclear
genes, those coding for mRNA specific translation factors.  The

pet494 and cbsl gene products, for example, have been
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demonstrated to be regulated by glucose and oxygen levels

(Marykwas and Fox, 1989; Forsbach et al., 1989).

The exact mechanism of action of the gene-specific
translational activators is not known. They may perform functions
analogous to general eukaryotic translation initiation factors (Grivell,
1989). Insight into how the proteins act may be derived from
analysis of second site suppressors of mutations in these genes. The
COX 3 translation factor PET122 has been analyzed in this way. Two
nuclear suppressors of petl22 mutations have been characterized as
small subunit ribosomal proteins, PETI123 and MRP1 (Haffter et al.,
1990; McMullin et al., 1990; Haffter et al.,, 1991). Petl123 and mrpl
mutations can only suppress a specific allele of petl22 (a carboxy-
terminal truncation); complete disruptions of petl22 cannot be
suppressed, indicating that the suppressors do not bypass PETI22
function. This suggests that the ribosomal proteins and PET122
interact directly. The PETI122 translation factor, therefore, appears
to mediate its affects by physically associating with the small subunit
ribosomal proteins (Haffter et al., 1991). This may be the mechanism

by which other mRNA specific translation factors act.

Several nuclear gene products exert their effects on
mitochondrial gene expression at the post-translational level. Post-
translational regulation can involve processing primary translation
products, stabilizing proteins or asscmbling proteins into a
quaternary complex. An examnle of a mutant defective in N-

terminal processing of the COX 2 protein into its mature form has



been identified by Pratje et al. (1983). A temperature sensitive
mutant, ts2858, accumulates the precursor of COX 2, carrying the 15
amino acid presequence of the protein, at the restrictive
temperature.  Surprisingly, the mutant is also defective in processing
the nuclearly encoded cytochrome b2, but is not generally defective
in removing presequences of other mitochondrial proteins coded for

by the nucleus (Pratje and Guiard, 1986).

The scol gene product is essential for assembly and stability of
the COX 1 and COX 2 subunits of cytochrome oxidase. Scol mutants
generate normal levels of mature COX 1 and COX 2 transcripts, but
are deficient in the respective proteins (Schulze and Rodel, 1988).
Krummeck and Rodel (1990) performed pulse-chase experiments
and demonstrated that COX 1 and COX 2 are translated, but rapidly
degraded in scol deletion mutants, indicative of a post-translational
defect. SCO1I1 is a mitochondrial membrane associated protein,
proposed to function in assembly of COX 1 and COX 2 into a pre-
complex, which then allows these subunits to be integrated into
holocytochrome ¢ oxidase (Schulze and Rodel, 1989). Mutants of the
cbp3 gene appear to be deficient in assembly of coenzyme QH2-
cytochrome ¢ reductase (complex 3 of the electron transport chain).
Mutants have reduced levels of cytochrome b, iron-sulfur protein
and several other core subunits, but can synthesize all of these
proteins (Wu and Tzagoloff, 1989). CBP3 is a mitochondrial
membrane protein, but has not been dctected in purified complex 3
preparations, implying it is not a structural subunit of the complex.

The protein may be involved in folding or assembly of the structural

26



subunits of the complex, or may function in post-translational
modification of one of the subunits, perhaps attaching the heme
prosthetic group to cytochome b, or the iron-sulfur centre of the

Rieske protein (Wu and Tzagoloff, 1989).

It appears that assembly of the FQ/F1 ATPase complex
requires several nuclear encoded proteins. However, as for the cbp3
mutants, it is difficult to distinguish whether mutants of these
proteins have a primary defect in assembly of the complex, or
functions required for proper folding or modification of a specific
subunit of the complex. A defect in the latter could indirectly
disrupt assembly of a complex. Nevertheless, mutants of the atpl0
gene disrupt assembly of the FQ sector of the Fg/F1 ATPase
(Ackerman and Tzagoloff, 1990a), whereas mutants of atpll and
atpl2 do not assemble the F)} sector (Ackerman and Tzagoloff,
1990b; Bowman et al.,, 1991; Ackerman et al., 1992). Neither ATPI0,
ATPI11I or ATP12 can be detected in purified preparations of the
ATPase complex, and they do not have any sequence homologies
with identified subunits of yeast, bovine or E. coli (Ackerman and
Tzagoloff, 1990 a and b); thus, they probably are not subunits of the

complex.

Neurospora crassa

In comparison to S. cerevisiae, nuclecar control of mitochondrial
gene expression in Neurospora crassa has not been well

characterized. This is primarily due to the nature of the organism.
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Neurospora is an obligate aerobe; mutations which impair essential
functions in respiration are most often lethal, whereas similar
mutants in yeast can be maintained on medium containing a
fermentable carbon source. Hence, mutations of many mitochondrial
functions in Neurospora have not been obtained. Nevertheless,
many of the nuclear genes perfoming mitochondrial functions have
been identified by initially selecting for mutants that exhibit slow
growth (Edwards et al.,, 1973; Bertrand et al.,, 1977; Pittenger and
West, 1979). Such mutants are then further examined for
deficiences in mitochondrial respiratory functions. Preliminary
analysis involves examining the cytochrome absorption spectra of
the mutants. This tests for the presence of functional cytochromes
aa3, b and c. Absence or reduced levels of one or more of these
cytochromes indicates defects in the electron transport chain (Fig. 1),

which in turn, suggests possible effects on mitochondrial gene

expression.

Only a few nuclear genes that code for components of the
mitochondrial general translation system have been isolated. These
include the cyr-21 (Kuiper et al., 1988) and mrp-3 (Kreader et al.,
1989), which encode ribosomal proteins. Genes coding for
mitochondrial leucyl-tRNA synthetase (Chow et al., 1989) and
tyrosyl-tRNA synthetase (cyt-18 gene; see below) have been
characterized.  Furthermore, the cyt-20 gene codes for both the

mitochondrial and cytosolic vai, {-tRNA synthetases (Kubelik et al,,

1991).
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The cya-5 gene reported in this study is the only nuclear gene
so far characterized in Neurospora that appears to affect the
expression of a specific mitochondrial gene (COX 1). Most nuclear
mutants affecting mitochondrial function appear to have deficiencies
in more than one of the mitochondrial cytochromes, implying that
they define genes encoding products that affect the expression of
several mitochondrial genes (Bertrand et al., 1977; Pittenger and
West, 1979). The most well studied of these mutants define three
genes (cyt-4, cyt-18 and cyt-19) that function in splicing of several
group 1 introns in Neurospora mitochondria, suggesting that they
encode general functions of intron splicing. Interestingly, CYT4 and
CYTI18 (and perhaps CYT19) also have other important functions in
the cell, as do many mitochondrial splicing factors characterized in §.
cerevisiae (see above). The CYT-4 protein appears to act as a protein
phosphatase (Turcq et al., 1992) that functions not only in intron
splicing, but 5' and 3' end processing of many mitochondrial mRNAs

and tRNAs (Garriga et al., 1984; Dobinson et al., 1989).

The cyt-18 gene product has been characterized as a
mitochondrial tyrosyl-tRNA synthetase (Akins and Lambowitz,
1987). That CYT-18 has a secondary function in group 1 intron
splicing has been confirmed by demonstrating that it is essential for
splicing in vitro (Garriga and Lambowitz, 1986; Guo et al., 1991). As
demonstrated for the CBP2 protein in ycast (see above), CYT-18 aids
in splicing by interacting with the catalytically active core region of
group 1 introns and stabilizing secondary structures required for

splicing (Cherniack et al., 1990; Guo et al., 1991; Mohr et al., 1992).
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Object of this study

This study focuses on characterization of the cya-5% nuclear
gene of Neurospora crassa, which affects the expression of the
mitochondrially encoded subunit one of cytochrome ¢ oxidase. The
cya-5 mutant was originally isolated using a procedure previously
described to select for mutants of mitochondrial respiratory
functions (Edwards et al.,, 1973; Bertrand et al, 1977). This
procedure selects for strains displaying slow growth and the inability
to reduce tetrazolium. Analysis of the cytochrome absorbance
spectra of the mutant revealed that it lacked cytochrome aa3 and
had a two-fold increase in cytochrome ¢ compared to wild-type
strains (Nargang et al., 1978). In agreement with the fact that
cytochrome aa3 could not be spectrally detected, the mutant showed
very low levels of cytochrome oxidase activity. As a consequence of
the cytochrome oxidase deficiency, cya-3 is highly dependent on the
cyanide insensitive alternate oxidase pathway of respiration (Fig. 1;
Lambowitz and Slayman, 1971). Further analysis revealed that the
cytochrome oxidase deficiency in cya-5 is specifically a result of

absence of subunit 1 of the enzyme (Nargang et al., 1978).

The cya-5+ gene has been cloned and in this study the
sequence of the gene is reported. The coding region of the gene was
confirmed by obtaining cDNA clones of the gene. Although the
complete ¢cDNA has not been obtained, sequence obtained from

genomic and partial cDNA clones suggest that the gene encodes a
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1136 amino acid protein. The protein appears to be expressed at
very low levels as suggested by codon usage analysis of the DNA
sequence, and by Northern analysis, in which the cya-5* transcript
was not detected. The defect in COX1 gene expression is at the post-
transcriptional level in cya-5, since COX1 mRNA was detected at
normal levels in Northerns of mitochondrial RNA. Therefore, the
cya-5+ gene codes for a translational or post-translational factor

affecting COX1 expression.
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Materials and Methods

N. crassa strains and culture conditions

The strains of N. crassa used in this study are described in
Table 1. The cya-5+ strain used is referred to as NCN10. The mutant
strain cya-5-34, a (NCNS5) was derived from a single ascospore isolate
of a cross between the original cya-5 mutant isolate and a wild-type
strain, 50a (Nargang et al., 1978). The cya-5, nic-1, al-2, strain
(NCN80) is derived from a single ascospore isolate of a cross between
NCN5 and NCNI10. The strain NCN45 carries the extranuclear
mutation [mi-3] (Lemire and Nargang, 1986). The NCNG69 strain is a
cyt-2-1 mutant (Drygas et al.,, 1989).

Cultures of N. crassa were grown in either liquid or solid
Vogel's medium (see Appendix) containing appropriate supplements
(Davis and de Serres, 1970). For conidia generation, cultures were
grown on Vogel's medium (see Appendix) solidified with 1.5% (w/v)
agar in 250 ml erlenmeyer flasks. The flasks were incubated at 30°C
until sufficient mycelial growth had occured on the surface of the
medium. The flasks were then placed at room temperature in the
light to allow the cultures to conidiate. For starting liquid cultures,
the conidia were harvested by suspending them in sterile distilled

water. Mycelial fragments were removed by filtering the conidial
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suspension through sterile cheesecloth, and the conidia were

innoculated to a final concentration of 0.5-1 x 106/ml.

E. coli strains and culture conditions

The E. coli strains used in this study are described in Table 2.
The strain JM83 was used to maintain recombinant clones of the
pUC19 plasmid. Strain JM103 was used to propagate M13 clones.
Strain XL1-Blue was used for amplification of a N. crassa wildtype
cDNA library, and obtaining plasmid subclones of the lambda ZAP

vector by the automatic excision protocol.

Most E. coli strains were grown in liquid or solid (1.5% agar) L-
broth medium containing the appropriate antibiotics (see Appendix).
Overnight cultures of JM103 were grown in DM salts (Davis and
Mingioli, 1950) containing 10 pM thiamine and 0.5% glucose (see
Appendix). Cultures of XL1-Blue were grown overnight in TB or LB
broth (see Appeadix) supplemented with 0.2% maltose and 10 mM
MgSO4. Before addition of lambda phage, these cells were
centrifuged in a SS-34 rotor (Sorvall) at 3000 rpm for 10 minutes
and resuspended in 10 mM MgSO4 to an 0.D.600=0.5.

For long term storage of E. coli strains, glycerol stocks were
prepared as described by Maniatis et al. (1982). Sterile 50% glycerol
was added to a final concentration of 15% to cells freshly grown to

saturation.
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Plasmid DNA vectors

Plasmids pUC19, pBS, and pBluescript were used as cloning

vectors (Table 3). The recombinant plasmids used in this study are

listed in Table 4.
E. coli transformation

E. coli transformation was performed using a procedure
described by Mandel and Higa (1970). A fresh overnight culture was
prepared in 10 ml of L-broth. A flask of 25 ml of L-broth was
inoculated with 250 pl of the overnight culture. The flask was
incubated at 37°C with vigorous shaking until the culture reached
mid-log phase (OD at 600 nm of 0.5). The cells were pelleted in a SS-
34 rotor (4000 rpm for 5 minutes at 4°0C), and the supernatant
discarded. The pellet was resuspended in 10 ml of cold, sterile 10
mM CaCl2, and centrifuged again in a SS-34 rotor (4000 rpm for 35
minutes at 49C). The cells were then resuspended in 0.5-1 ml of
cold, sterile 30mM CaCl2 and left on ice for 30 minutes. The ligation
mixture was added to the cells, which were then incubated for
another 30 minutes. The transformation mixture was heat shocked
at 42-459C for 2 minutes before adding 2 volumes of L-broth. The
cells were incubated at 37°C for 30 minutes, and 25 to 150 pul
aliquots were plated on selective media. The plates were incubated

at 370C for 16-24 hours.
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M13 transfection

Cells in preparation for M13 transfection (JM103 strain) were
treated as described in the procedure for bacterial transformation.
For each transfection, 0.1-1 pg of DNA was added to 100-250 pl of
competent cells, and incubated on ice for 30 minutes. Aliquots of 25-
150 ul of the transformation mixture were plated on L-agar plates
in soft agar (0.7%) containing 250 pl of lawn cells, 10 pul of IPTG (25
mg/ml), and 50 pl of X-gal (25 mg/ml in N,N-dimethylformamide)
for each plate. The plates were incubated. at 37°C for at least 9

hours.

Isolation of M13 single-stranded DNA

A plaque generated from the transfection procedure (see
above) was used to inoculate a 25 ml L-broth flask which had been
inoculated with 100 pl a fresh JM103 overnight culture. The culture
was grown for 8 to 12 hours at 370C with rapid shaking. The cells
were pelleted by centrifuging in a SS-34 rotor (15000 rpm for 30
minutes at 40C). The supernatant was decanted into a another tube,
and 6 ml of polyethylene glycol solution (10% PEG 8000, 2.5 M NaCl)
was added. The mixture was left on ice for 30 minutes, or at 40C
overnight. The sample was then centrifuged in a SS-34 rotor (12000
rpm for 20 minutes at 40C). The supernatant was discarded, and the
tube was left upside down to remove as much PEG as possible. The
pellet was resuspended in 650 pl of phenol extraction buffer (300
mM NaCl, 100mM Tris-Cl pH7.9, 1ImM EDTA), and 10 pl of each of
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10% SDS and protease K (2 mg/ml) were added. The reaction
mixture was incubated at 37 ©C for 30 minutes. This was followed
by two phenol extractions and one chloroform/isoamyl alcohol (1:24)
extraction. The DNA was precipitated with 95% ethanol and dried in
a dessicator. The pellet was resuspended in 50 pl of distilled water
and 1-3 microlitres was run together with a single stranded DNA
standard (DNA isolated from a blue plaque) on a 0.8% agarose gel, to

determine which isolates contained single stranded DNA inserts of

the appropriate size.
Rapid plasmid DNA Isolation

Rapid DNA isolation was performed using an alkaline lysis
procedure modified from Maniatis et al. (1982). Cells from 5 ml of E.
coli overnight culture (containing the appropriate antibiotic; see
Appendix) were collected in 1.5 ml aliquots into eppendorf tubes.
The cells were centrifuged for 1 minute, and the supernatant was
discarded. The pcllet was resuspended by vortexing in 100 pl of an
ice-cold solution consisting of 50 mM glucose, 10 mM EDTA, 25mM
Tris-Cl (pH 8.0) and 4 mg/ml lysozyme. The mixture was incubated
for 5 minutes at room temperature. A freshly prepared, ice-cold
solution of 0.2 N NaOH, 1% SDS (200 pl) was then added, and the
suspension was mixed by inverting the tube rapidly two or three
times (avoiding vortexing). The tube was incubated on ice for 5
minutes. This was followed by addition of 150 pl of an ice-cold
solution of sodium acetate (prepared by mixing 60 ml of 5M sodium
acetate, 11.5 ml of glacial acetic acid and 28.5 ml of H20). The
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mixture was vortexed gently and stored on ice for 5 minutes. The
mixture was then centrifuged for 5 minutes in an eppendorf
centrifuge at 40C. The supernatant was transferred to a new tube,
and an equal volume of phenol/chloroform (1:1) was added. The
mixture was vortexed and centrifuged for 2 minutes in an eppendorf
centrifuge. = The supernatant was transferred to a fresh tube, and
chloroform extracted. @ Two volumes of 95% ethanol at room
temperature was added to the supernatant, and the mixture was
vortexed. This was left to stand at room temperature for 2 minutes,
and was then centrifuged for 5 minutes in an eppendorf centrifuge at
room temperature. The supernatant was decanted and the tube was
allowed to dry. The pellet was washed with 1 ml of 70% ethanol and
dryed in a dessicator. The pellet was resuspended in 50 ul of
distilled water, and 2-5 pl was used in each restriction digest. To
each digest, 1pul of RNase A (2mg/ml) was added to remove
contaminating RNA. The DNA was then analyzed by electorphoresis

on agarose gels.
Large-scale plasmid DNA isolation

Plasmid DNA was isolated by a modification of a procedure
described in Maniatis et al. (1982). Two flasks, each containing 1
litre of L-broth supplemented with ampicillin (see Appendix), were
inoculated with a fresh overnight culture of cells harboring the
plasmid of interest. These cultures were incubatcd overnight at 370C
with rapid shaking. The cultures were harvested and then

centrifuged in a Sorvall GS-3 rotor (5000 rpm for 5 minutes at 4°C),



and the supernatant discarded. The cells were resuspended in 20 ml
of STE buffer (150 mM NaCl, 10 mM Tris-HCI, pH 7.8 at 4°C, ImM
EDTA), and centrifuged in a GS-3 rotor (5000 rpm for 5 minutes at
40C). The supernatant was discarded, and the pellet was
resuspended in 10 ml of 10% sucrose buffer (10% sucrose, 50 mM
Tris-HCl, pH8.0 at 4°C). The cells were then treated with 2 ml of a
freshly prepared solution of lysozyme (10 mg/ml in 0.25 M Tris-HCI,
pH 8.0 at 4°C), and 8 ml of 0.25 M EDTA, pH 8.0. The solution was
mixed well by inversion and incubated on ice for 10-30 minutes.
This was followed by the addition of 10% SDS (4 ml) and 6 ml of 5 M
NaCl. The solution was mixed gently and placed on ice for 1 hour,
mixing occasionally. The mixture was centrifuged in a SS-34 rotor
(18000 rpm for 30 minutes at 49C), and the supernatant was
decanted to a new tube. Isopropanol (0.6 volumes) was added and
the mixiure was left on ice for 10 minutes. The nucleic acids were
pelleted by centrifuging in a SS-34 rotor (12000 rpm for 10 minutes
at 49C), and the supernatant was discarded. @ Any droplets of
isopropanol were carefully wiped off and the pellets were
resuspended in a total volume of 3 ml of distilled water. The
insoluble material was pelleted by centrifugation in a SS-34 rotor
(10000 rpm for 5 minutes at 4°C), and the supernatant was decanted
to a new tube. For each ml of solution, 1g of CsCl was added and
mixed until it completely dissolved. Ethidium bromide (600 ul of 10
mg/ml solution) was added, and the solution was left in the dark at
room temperature for 15 minutes. This was followed by a 15 minute
centrifugation in a SS-34 rotor (15000 rpm at 4°C). The supernatant

was transferred to VTi65 quick-seal tubes (Beckman) and the
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plasmid DNA wa: -anded by equilibrium-density centrifugation in a
VTi6S rotor (Beckman) at 54000 rpm for at least 6 hours at 20°C.
The plasmid DNA was collected (corresponding to the lower ethidium
bromide stained band), and transferred to new quick-seal tubes. The
tubes were filled with CsCl (from a 1 g/ml solution) and a few drops
of ethidium bromide (10 mg/ml) from a Pasteur pipette. The
plasmid DNA was banded a second time in a VTi65 rotor (54000 rpm
for 6 hours at 209C). The DNA was collected and extracted 4 to 5
times with salt-saturated isopropanol to remove ethidium bromide,
and dialyzed against TE buffer (10 mM Tris-Cl pH 7.8, ImM EDTA) to
remove CsCl. The sample was then treated with 20 pl of RNase A
(10 mg/ml) and 20 pul of Protease K (3 mg/ml), and incubated at
379C for 30 minutes. The mixture was phenol extracted twice and
chloroform extracted once. This was followed by the addition of 1/2
volume of 7.5 M ammonium acetate (pH7.5) and 3 volumes of 95%
ethanol. The DNA was u.lowed to precipitate at -200C for at least 30
minutes, and was pelleted by centrifugation in a microcentrifuge for
15 minutes. The pellet was dried in a dessicator, and was
resuspended in 500 pl to 1 ml of distilled water. The concentration
of DNA was determined in a spectrophotometer (an O.D. of 1 at 260
nm = 50 pg/ml of DNA), and approximately 0.5 pg was digested
with an appropriate restriction enzyme and electrophoresed on an

agarose gel.



Neurospora transformation

Transformation of N. crassa sphaeroplasts was performed
using the procedure of Schweizer et al. (1981) with modifications
described by Akins and Lambowitz (1985). For sphaeroplast
formation, fresh cya-5 conidia (less than 2 weeks old) were
harvested, and 2.5-7.5 x 109 conidia were germinated at 300C with
gentle shaking (200 rpm) in ecach of three flasks containing 1 litre of
0.5x Vogel's (see Appendix). Germination of conidia was monitored
by periodically examining 30 pl aliquots under a microscope, and
determining the number of germinating conidia as a percentage of
the total number of conidia in the field of vision. Incubation was
continued until at least 80% germination was reached (about 6
hours), after which the conidia were harvested by centrifugation in a
Sorvall GS-3 rotor at 5000 rpm for 10 minutes at 40C. The conidia
were then washed once with sterile water and twice with sterile 1M
sorbitol. The final pellet was resuspended in 9 ml of 1M sorbitol, and
the concentration of conidia was determined and adjusted to
approximately 4 x 108/ml. The suspension was transferred to a 250
ml Erlenmeyer flask and lysing enzyme (Sigma) was added to a final
concentration of 3.5 mg/ml. The solution was incubated at 300C with
gentle agitation (100 rpm) for approximately 1 hour (time required
for a >90% level of sphaeroplasting to be reached). The sphaeroplasts
were spun down in a clinical centrifuge at the lowest speed for 10

minutes, and washed twice with sterile 1M sorbitol and once with
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sterile MCS buffer (10mM MOPS pH 6.3, 50mM calcium chloride, 1M

sorbitol). The supernatant after each centrifugation was removed by
gentle suction. The final pellet was resuspended in 8 ml of MCS, and
the concentration of the suspension was determined and adjusted to
3 x 108/ml. For each ml of sphaeroplast solution, 13 pl of
dimethylsulfoxide, 65 pl of 5 mg/ml Heparin and 275 pl of PMC
(40% (w/v) PEG-4000, 10 mM MOPS pH 6.3, 50 mM calcium chloride)
were added and gently mixed. Aliquots of 0.05 to 1 ml sphaeroplasts
were stored at -700C. Viability of the sphaeroplasts was tested by
thawing an aliquot of the sphaeroplasts and plating a series of
dilutions (100 pul of 10-3 - 106 dilutions) in top agar (see
Appendix) onto Vogel's viability plates (see Appendix). Once thawed,

the sphaeroplasts were never refrozen for subsequent use.

For each transformation, 0.5 pg of DNA was added to 100 pl of
sphaeroplasts (a ratio of 5 x 109 viable sphaeroplasts/ug of DNA).
Prior to addition, the volume of the DNA samples was adjusted with
water to equal 60% of the volume of the sphaeroplasts. The mixture
was incubated on ice for 30 minutes, after which time PMC was
added to 10 times the volume of the sphaeroplasts and DNA. This
mixture was left at room temperature for 20 minutes. The
transformation mixture was then added to benomyl containing top
agar (10 ml/plate; see Appendix), and plated onto benomyl
containing transformation plates (see Appendix). The plates were
incubated at 300C, and fast growing colonics (rescued transformants)

were visible after 48 hours. A background of non-rescued, benomyl



resistant transformants was visible after approximately 72 hours.

All operations were performed under sterile conditions.

Isolation of N. crassa total RNA

Total RNA was extracted by a modification of the procedure of
Chirgwin et al. (1979). All glassware used for RNA isolation was
baked at 180°C for at least 4 hours to inactivate RNases. For the
same purpose, solutions were treated with 0.1%
diethylpyrocarbonate (DEPC) over night and autoclaved. The
presence of Tris inactivates DEPC. Therefore, solutions containing
Tris were prepared in water that had been pretreated with DEPC.
The final solutions were then autoclaved. Conidia from mutant and
wild-type strains for RNA isolation were inoculated to a
concentration of approximately Ix 106/ml in Vogel's medium (see
Appendix) containing 2% sucrose and 0.2% Tween 80. The cultures
were grown at 30°C, and mycelia from wild-type and mutant
cultures were harvested by filtration after 16 hours and 30 hours,
respectively. The mycelia were immediately frozen in liquid
nitrogen, and ground to a powder in a mortar with acid washed, heat
sterilized sand (1.5 g per 1 g of mycelium) and 7-10 volumes of
guanidine solution (see Appendix). The suspension was centrifuged
in a SS-34 rotor at 9000 rpm for 20 minutes at 4°C. The supernatant
was saved and added to Ti 50 tubes, each containing 5 ml of CsCl
solution (5.7 M CsCl, 0.1 M EDTA). The supernatant was gently
layered onto the CsCl solution using a Pasteur pipette. The samples

were centrifuged overnight in a Ti 50 3236 rotor at 44000 rpm at
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200C. The supernatant was decanted, and the RNA pellets were
washed 3 times with water. The pellets were resuspended in a total
volume of 3 to 4 ml of buffer containing 0.1% SDS and 25 mM EDTA
for at least 5 hours. The solution was then phenol extracted once and
chloroform extracted once. A solution of 10 M ammonium acetate
was added to a final concentration of 2.5 M, along with 2 volumes of
95% ethanol. The RNA was left to precipitate at -200C overnight.
The sample was then centrifuged in a clinical centrifuge (maximum
speed, lhour) to collect the pellet. The pellet was washed once with
70% ethanol and dryed under vacuum. The RNA was resuspended in

distilled water and stored at -70°C.

Poly A RNA isolation

Poly A RNA was purified from total RNA by a modified batch
isolation procedure using oligo-dT cellulose. Glassware and solutions
used for poly A RNA isolation were treated to remove RNases as
described for the total RNA isolation (see above). The oligo-dT
cellulose (0.25 g) was initially treated with approximately 10 ml of
0.1 M NaOH in a disposable, sterile falcon tube. The suspension was
inverted gently over a 5 minute period, and then allowed to settle
with no agitation for another 5 minutes. The oligo-dT cellulose was
gently spun down in a clinical centrifuge for 2 minutes, and the
supernatant decanted.  The cellulose was similarily trcated with
water once and poly A loading buffer (see Appendix) twice. Total
RNA (2.5 mg) was heated at 65°C for 10 minutes and set on ice. An
equal volume of 2X poly A loading buffer was added to the total RNA
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sample to make the final concentration equal that of the 1X loading
buffer. The RNA was added to oligo-dT cellulose, which was
resuspended in 10 ml of fresh poly A loading buffer, and the mixture
was gently inverted over a period of 30 minutes. It was allowed to
settle for 5 minutes, and was then gently spun down in a clinical
centrifuge for 2 minutes. The poly A loading buffer was decanted.
The oligo-dT cellulose was similarily treated with middle wash
buffer twice (see Appendix), except mixing was continued for only
10 minutes. Bound poly A RNA was eluted by adding 1 ml of
distilled water and 1 ml of elution buffer (see Appendix), mixing
gently (no inversion), and setting still for 10 minutes. The mixture
was gently spun down for 2 minutes in a clinical centrifuge, and the
supernatant was transferred to a glass Corex tube. A solution of 10
M ammonium acetate was added to a concentration of 3 M, along
with 3 volumes of 95% ethanol, and the poly A RNA was allowed to
precipitate at -200C overnight. The next day, the precipitate was
collected by centrifugation in a microfuge at 10 000 rpm for 1 hour
at 40C. The pellet was washed with 70% ethanol, and dryed under

vacuum. The RNA was resuspended in distilled water, and stored at

-70°0C.
RNA electrophoresis and Northern transfer

The preparation of formaldehyde gels and RNA samples for
electrophoresis was carried out as described by Maniatis et al. (1982)
with minor modifications. The gels were prepared by melting 2 g of

agarose (final concentration of 1%) in 144.3 ml of sterile, DEPC
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treated water by boiling. This was cooled to 60°C, and 35.7 ml of
37% (12.3 M) formaldehyde (final concentration of 2.2 M) and 20 ml
of 10X MOPS buffer (0.2 M MOPS, 50 mM sodium acetate, 10 mM
EDTA pH 7.0) were added and mixed well. The gel was poured into a
gel tray and allowed to cool and solidify for at least 1 hour before
loading. RNA samples were prepared by mixing 4.5 pl of RNA (up to
20 pg), 1 pl of 10X MOPS buffer, 3.5 pl of 37% formaldehyde and
10 pl of deionized formamide, and incubating at 65°0C for 15
minutes. The samples were chilled on ice and briefly centrifuged.
This was followed by the addition of 1 pl of ethidium bromide (10
mg/ml) and 2 pl of formaldehyde gel loading buffer (50% glycerol,
ImM EDTA pH 8.0, 0.25% bromophenol blue, 0.25% xylene cyanol,
FF). The samples were then immediately loaded onto the gel.
Samples were electrophoresed at 25 V in 1X MOPS buffer for

approximately 18 hours (bromophenol blue migrates ~10 cm into the

gel).

Northern blotting was carried out as described by Fourney et
al. (1988). The gel was photographed and then soaked for two 20-
minute periods in 10X SSC at room temperature with gentle shaking.
A Biotrans nylon membrane (ICN Biochemicals, Inc.) was immersed
in distilled water for 5 minutes followed by a 5-minute soak in 10X
SSC, before setting up the transfer. Prior to transfer, the nylon
membrane, 6 sheets of Whatman 3 MM paper and a stack of paper
towels were carefully cut to the same size as the gel. The transfer
was set up as follows: a sponge (of approximately the same size as

the gel) was placed in a glass dish, and was overlayed with 3 sheets



of Whatman 3 MM paper. The gel was layed on top of the Whatman
paper, and the nylon membrane was then carefully placed on the gel,
making certain that there were no air bubbles between the gel and
the membrane. This was followed by another 3 pieces of Whatman 3
MM paper, and then an approximately 10 cm stack of paper towels.
A 1 kg weight was then placed on top of the whole apparatus.
Transfer was allowed to take place for at least 17 hours. After
approximately 3 hours of transfer, soaked paper towels were
replaced with dry ones. This was repeated approximately 12 hours
later. Upon completion of transfer, the apparatus was disassembled,
and the membrane was allowed to air dry. The membrane was then

baked at 80°C for 1 1/2 hours, after which it was ready for

hybridization.

Southern transfer and plaque lifts

Southern transfers were performed by a modification of the
procedure described by Southern (1979). After restriction fragments
or PCR products were electrophoresed on a 0.8% agarose gel, the gel
was submerged in denaturing solution (1.5 M NaCl, 0.5 M NaOH) with
gentle shaking for 30 minutes. The gel was then placed in
neutralizing solution (3 M sodium acetate, pH 5.5) and gently
agitated for another 30 minutes. It was now ready for transfer. The
gel was placed on saran wrap and a piece of Biotrans nylon
membrane (ICN Biochemicals, Inc.) was placed on top of the gel. This

was followed by 3 pieces of Whatman 3 MM paper and then a stack
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of paper towels. Finally, a 1 kg weight was placed on top of the
paper towels. The membrane, Whatman paper and paper towels
were carefully cut to the same size as the gel prior to setting up
transfer. This was allowed to stand at least 4 hours to allow transfer
of DNA from the gel onto the membrane. The apparatus was then
disassembled and the membrane was air-dried and baked at 800C

for 2 hours.

Plaque lifts were carried out as described in protocols for
Biotrans nylon membranes (ICN Biomedicals, Inc.). A nylon
membrane was carefully placed on the agar surface and marked with
a sterile needle for later orientation of plaques with signals obtained
from autoradiograms. After 1 minute, the membrane was removed
and placed for 3 minutes, plaque side up, on Whatman 3 MM paper
soaked with 10% SDS. The membrane was then placed on Whatman
paper soaked with denaturing solution (1.5 M NaCl, 0.5 M NaOH) for
5 minutes, followed by neutralizing solution (3M sodium acetate pH
5.5) for another 5 minutes. The membrane was then air-dried for 30
minutes and baked at 800C for 1 hour. Membranes were washed
with a solution containing 50 mM Tris-Cl, pH 8.0, IM NaCl, ImM
EDTA, 0.1% SDS at 42°C for 1 hour to remove any media or bacterial

debris before hybridization.

Northern and Southern hybridizations

Hybridizations of filters from Northerns, Southerns and plaque

lifts were performed as described in the protocols for Biotrans nylon
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membranes (ICN Biomedicals, Inc.). The same solution was used for
pre-hybridization and hybridization reactions. It consisted of 5X
Denhardt's (see Appendix), 5X SSC (see Appendix), 50mM sodium
phosphate pH 6.5, 0.1% SDS, 250 pg/ml of nonhomologous DNA and

50% deionized formamide. Pre-hybridization reactions were done in

sealed bags in a water bath set at ¢ at least 1 hour. For
hybridization reactions, denatured pro- Radiolabelling DNA)
was added to the hybridization .cagii. oior to incubation with

filters. The reaction was allowed to procezd for 16 to 24 hours at
420C. After the hybridization reaction was completed, membranes
were washed 4 times in 2X SSC, 0.1% SDS at room temperature with
shaking, and twice in 0.1X SSC, 0.1% SDS at 50-65°C (depending on
the stringency required) for 15 to 30 minutes. Following the wash,

the membranes were subjected to autoradiography.

To remove a probe for subsequent re-hybridization
experiments, Northern filters were boiled in 0.1X SSC, 0.1% SDS for
30 minutes. Southern and plaque lift filters were treated with 0.2 N
NaOH at 65°C for 15 minutes, followed by a rinse with 0.2 M Tris-Cl
(pH 7.5), 0.1% SDS, 0.1X SSC at 65°C for 15 minutes.

Radiolabelling of DNA

Restriction fragment probes for hybridizations were made
using the method described by Feinberg and Vogelstein (1983;
1984). Labelling was performed using random oligonucleotide

primers. The reagents for the reaction were either provided by a kit
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obtained from Pharmacia (Oligolabelling Kit) or obtained individually
(see Appendix for description of oligolabelling buffer). DNA (50 to
100 ng in 34 microlitres) for labelling was denatured by boiling for
2-5 minutes and quickly cooled on ice. Then 10 pl of oligolabelling
buffer (supplied by a kit or made as described in Appendix), and 5
pl (50 pCi) of [alpha-32P]dCTP (3000 Ci/mmol) was added to the
denatured DNA, followed by 6 units (1 pl) of Klenow fragment of E.
coli DNA polymerase I. The reaction was allowed to proceed at 370C
for 45 minutes to overnight. Labeled DNA was purified from
unincorporated nucleotides by spin-column chromatography as
described by Maniatis et al. (1982), using Sephadex G-50. To
determine the degree of incorporation of the radioactivity into
labelled DNA, 1 pl samples of the probe (before passing through a
Sephadex G-50 column) were spotted onto two DE81 ion exchange
Whatman filter papers. One of the papers was washed with 10 ml of
0.3 M ammonium formate solution, which removes unincorporated
nucleotides. The filters were placed in vials containing scintillation
fluid (Amersham), and were counted in a Beckman LS7500 liquid
scintillation counter. The number of counts in the washed and
unwashed filters was compared, and the difference reflected the
efficiency of incorporation of nucleotides during the labelling
reaction. The amount of probe to be used in the hybridization
reaction and its specific activity could then be calculated. Before
adding the probe to hybridization solution, it was denatured by

boiling for 5 minutes, and then quickly cooled on ice.



DNA sequencing

The dideoxy chain termination method (Sanger et al.,, 1977)
was used in determining the DNA sequence. Sequence was obtained
either directly from double stranded DNA template, or the DNA to be
sequenced was cloned into the M13 phage vectors mpl8 and mpl9
(Yanisch-Perron et al., 1985) for the generation of single stranded
template DNA. Reagents and protocols were obtained from a
Sequenase® Version 2.0 kit (United States Biochemical). In
sequencing single stranded DNA, 1 pl (10-30 ng of a 17-mer) primer
was mixed with 2 pl of 5X reaction buffer (200 mM Tris-HC]1 pH 7.5,
100 mM MgCl2, 250 mM NaCl) and 7 pl of template DNA (1-2 pg) in
an eppendorf tube. The tube was heated at 65°0C for 2 minutes, and
allowed to cool slowly to room temperature over a period of about
30-45 minutes. To the annealed template and primer, the following
was added: 1l of 0.1 M dithiothreitol, 2ul of labelling mix (7.5 uM
dGTP, 7.5 pM dCTP, 7.5 pM dTTP) that had been diluted 4-fold in
water, 0.5 pl (5 pCi) of [alpha-35S]JdATP and 2 ul of the enzyme
Sequenase® Version 2.0 which had been diluted 1:8 in enzyme
dilution buffer (10 mM Tris-HC1 pH 7.5, 5 mM dithiothreitol, 0.5
mg/ml BSA). The labelling reaction was incubated for 2-5 minutes at
room temperature. During this time, 2.5 pl of each of the ddATP,
ddCTP, ddGTP and ddTTP termination mixes (sce Appendix) were
added to 4 eppendorf tubes labelled A, C, G and T, respectively, and
were pre-warmed at 370C for 2 minutes. When the labelling
reaction was complete, 3.5 pl of this reaction was transferred to each

of the 4 tubes labelled A, C, G and T. The contents of the tubes were
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mixed thoroughly and incubated in a temp-bloc at 37°C for §
minutes. Finally, the reactions were terminated by adding 4 pl of
stop solution (95% formamide, 20 mM EDTA, 0.05% Bromophenol
Blue, 0.05% Xylene Cyanol FF) to each tube with mixing. When
regions of compression in the DNA sequence were encountered,
labelling and termination mixes containing dITP in place of dGTP
were used to sequence the region. The samples were either loaded
on a gel immediately (see below) or stored at -200C for future

loading.

When sequencing double stranded template, isolated DNA (see
Rapid Plasmid DNA Isolation) was first PEG precipitated to remove
any remaining RNA from the preparation after RNase treatment. The
DNA preparation was treated with an equal volume of 13% PEG-8000
and 1/4 volume of 4 M NaCl and incubated on ice for 30 minutes. It
was then centrifuged in a microcentrifuge for 10 minutes at 4°C, and
the supernatant carefully decanted. The pellet was washed with 70%
ethanol and dried in a dessicator. The DNA was now ready to
sequence. The DNA (3-5 pg) was denatured in 0.2 M NaOH, 0.2 mM
EDTA for 30 minutes at 37°C. The mixture was neutralized by
adding 0.1 volumes of 2 M ammonium acetate (pH 4.8), and the DNA
was precipitated with 3 volumes of 95% ethanol at -70°C for 15
minutes. The DNA was pelleted in a microcentrifuge (10 n:iinutes,
40C), and washed with 70% ethanol. The pellet was dricd and
resuspended in 7 pl of distilled water. The annealing, labclling and
terminatiocn reactions were carried out as described for sequencing

single stranded DNA. An alternate and more efficient procedure for
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sequencing double stranded DNA with the Sequenase kit (described
by Hsiao, 1991) was also used. In this procedure, 1 ul (10-20 ng of
a 17mer) of sequencing primer is added directly to 5 pl (1-2 pg) of
non-denatured template. This is followed by the addition of 1 ul of
IN NaOH with mixing. The solution is incubated at 37°C for 10
minutes, and 1 pl of IN HCI is added to neutralize the mixture. Then
5X reaction buffer (2 pl) is added, and the annealing reaction is
incubated at 37°C for 5 minutes. The remaining steps in the

procedure are identical to those described above.

The sequencing reactions were loaded onto 6% (w/v)
polyacrylamide denaturing gels (see Appendix). Prior to loading, the
reactions were boiled in water for 3 to 5 minutes to denature the
sincte stranded DNA products. Electrophoresis was performed at 25-
30 watts (constant power) for short gels (40 cm x 20 cm x 0.3 mm)
and 50-55 watts for long gels (80 cm x 20 cin x 0.3 mm), in 0.1 M
Tris-borate pH 8.3, 2 mM EDTA. After electrophoresis, sequencing
gels were dried at 80°C in a Slab Dryer (BioRad) Model 433, and
autoradiographed at room temperature for at least 16 hours. The

film used for autoradiography was either Kodak XAR-5 or Fuji RX

film.

Isclation of cya-5t ¢DNA from a lambda ZAP library

Two wild-type N. crassa cDNA libraries constructed in the

lambda ZAP/EcoRI vector (Stratagene) were generously provided by



Dr. Matthew Sachs (Stanford, California). One library was constructed
from poly A RNA isolated from mycelial culture, while the second
library was constructed from poly A RNA isolated from a culture of
germinating com*dia. The procedure used to isolate cya-5 + cDNA
clongs froin the libraries was described ir a2 manual provided by
Stratagene. Approximately 300 000 pkage from each library were
screencd. This was performed by diluting the phage stock from each
library (2 % 1010 pfu/ml} 10-5 in SM buffer (see Appendix) and
plating approximarcly 50 000 phage onto each of 12 large (150 mm x
15 mm) LB plates (see Appendix) that were one day old. The plates
were incubated at 379C for 8 to 10 hours until plaques just appeared
(to avoid the plaques becoming confluent). They were then left at
40C for at least 2 hours, before transferring the plaques onto Biotrans
(ICN Biomedicals, Inc.) nylon membranes. Plaque lifts were
performed as described on page 47. Filters were hybridized to a ~6.4
kb SphI-Xmal probe containing the cya-5 + gene. The density of
plaques in the first round of plating did not allow purification of a
single plaque corresponding to a positive signal from the
hybridization reaction.  Therefore, the area of the iritial plates
corresponding to a signal were further purified and rescreened until
single well isolated plaques correlated with a hybridization signal.
This required 3 rounds of plating. Plaques were picked with a sterile
scalpel and suspended in 0.5 ml of SM buffer containing chloroform.
The suspension was vortexed and left overnight at 40C. Each phage
stock was titered and the cloned inserts carried on the phagemid
pBluescript SK {Mls-) were removed from lambda ZAP phage by the

in vivo excision process (Fig. 2). This process allows one to obtain
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cDNA inserts that are already subcloned into a phagemid vector, and
is carried out as follows. The recombinant lambda ZAP genome
consists of the pBl" script vector carried within lambda arms. The
cDNAs are, in turn, carried within the cloning sie of the pBluescript
sequences. The pBluescript and cDNA insert sequences are flanked
by sequences that can serve as the sites of initiation and termination
for bacteriophage fl replication (Fig. 2). An E. coli strain (XL1 Blue)
is simultaneously infected with the lambda ZAP recombinant phage
and a fl (or M13) helper bacteriophage. The helper phage produces
proteins that recognize the fl phage initiation and termination
signals within the lambda vector and ~eplicate one strand of the DNA
between these sequences. The resulting single stranded DNA
molecule, which includes sequences of the pBluescript phagemid and
the ¢cDNA insert, is circularized by another protein (gene II product)
produced hy the helper phage. The circularized DNA is packaged by
f1 (or M13) coat proteins and released from E. coli. E. caii cells
infected by packaged phagemids can convert the single stranded

DNA to double stranded DNA and maintain it as a plasmid.

For each lambda ZAP phage stock (>105 pfu/ml) generated
from a piaque that positively hybridized, 200 pl was mixed with 1
pl of helper phage R408 (1 x 1912 pfu/ml) and added to 200 ul of
XL1-Blue cells (0.D.600=1.0) in a sterile tube. The twbe was
incubated at 37°C for 15 minutes and 5 ml of 2X YT medium (see
Appendix) was added. The mixture was incubated at 370C for 3
hours with shaking. The samples were then heated at 70°C for 20

minutes to kill the E. coli host cells, and centrifuged in a clinical
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centrifuge for 10 minutes. The supernatant, containing single
stranded pBluescript phagemids packaged in fl phage particles, was
transferred to a fresh sterile tube. To produce double stranded
plasmid 200 ul of the phage stock was added to 200 upl of an
overnight culture of XL1-Blue cells in a small plastic tube. The tube
was incubated at 37°9C for 15 minutes, and 1 to 100 pl aliquots were
plated onto LB plates containing ampicillin (see Appendix). The
plates were incubated overnight at 370C. Resulting colonies were
used to innoculate S ml LB tubes containing ampicillin, and the tubes
were incubated overnight at 37°C with shaking. The recombinant
plasmids (consisting of cya-5+ cDNA inserts in pBluescript) were
isolated from the cultures by a rapid plasmid DNA isolation
procedure (page 36), and characterized by digestion with various

sestriction enzymes followed by gel electrophoresis.

Cloning of cya-5+ ¢DNA by the RACE procedure

In an attempt to clone the 5' end of the cya-5+ cDNA, the RACE
(Rapid A mplification of ¢DNA Ends; Frohman et al., 1988) protocol
was followed with minor modifications. The first strand synthesis of
cDNA was carried out as follows. Initially, 20 pmol (1 pl) of 5° RT
primer (Fig. 11) was added to 1 pg (3 pul) of poly A RNA isolated
from wild-type strain NCN10 in a sterile eppendorf tube.  Sterile,
distilled water was then added to a final volume of 8 pl, and the
mixture was heated at 70°C for 10 minutes. The mixture was chilled
on ice for 1 minute, and centrifuged briefly. This was followed by

the addition of 1 pl of 1 U/ul RNase Block II (an RNase inhibitor;
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Stratagene), 4 pl of SX first strand reaction buffer (250 mM Tris-HCI,
pH 8.3, 375 mM KCl, 15 mM MgCl2), 2 ul of 0.1 M dithiothreitol, 1 pl
of a mix consisting of each dNTP at a concentration of 10mM, and 30
pCi (3 pl) of [alpha-32P]dCTP. The mixture was incubated at 370C
for 2 minutes to equilibrate the temperature, and 200 units (1 pl) of
MMLYV reverse transcriptase was added. The reaction mixture was

incubated at 379C for 1 hour.

Excess 5' RT primer was removed from the reaction mixture by
spin column chromatography through a Sephadex G-50 column
(Maniatis et al., 1982). The single stranded DNA and RNA collected
from the column was adjusted to a volume of 50 pl with sterile,
distilled water, and precipitated with one-tenth volume of 3 M
sodium acetate (pH 7.5) and 3 volumes of 95% ethanol. The DNA and
RNA pellet was resuspended in 22 pl of sterile, distilled water. For
tailing of the 3' end ~f the first strand cDNA, 1 pul of 6 mM dATP, 6
pl of 5X tailing buffer (Bethesda Research Laboratories) and 10 units
(1 ul) of Terminal deoxynucleotidyl transferase (Bethesda Research
Laboratories) were added to the mixture. The reaction was allowed
to proceed at 370C for 10 minutes and was then terminated by
incubating at 65°C for 15 minutes. The mixture was diluted to 500

ul in TE buffer, 5 pl of which was used in PCR.

The reaction mixture of the first round of amplification by PCR
consisted of the cDNA pool (5 ut), 10 pmot (i pl) of (dT)17-adaptor
primer, 25 pmo! (I pl) of the adaptor primer, and 25 pmol (1 ul) of

the 5' RT primer used for reverse transcription (Fig. 11). To this



mixture 5 ul of 10X Vent DNA polymerase buffer (1X buffer is 10
mM KCl, 10 mM ammonium sulfate, 20 mM Tris-HCI pH 8.8, 2 mM
MgS04, 0.1% Triton X-100), 2.5 pul of 2 mg/ml of BSA, 7.5 ul of 10
mM dNTP mix (final concentration of each dNTP being 1.5 mM; see
Appendix), 3.4 pul of 100 mM MgSO4 (final concentration of 6.8 mM)
and 1 pl of Vent DNA polymerase (New England Biolabs) were added
and thoroughly mixed. The reaction was overlaid with mineral oil
and 30 cycles of PCR were carried out in a Robocycler 40
temperature cycler (Stratagene) as follows. The first cycie of PCR
consisted of denaturation at 94°C for 5 minutes, annealing at 450C
for 2 minutes and primer extension at 72°9C for 5 minutes. The
subsequent 29 cycles consisted of: 93°C, 1 minute; 45°C, 2 minutes;
720C, 2 minutes. A second round of PCR was then carried out with 1
pl of the first round product. Reaction conditions in iie second
round of amplification differed in that the (dT)l17-adapior primer
was omitted, and 25 pmol of 5' amp primer (Fig. 11) was used in lieu
of the 5' RT primer used in the first round. The adaptor primer (25
pmol) was used as in the firsi round of amplification. All other
reaction constituents were also identical to the first round of PCR.
The first cycle of PCR consisted of: 949C, 5 minutes; 620C, 2 minutes;
720C, 2 minutes. This was followed by 29 cycles of: 94CC, 1 minute;
62°C, 2 minutes; 72°0C, 2 minutes. A fraction of the first and second
round PCR products were then characterized by agarose gel

electrophoresis and southern analysis.
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Restriction analysis and agarose gel electrophoresis of DNA

Restriction endonucleases and the appropriate buffers were
purchased from Bethesda Research Laboratories (BRL), Inc., New
England BioLabs, Inc., or Boehringer Mannheim. Reactions consisted
of the DNA, the appropriate amount of buffer (purchased in 5X or
10X concentrations), distilled water and 10 to 20 units of enzyme.

Reactions were carried out at 379C for 1 to 2 hours.

Restriction fragments were electrophoresed on 0.8% (w/v)
agarose gels in 0.1 M Tris-borate pH 8.3, 2 mM EDTA, containing
ethidium bromide (0.5 pg/ml). DNA samples were made to
approximately 5% (v/v) glycerol before loading on a gel.

Electrophoresis was carried out at a constant voltage of 25 to 100

volts.
Purification of DNA from agarose gels

Fragments of DNA were purified fromn gels using a Geneclean
kit provided by BIO 101 Inc. Agarose slices containing the DNA of
interest were weighed, cut into small pieces, and placed in an
eppendorf tube. Approximately 2.5 to 3 volumes of 6 M sodium
jodide was added to the agarose, and the tube was incubated at 45°C
to 550C for 5 minutes to melt the agarose. This was followed by the
addition of 5 Ml of Glassmilk (a suspension of silica matrix in water),
which binds DNA. The tube was mixed thoroughly and incubated on

ice for at least 10 minutes, mixing the contents of the tube every 2
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minutes to ensure that the Glassmilk stays suspended. The DNA
bound silica matrix was pelleted in a microcentrifuge for S5 seconds.
The pellet was washed 3 times with NEW solution (containing NaCl,
ethanol and water and provided in the Geneclean kit) by alternately
resuspending and pelleting the Glassmilk. The DNA was then eluted
from the Glassmitk by resuspending in 10 pl of distilled water and
incubating at 459C to 550C for 2-3 minutes. The tube was
centrifuged for 30 seconds, and the DNA-containing supernatant was
transferred to a new tube. Any remaining DNA still bound to the
Glassmilk was eluted with another 10 pl of water by repeating the
above. The eluates were combined, and a small amount of the
purified DNA was electrophoresed on an agarose gel to estimate the

yield.

Mitochondrial RNA isolation

Mitochondria were isolated from sucrose gradients by the
method of Lambowitz (1979). All steps were carried out at 40C.
Mycelia from 2 litre cultures of NCN5 and NCNI1OQ strains (grown for
30 hours and 16 hours, respectively) were harvested by filteration.
The mycelia were ground in a mortar in a solution of 15% sucrose, 10
mM Tris-Cl (pH 7.5), 0.2 mM EDTA and centrifuged in a Sorvall GSA
rotor (2500 rpm, 10 minutes) to pellet nuclei and cell debris. The
supernatant was centrifuged again in a GSA rotor (10 000 rpm, 30
minutes) to pellet mitochondria. The pellet was resuspended in 5-10
ml of 20% sucrose, 10 mM Tris-Cl (pH 7.5), 0.1 mM EDTA and the

mitochondria were pelleted at 10 000 rpm for 30 minutes. The



supernatant was decanted, taking care to remove excess 20% sucrose,
and the pellet was carefully resuspended in 5 ml of 60% sucrose, 10
mM Tris-Cl (pH 7.5), 0.1 mM EDTA. A step gradient was then set up
in SW 41 tubes. The mitochondrial suspension was transferred to
SW 41 tubes (no more than 0.5 ml of mitochondrial suspension per
tube), and was then carefully overlaid with 4 ml of 55% sucrose
solution (55% sucrose, 10mM Tris-Cl (pH 7.5), 0.1 mM EDTA) followed
by 3ml of 44% sucrose solution (44% sucrose, 10 mM Tris-Cl (pH 7.5),
0.1 mM EDTA). The tubes were centrifuged in a SW 41 rotor at 40
000 rpm for 90 minutes. The mitochondria form a tight band at the
interface of the 44% and 55% sucrose layers. The mitochondria were

removed with a Pasteur pipette into a sterile tube.

Mitochond-ial RNA was isolated from purified mitochondria by
a method described by Breitenberger et al. (1985). Mitochondria
obtained from a sucrose gradient were resuspended in 2 ml of 10
mM Tris-HCI (pH 7.6), 10 mM CaCl2, 100 mM NaCl, 1 mM EDTA and
1% SDS. Then DEPC (0.005%) was added to inhibit ribonucleases. The
mixture was extracted with 2 ml of phenol, followed by 2 ml of
chloroform. The RNA was then precipitated by the addition of
ammonium acetate to a final concentration of 2.5 M, followed by the
addition of 3 volumes of 95% ethanol. The RNA was allowed to
precipitate overnight at -209C, and was then centrifuged in an SS34
rotor at 10 000 rpm for 1 hour. The RNA was redissolved in 50 pl of
TE buffer, and treated to remove contaminating .’NA as follows. A

mixture containing (per sample) 10 pl of 100 mM MgCl2/10mM
dithiothreitol solution, 0.4 pl of 10 U/ul RNase-free DNase, 0.2 ul of
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1U/ul RNase Block II (Stratagene; an RNase inhibitor), and 39.4 ul of
TE buffer was prepared, and S0pl of this mixture was added to each
RNA sample. The reaction was incubated at 370C for 15 minutes.
The reaction was stopped by adding 25 pul of DNase stop mix (50 mM
EDTA, 1.5 M sodium acetate, 1% SDS) to each sample. Each sample
was then extracted once with phenol/chloroform/isoamyl alcohol
(24:24:1) and once with chloroform/isoamyl alcohol (24:1). The RNA
was then precipitated by adding 325 pl 95% ethanol and incubating
for 30 minutes to overnight at -20°C. The RNA was pelleted by
centrifugation (15 minutes, 4°C), and washed with 70% ethanol. The
pellet was dried and resuspended in 100 pl of water. The RNA was
electrophoresed on formaldehyde-containing 1% agarose gels for

Northern analysis.
Labelling of mitochondrial translation products

Mitochondrial translation products were iabelled and isolated
by the procedure of Bertrand and Wemner (1977). Cultures of NCNS,
NCN10 and NCN80 were incubated at 30°C in 500 ml of liquid Vogel's
medium (see Appendix), which had been innoculated with 1 X 109
conidia from each strain. The NCN5 and NCN8O cultures were grown
for 35 hours and the NCN10 culture was grown for 16 hours, which
was the approximate time for the cultures to reach log phase. To 100
ml of each exponentially growing culture, 10 mg of cycloheximide
(final concentration of 0.1 mg/ii: . was added and mixed for 2.5
minutes before the addition of 1 mCi of L-[4,5-3H]leucinc. Fach

culture was then incubated for 1 hour at 30°C with shaking to allow
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incorporation of the label into mitochondrial translation products.
The cultures were harvested by vacuum filtration in a Buchner
funnel, washed with ice cold distilled water, and frozen immediately
with liquid nitrogen. All subsequent steps were performed at 40C.
Grinding buffer (500 ul of 15% sucrose, 50 mM Tris-HC], pH 7.8 at
40C, 0.25 mM EDTA), 5 ul of PMSF (200 mM in ethanol or ethyl
acetate) and a small amount of acid-washed sand were added to the
frozen mycelium, which was then ground to a paste in a mortar. The
mixture was then suspended in grinding buffer, and centrifuged
(3000 rpm for 10 minutes) in a SS-34 rotor to pellet the debris. The
supernatant was decanted to a new tube, and the mitochondria were
pelleted (12 000 rpm for 25 minutes) in a SS-34 rotor. The
supernatant was discarded and the mitochondria were washed by
resuspending in about 1 ml of grinding buffer containing PMSF. The
mitochondria were pelleted (12 000 rpm, 25 minutes) in a SS-34
rotor, and resuspended in a 100 pl of 0.1 M sodium phosphate (pH
8.0 at 49C). A small amount (Sul) of the mitochondrial suspension
was counted in a scintillation counter. The suspension was stored at

-209C, and 100 000 cpm were loaded on a gel.
Polyacrylamide gel electrophoresis of proteins.

Mitockondrial translation products were electrophoresed on
Laemmli (1970) gels. Gels were made up of a stacking gel and a
resolving gel (see Appendix). The running buffer consisted of 25 mM
Tris, pH 8.3, 192 mM glycine, 0.1% SDS. Proteins were denatured by
the addition of an equal volume of 5% SDS, 0.0625 M Tris-HCl (pH
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6.8), 5% (v/v) B-mercaptoethanol, 10% (v/v) glycerol, 0.002% (w/v)
bromophenol blue. The samples were left at room temperature for
3-4 hours, and centrifuged for 5 minutes in a microcentrifuge before
loading the supernatant. The samples were electrophoresed at 80
volts (constant voltage) overnight until the bromophenol blue had
migrated at least 10 cm into the resolving gel. The gel was immersed
in destain solution (water, methanol and acetic acid in a ratio of § : 4
: 1) overnight to remove SDS. The gel was stained (in a solution
identical to destain solution except it also contains 0.25% coomassie
brilliant blue) for at least 5 hours, and destained for 5-8 hours. The
gel was then placed in Amplify fluorographic reagent (Amersham)
for 1 hour, and dried at 60°C for 4 hours in a Slab Drier (BioRad)
model 483. The gel was autoradiographed at -700C.
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Results and Discussion

COX I is not detected in mitochondrial translation products
of the cya-5 mutant.

The deficiency of subunit I of cytochrome ¢ oxidase (COX I) in
the cya-5-34 mutant was demonstrated by directly labelling mutant
mitochondrial translation products in vivo. Mutant and wild-type
cultures were labelled with 3H-leucine in the presence of
cycloheximide (which inhibits cytosolic translation, but not
mitochondrial translation), and mitochondria were isolated.
Mitochondrial ti. ..lation products were electrophoresed on a SDS-
polyacrylamide gel (Laemmli et al., 1970), which was dried and
autoradiographed (Fig. 3). Comparison of mitochondrial translation
products in two cya-5 strains (NCN5 and NCN80) ard a wildtype
strain (NCN10) reveal an apparently compiete deficiency of COX 1 in
the mutants. These results confirm previous findings (Nargang et al.,
1978) that cya-5 is deficient in COX I. Since cytochrome oxidase
subunit 2 (COX II) and cytochrome b (COB) were not resolved on the
gel shown (appear as one band), the previously reported reduced
levels of COX II (Nargang et ai., 1978) in the mutant was not
confirmed. However, subunit 3 of cyochrome oxidase (COX III) was

detected at approximately wild-type levels (Fig. 3).

Analysis of cytochrome ¢ oxidase in cya-35 was previously done
by immunoprecipitating subunits with appropriate antibodies

(Nargang et al., 1978; see Introduction). The polypeptides were also



analyzed by in vivo labelling of mitochondrial translation products,
as in this study. However, in the previous work, the polypeptides
were detected by determination of the total racioactive counts in gel
slices. COX 1 was not detected in cya-5 by that method, nor by
autoradiography in this study, suggesting that COX 1 is absent or

present below the level of detection of both methods.

Sequencing of a genomic clone that rescues the cya-5
mutant phenotype

Genetic analysis has shown that the cya-5 phenotype is caused
by a mutation in a single nuclear gene (Nargang et al., 1978). The
wild-type gene was previously cloned by Dr. John Coffin in this
laboratory by mutant rescue using ike sib selection procedure
described by Akins and Lambowitz (1985). Using this procedure, a
single cosmid clone carrying the cya-5+ genc was isolated from a
wild-type N. crassa (strain 74A) genomic cosmid library.  This
library contains N. crassa genomic DNA cloned in the vector pSV50
(Fig. 4). In order to identify the cya-5t+ gene by DNA sequence
analysis, the cosmid clone was subcloned into the vector pUCI® as a
ca. 6.4 kilobase Sph1-Xmal fragment (plasmid pJC2; Table 4) that
rescued the cya-5 mutant. The complete DNA sequence, from both
strands, was determined from the Sspl restriction endonuclease site
to position 6000 by previous workers (Fig. 5). The scquence of the
region between nucleotide 6000 and Xmal (a total of approximately

400 bp) was not determined, because transformation experiments
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(sec bLelow) suggested that the region between SnaBl and Xmal did

not lie inside the cya-5t gene.

In the present study, the remainder of the pJC2 insert
extending from the Sspl site to the Sphl site (a total of 1586 bp) was
sequenced on both strands (Fig. 5). The entire sequenced region was
examined in all six reading frames present on both strands for
vninterrupted ORFs of 50 amino acids or greater (Fig. 5). This region
contains many Jarge ORFs potentially coding for the putative CYA-5
protein, the most striking of which is 1136 amino acids long.
Although it seems likely that an ORF of this size would code for a
protein, without further analysis, none of the ORFs can be ruled out
as potentially coding for the CYA-5 protein. If the cya-5+ gene
contains one or more introns, it is possible that more than one of the
ORFs could code for the protein. - Also to be considered is the

possibility that one or more ORFs could represeni other genes closely

linked to cya-£+.

Deterndnation of the limits of the cya-5% gene by
restriction enzyme/transformation analysis

Because of the relatively Jarge size of the cya-5% subcloned
fragment (6.4 kb Sphl-Xmal clone) and the many ORFs present
therein, it was deemed beneficial io obtain the approximate limits of
the cya-5+ gene, in order to determine which ORFs most likely
encoded the protein.  This was achieved by digesting the plasmid
pJC2 (Table 4) with several restriction enzymes which have single

recognition sites in the subcloned fragment, and examining whether



this DNA could rescue the slow growth character of the cya-5 mutant
upon transformation. Efficient rescue of the mutant would indicate
that an enzyme 1ecognition siie i« : -utside the gene, whereas failure
to do so would suv.gest that a suwe 1s within the gene.

'ihe plasmid pJ(*2 was digested with either EcoRI, Kpnl, SnaBlI,
Sspl or Xmal (Fig. 5), a7 ‘-o-transformed with undigested pSV50
(Fig. 4) DNA into cya-5 sphaeroplasts (Fig. 6). Co-transformation was
done because pSV50 provides the gene ior benomyl resisi.nce (Fig.
4), thus allowing selection for transformants on media contiining
benomyl. This helps reduce the background of slow-growing colonies
that would be obtained if rescue were singly of the cya-5 phenotype.
Rapidly growing colonies appearing on benomyl plates were judged
to be (:ya-5+/lienR transformants. Table 5 summarizes the results of
one set of experiments. Transformations with EcoRJ, Kpnl and Sspl
digested DNA resulted in very few or no fast growiug iransformants.
This suggests that digestion of pJCZ with these enzymies destroys the
cya-5+ gene, and, therefore, these restriction sites are within the
gene. This data supports the notion that the 1136 amino acid ORF
encodes the CYA-5 protein, for it is the only contiguous ORF that
encompasses all three restriction sites (Fig. 5). The 1esult of the
transformation with SnaBI digested DNA is ambiguous (Table 5). The
relatively large number of rescued transformants in comparisons
with the negative control in which pSV50 is transformed alone, and

with EcoRIL Kpnl and Sspl digested pJC2, suggest that the SnaBl site

is outside the gene. This is consistent with the possibility that the
1136 amino acid ORF encodes the CYA-5 protein, since the SnaBl site

is not within this ORF (Fig. 5). However, the .uinbur of rescued
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transformants with SnaBlI digested DNA is still significantly less than
that observed with the undigested plasmid (pJC2 and pSV50). This
difference can be attributed in part to whkat appears to bc differences
in transformation efficiency between circular and linearized plasmid
DNA. That is, plasmid digested witi Xmal, which has an intact cya-
5+ gene, since Xmal is one of the cloaing sites of pJCZ, ulso produced
a significantly lesser number of transformants th>n undigested
plasinid (Table 5). Nevertheless, SnaBI digested DNA -tiil - .peas to
rescue the cya-5 strain relatively inefficiéntly (compare values

obiained from Xmal and SpaBI digested DNA, Tabie 5).

The restriction enzyme/transformation data is most consistent
with the possibility that at least most of the 1136 amino acid OR:
encodes the CYA-5 protein. However, other non-contiguous GRFs

cannot be rulcd out, since possible introns in the gene have not been

defined.
Obtaining c¢cDNA clones of cyua-5+

In order to identify the 5' and 3' ends of the cya-5* gene, as
well as possibie introns, two wild-type N. crassa cDNA libraries were
screened for cya-5t cDNA clones. The libraries were constructed in
bacteriophage lambda ZAP (Stratagene), and were generously
provided by Dr. Matthew Sachs (Stanford University , Stanford,
California). One library had been constructed from poly A RNA
isolated from mycelial culture, while the second Ilibrary was

constructed from poly A RNA isolated from a culture of germinating
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conidia. Approximately 800 0C0 lambda ZAP clones were plated in
total from both libraries, and plaque lifts were perfoim~d.  The
filters were hybridized with the Sphl-Xmal fragu.cut of pJC2
containing the cya-5t+ .ene (Fig. 5). In total, six clones were
identified from both libraries (2 from the mycelial library and 4
from the conidial library) that gave positive signals in hybridization
reactions. DBy the automatic excision protocol (Fig. 2), phagemids
(containing a functional bacteriophage fl origin of replication) werc
generated that consisted of the cDNAs cloned in the vector Bluescript
(plasmid pRDCI1; Table 4). Restriction enzyme and sequence analysis
revealed tl.at all 6 independently isolated clones weve identical.
They were 2747 bp long and corresponded to most of the 1136
anino a :1 ORF (Fig. 7). No other clones were isolaied, adding further
support to the contention that the 2136 amino acid ORF encodes the

CYA-5 protein, and that no other mRNAs are encoded from the ~6.4
kb Sphl-Xmal fragment (Fig. §).

The ¢cDNA was completely sequenced, and was discovered to be
identical to the genomic sequence, thus revealing no introns (Fig. 8).
The 3' ¢nd of the gene was identified at position 4987, but the cDNA
was incomplete at the 5' end, terminating at the EcoRI site (position
2240; Figs. 7 ang 8). Once these results were obtained, it was
discovered that incomplete cDNA clones (of other genes) that
terminate at internal EcoRI sites have previously been isolated from
the two libraries used in this study (Dr. M. Sachs, personal
communication). The libraries were constructed by cloning into the

EcoRI site of the lambda ZAP vector. The most likely explanation for
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the above observations, therefore, is that there was incomplete
methylation of cDNAs by EcoRI methylase during construction of the

library. This resulted in digestion of some c¢DNAs at unprotected

EcoRI sites during cloning.
Cloning of the 5' end of the cya-5* cDNA

An atte:apt was made to obtain the 5' end of the cya-5+%
transcript by the RACE (Rapid Amplification of ¢cDNA Ends) procedure
(Frohman et al., 1988; Fig. 9). In this technique, cDNAs are generated
by using the polymerase chain reaction (PCR) to amplify a region
between an internal site of a transcript ard its 3' or 5' end. The
minimum information required is a single stretch of sequence within
the mRNA to be cloned, which is used as a gene specific primer.

In order to clone the 5' end of the cya-5+ gene, a gene specific
primer (5' RT) homologous to a sequence 164 nucleotides
downstream of the EcoRI site (Fig. 8) was chosen for reverse
transcription of a wiid-type poly A RNA preparation (Fig. 9). After
removing excess 5' RT primer and adding a poly A tail io the cDNA
with terminal deoxynucleotidyl transferase, the first strand reaction
product was amplified by PCR. There were 3 primers used in the
amplification (Figs. 9 and 10): the 5' RT primer, an adaptor primer
(which places a unique sequence at the unknown end of the cDNA),
and a primer consisting of the adaptor sequence upstream of 17 dT
recsidues (dTj7-adaptor primer). The amplification reaction involves
annealing of the (dT)j7-adaptor primer to the poly A tail

synthesized on the first strand cDNA, and synthesis of a
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complementary second strand. The adaptor primer and the gene
specific 5 RT primer then amplify the cDNAs in subsequent PCR
cycles. However, the reaction tends to be nefficient; non-specific
products are often amplified, in addition to the product of interest
(Frohman et al., 1988). Specificity of the reaction largely depcnds on
the 5' RT primer only hybridizing to the mRNA of interest.
Therefore, it is often necessary to perform a second round of
amplification using the adaptor primer and a nested genc specific
primer (5' amp) homologous to a siic upstream of the 5' RT sequence.
This adds further specificity to the amplification, since any non-
specific products generated from the first round of PCR should not be

amplified further.

Following the procedure outlined above, a specific product (865
bp) was amplified that was detectable on an ethidium bromide
stained gel, and in southerns using the Sphl-EcoRi fragment of pJC2
as a probe (Fig. 11A). As often observed in the procedure (Frohman
et al.,, 1988), some conditions produced no detectable product after
one round of PCR amplification (in ethidium bromide stained gels or
in southerns), but a product was visible after a second round of PCR
was performed using an internal nested (5' amp) primer (Fig. 10) to
increase specificity of the reaction (Fig. 11A, lanes b, d and f). This
product was cloned into the vector pBS (plasmid pREC2; Table 4) and
sequenced to identify the 5° end of the cya-5% transciiit.  According
to the procedure, the sequence of the 5' end should be preceeded by
a string of T residues corresponding to the poly A tail that was added

onto the 5' end of the first ¢cDNA strand synthesized by reverse
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transcription (Fig. 9). This string of T residues should in turn be
preceeded by sequence from the adaptor primer (Fig. 9). However,
only the adaptor primer sequence preceeded sequence from the cya-
5+ gene. No T residues were observed between these sequences,
suggesting that the adantor primer had annealed at a different site in
the cya-5+ cDNA (not at the 5' end). Examination of the sequence
that had been amplified revealed that the adaptor primer had in fact
annealed to a site (at positions 1451-1473 of the scquence shown in
Fig. 8) that contained 5 mismatches out of 22 nucleotides from the
adaptor seg' was, presumably. downstream of the actual 5'
end of the ¢ transcript). ‘i'he entire truncated RACE product
was 865 bp long and matched the genomic sequence; therefore, no
introns were discovered (see Figs. 8 and 10 for location of §5' amp and

5' RT primers, and the site of mispriming of the adaptor primer).

The amplification reactions described above were performed at
a low annealing temperature of 450C. The PCR reactions were
repeated at higher annealing temperatures in an attempt to increase
the stringency of the reaction to favour annealing of the adaptor
primer to the 5' end of the cya-5* transcript, instead of the
homologous downstream site. Annealing temperatures of 50°C, 55°C,
and 620C were tested. Surprisingly and unfortunately, bands of the
same size as the truncated RACE product were detected at all
temperatures in ethidium bromide stained gels (Fig. 11 B). Higher
annealing temperatures, therefore, did not allow amplification of a
larger product. Attempts at PCR using low annealing temperatures

(429C or 4597C) for the first 5 cycles of the first round of
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amplification, followed by 25 cycles of higher annealing
iemperatures (50°C, 550C or 60°C) were also made. This was doiie to
examine the possibility that higher annealing temperatures ‘a1 the
first few cycles of PCR were preventing annealing of the poly T tail of
the (dT)17-adaptor primer to the A residues synthesized onto the 5'
end of the first strand cya-5+ cDNA. These conditions also did not
amplify a larger product than the one previously detected (data not
shown). We are currently attempting to characterize the 5' end of

the cya-5+ gene by using a different adaptor primer for the RACE

procedure, and by screening different cDNA libraries.

Although the complete 5' end of the .- a-5% cDNA was not
obtained using the RACE procedure, an additional 766 bp was
identified upstream of the sequence obtained from the cDNAs
isolated from the lambda ZAP library (Figs. 7 and 8). However, it is
possible that the RACE product is not cya-5+ cDNA, but is the result
cf amplification of contaminating genomic DNA present in the
original poly A RNA preparation that was used for the RACE
procedure. To test the possibility that there is contaminating
genomic DNA present in the poly A RNA, a pair of primers (THA 1
and 2) designed to amplify sequences from another gene (N. crassa
MOM 19 gene; Schneider et al.,, 1991) were used in PCR reactions of
the RACE preparation of poly A RNA and single stranded cya-5+
cDNA (generated from reverse transcription). These primers do not
share significant homology with sequences in the Sphl-Xmal
restriction fragment containing the cya-5*% gene. Since the only

single-stranded cDNA that should be present in the mixture used as a



template is cya-5* cDNA, no amplification product is expected with
the THA 1 and 2 primers, unless there is genomic DNA present in the
prep ration of poly A RNA (in which case a 1297 bp pre-uct should
be detected). No product was detected with these primers under
various conditions (Fig. 12, lanes d-f). As a positive control, two
primers (5' amp and RDH22) that consisted of sequences that were a
part of the previously identified RACE product (Figs. 8 and 10) were
also tested. The expected 542 bp product was detscted in southerns
(Fig. 12, lane g). The results suggest that there is no DNA
contamination in the poly A RNA which mignt account for the
truncated RACE product described above. Thus, it seems likely that

this product is amplified cya-5+ cDNA.

Interestingly, when two additional primers, RDH5 and RDHI,
derived from sequences at positions 551-567 and 1244-1261,
respectively (Figs. 8 and 10), were tested in PCR reactions of the
RACE mixture of poly A RNA and first strand cya-5+ c¢DNA, a product
was amplified that was of the size expected (710 bp) if the cya-5+
transcript extends at least as far upstream as the RDHS primer (Fig.

12, lanes A-C). This site is 884 nucleotides upstream of the

truncated RACE product (Fig. 8).
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Analysis of the DNA sequence

The DNA sequence of the Sphl-Xmal restriction fragment has
been examined for similarity to the consensus sequence established
for N. crassa transiation initiation sites (Ballance, 1986; Gurr et al.,
1987). This sequence comprises the first 8 nucleotides immediately
preceeding the ATG initiation codon, and may play a role in targeting
the ribosome to the correct start site (Kozak, 1989). Sequences
upstream of several ATGs show some similarity to the ccnsensus
=cquence. The sequence preceeding the first methionine codon of the
1136 amino acid ORF (position 1289, Fig. 8), ir. pr-ticular, ¢. olays a
high degree of similarity to the consensus sequeni: ir. comparison to
other sequences. This sequence matches the consensus sequence at 6
out of the 8 positions (Fig. 13). Furthermore, this sequerce contains
a G residue at position -3 (relative to the ATG codon), which is a
position highly conserved for purines among translation initiation
sites in eukaryotes (Kozak, 1989), including those of N. crassi (2!l N.
crassa genes listed in Fig. 13 have an A or G at this position). Also
noteworthy is the C residue at position -4 (Fig. 13) waich is strongly
conserved in N. crassa genes. Support for this methionine being the
cya-5+* translation initiation site comes from two other observations.
Since the cya-5+ gene product appeais to effect the expression of
subunit one of cytochrome c oxidase, it secms rcasonable that the
protein should contain a targeting signal for import into
mitochondria. A targeting sequence is most often found at the amino

terminus of mitochondrial proteins (Hartl et al.,, 1989). By
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performing a computer search using the rules set forth by Gavel and
von Heijne (1990), a targeting peptide was predicted only 5 amino
acids downstream of the putative translation start site (Fig. 8). This
was the only prclicted targeting peptide in the entire Sphl-Xmal
region. It is rich in hydrophobic and basic amino acids, characteristic

of mitochondrial targeting peptides (Hartl et al., 1989).

Further support for the methionine at position 1289 being the
CYA-5 translation start site comes from examination of translatiun
initiation in other eukaryotcs. In the vast majority of cases (>90%) in
eukaryotes, including N. crassa, translation begins at the proumai
methionine of a protein coding reading frame (Kozak, 1983;1989). i
many cases, methionine codons exist in the untranslated leader
sequence of mRNAs upstream of the translation start site, but these
are almost always followed by in frame stop codons shortly
downstream (and, therefore, are not part of the protein coding
reading frame). In fact, it has been demonstrated that short ORFs in
the untranslated leader of mRNAs can piiy an inhibitory role in
translation (Kozak, 1989). Nevertheless, Kozak's Scanning model of
travislasion initiation (Kozak, 1989) predicts that translation initiation
sites are selecied on the basis of favourable sequence contexts and
pesition (with the 5' most ATG in the reading frame being favoured).
The meti.ionine at position 1289 meets both conditions of this model.
It is in the best agreement with the established consensuas sequence,
and it is the first methionine codon in the 1136 amino acid ORF, only

37 naucleotides downstream from an in frame termination codon (Fig.

8).
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The cya-5+ cDNA sequence has not been defined as far
upstream as the putative translation initiation site. The 5' end of the
mis~timed RACE product is 185 nucleotides downstream of this site
(Fig. 8). Based on analysis of the genomic sequence, there appears to
bc ao introns in this 185 nucleotide region, as there is no similarity
1w well conserved consensus sequences characterizing Neurospora
irirons (Gurr et al.,, 1987). Since there are also no introns in the rest
of the gene for which cDNA sequence has been obtained (see above),
the predicted size of the CYA-5 protein is 1136 amino acids, the same
size as the ORF defined by sequencing the genomic clone (Figs. 7 and
8). The protein has a predicted molecular weight of 130 029 Daltons.

A search for sequences characteristic of eukaryotic promoter
elements, such as TATA boxes and CAAT boxes (Montague, 1987),
revealed no obvious similarities upstream of the putative translation
initiation site (although the transcription initiation site would have to
be known for such a search to be meaningful). However, many
fungal genes lack such elements (Gurr et al., 1987). For those fungal
genes in which such sequences have been observed, the similarity to
the canonical sequences is often weak, and their role in gene

expression is uncertain (Gurr et al., 1987).

However, in the 3' untranslated region secquences typical of
poly A signalling sites (thought to be involved in polyadenylation of

the 3' termini of mature mRNA) are found (Gurr et al.,, 1987). A

-

sequence exactly matching the consensus sequence, AUAAA, is
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present 18 nucleotides downstream of the termination codon (Fig. 8).

A similar sequence, AUAA, is found 85 nucleotides downstream of

the stop codon.

Codon usage within the cya-5+ gene has been examined (Table
6). It is similar to other Neurospora genes in .aat where there is a
choice, C in the third positici: of codons is favoured, and there is a
bias against A in this position. However, highly exprecsed genes in
Neurospora, such zs am or tub-2, exhibit much stronger bias against
A in the third position than do weakly expressed genes, such as trp-I
(Gurr et al., 1987). To illustrate, only 0.44% of codons in am and
1.12% of codons in tui! - end in A, whereas 53.7% and 54.9% of
codons end in C, respecuvely. In trp-1 the bias is not as great with
5.39% and 45.3% of codons ending in A and C, respectively. The cya-
5+ gene resembles weakly expressed genes like trp-I1, with 13.8% of
codons ending in A, and 34.8% of codons ending in C. In fact, the bias
agains - s to be weaker than even trp-1, suggesting that the
CYA-5 - oo rnay be expressed at extremely low levels. This is
consistent wiih the results of Northern analysis, in which the cya-5+

transcript was undetectable (see below).

A homology search of the CYA-5 protein sequence was done
against all proteins in the Swiss prot data base (release 24) and
EMBL data base (relcase 33), and no significant matches were found.
Sequence alignments were carried out between CYA-5 and various
nuclear encoded yeast proteins that are required for expression of

mitochondrial genes (PET494, PET111, CBP1, CBP2, CBS1, CBS2, CBP6,



rET54, PETI22 and PET123), since CYA-5 likely carries out a related
fuuction (see below). This analysis revealed no striking similarity
with any of the proteins. However, there is ro significant homelogy

among any of the yeast proteins, either (Grivell, 1989).
Northern analysis of the cya-5+* transcript

Codon usage analysis sugge: :5 that cya-5+ is expressed at a
low level. Northern analysis was pei.ormed in an attempt to detect
the transcript in RNA preparations frem the cya-5 mutant, wildtype
74A and two other unrelated mutant strains (the [mi-3] extra-
nuclear mutant and the cyf-2-1 mutant; see Materials and Methods
for description of mutants). Poly A and total RNA preparations of
these strains separated on formaldehyde gels were blotted onto
nylon membranes and hybridized with probes derived from the cya-
5+, cyt-2+ and tub-2+ genes (see legend of Fig. 14 for description of
probes). The cyt-2+ gene, which codes for cytochrome ¢ heme lyase,
serves as a good control, because it has previously been shown to be
expressed at low levels, as predicted for the cya-5+ gene (Drygas et
al.,, 1989). The constitutively expressed tub-2+ gene, coding for B-
tubulin (Orbach et ai.,, 1986), was also used as a control. It serves as
an example of a highly expressed gene for comparison.

As illustrated in Figure 14, the cya-5% transcript was not
detectable in any of the RNA preparations after six days exposure of
Northern blots. Longer exposures of blots that were hybridized with
acya-5t probe of higher specific activity (see legend, Fig. 14), still

did not give a signal. However, the cyt-2% transcript was detected in
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the cya-5 mutant total RNA and all poly A RNA preparations after
exposure for the same amount of time, and hybridization of a probe
with similar specific activity (Fig. 14). Furthermore, cyt-2+
expression appears to be induced in the cya-5 mutant above levels
present in the wildtype strain (Fig. 14, cyt-2 probe, lanes d and e); a
cyt-2+ signal was detected in total RNA from the former, but not the
latter, despite there being approximately equal amounts of bdth
RNAs as judged by the intensities of the tub-2 bands (Fig. 14, tub-2
probe, lanes d and e).

The results of Northern analysis indicate that the cya-5% gene
is expressed at very low levels, consistent with codon usage analysis,
which predicts that the CYA-5 protein is expressed at low lcvels.
Conditions which allow for the detection of cyt-2+ message, a gene
known to be expressed at low levels (Drygas et al., 1989; compare
signals from cyt-2 and tub-2 probes, Fig. 14), did not allow dctection
of cya-5+ message. That cyt-2+ may be induced in cya-5 mutant
cultures is not surprising considering the initial finding that cya-5
has a 2-fold greater amount of spectrally detectable cytochrome c¢
than wildtype strains (Nargang et al.,, 1978). The cyt-2+ gene
product is required for the addition of the heme prosthetic group to
cytochrome c¢ (Drygas et al., 1989). Where there is an increase in
active cytochrome ¢, one might expect a corresponding increase in

cyt-2+ expression.
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Detection of the COX I transcript in the cya-5 mutant

It was previously shown (Nargang et al., 1978), as well as in
this study (see above), that cya-5 is spe " ‘cally deficient in
mitochondrially encoded subunit one of cytochrome c¢ oxidase. In
order to gain further insight into the function of the cya-5+ gene
product, it was of interest to determine whether or not the COX I
transcript is detectable in the mutant. Northern blots of
mitochondrial RNA prepared from wild-type and mutant strains
hybridized with 3 different mitochondrial gene probes (derived from
the COX I, COX III and COB genes) is shown in figure 15. The mature,
approximately 5 kb COX I transcript is clearly detectable in all lanes
corresponding to cya-5 mitochondrial RNA (Fig. 15 B, lanes b-e).
Moreover, comparison of lanes a (0.5 pg of wild-type mitochondrial
RNA) and ¢ (0.4 pg of mitochondrial RNA from cya-5) suggests that
the COX 1 transcript may be present at higher levels in cya-5 than in
the wildtype strain. The approximately 3 kb band detected by the
COX 1 probe in lane a (corresponding to NCN10 mitochondrial RNA)
appears to be a degradation product, since it is not present in the
lanes containing NCN5 mitochondrial RNA (lanes b-e), and has not
been detected in previous studies using DNA from the same region of
mtDNA as a probe (Burger et al.,, 1985). A product that is also
approximately 3 kb was detected with the COX I + COB probe (lanes
c-¢). This is most likely an unspliced intermediate of the COB
transcript, as a band of similar size has been detected by previous

workers using the COB gene as a probe (Burger et al., 1985; Kubelik
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et al., 1990). As expected, COX III (~1.5 kb) and COB (~2.1 kb and

~1.5 kb) transcripts are also detectable in the mutant.

The finding that the COX I transcript is present at wild-type
levels in the cya-5 mutant is strong evidence against the cya-5+ gene
product being involved in regulation of COX I gene expression at the
transcriptional level. Transcripts from the cytochrome b gene, which
are expressed from the same promotor as the COX I gene (Kennell
and Lambowitz, 1989; Burger et al., 1985), were also detected in cya-
5, providing further evidence that cya-5 does not have a defect in
transcription.  These results support the notion that the CYA-5
protein is necessary either for translation of the COX I message, or a
post-translational step, perhaps being required for stability of the

polypeptide.
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Conclusion

The previous finding (Nargang et al., 1978) that the cya-5
nuclear mutant is specifically deficient in the mitochondrial encoded
subunit 1 of cytochrome ¢ oxidase (COX 1) was confirmed in the
present study. The two cya-5 strains examined were completely
deficient in the COX 1 protein. The defect in the mutant was
analyzed further by examining the levels of COX 1 mRNA in cya-5
mitochondria as compared to a wild-type strain.  Northerns of
mitochondrial RNA revealed that normal levels of the mature COX 1
transcript were present in the mutant. This suggests that cya-5 is
not deficient in transcription of the COX 1 gene, or in a post-
transcriptional RNA processing function, such as stabilizing the COX 1
transcript (there are no introns in the N. crassa COX 1 gene). This
conclusion is further supported by the presence (at apparently
normal levels) of the cytochrome b (COB) transcript in cya-5, which is
transcribed from the same promoter as COX 1 (Kennell and
Lambowitz, 1989; Burger et al., 1985). Thus, the defect in cya-5
appears to be at the translational or post-translational level. To
distinguish between these possibilities, pulse-chase labelling
experiments could be performed in an attempt to detect a potentially

unstable polypeptide in the mutant.

CYA-5 represents the first nuclear gene product identified in N.

crassa that regulates the expression of a specific mitochondrially
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encoded gene. That the CYA-5 protein affects COX 1 expression post-
transcriptionally is not surprising, since in yeast all characterized
cases of mitochondrial gene specific regulation by the nucleus occur
at the post-transcriptional level (Costanzo and Fox, 1990; Fox, 1986).
Indeed, gene specific regulation of transcription may not exist in
mitochondria, because, among other reasons, genes are transcribed as

polycistronic units (Kennell and Lambowitz, 1989).

The cya-5%+ gene was previously cloned by complementation of
the mutant in transformations with a wild-type cosmid DNA library.
A 6.4 kb SphI-Xmal fragment of nuclear DNA rescuing the cya-5
mutant was subcloned into the vector pUC19, and the majority of it
was sequenced. In this study, the sequencing of the cloned insert
was completed, and examination of the sequence revealed a 1136
amino acid open reading frame, which most likely encodes the CYA-S5
protein. [Evidence for this comes from sequence of a clone isolated
from a wild-type ¢cDNA library using the Sphl-Xmal fragment as a
probe. This was the only kind of cDNA that was isolated, and it was
identical and colinear to most of the 1136 amino acid ORF (Fig. 7).
This is also good evidence that there are no other genes encoded in

the subcloned fragment used as a probe.

Additional evidence to suggest that the 1136 amino acid ORF
encodes the CYA-5 protein is provided by transformation
experiments with restriction enzyme digested pJC2. Digestion with
EcoRI, Kpnl and Sspl destroyed the ability of the plasmid to rescue

cya-5 spheroplasts, suggesting that these enzymes have sites within



the cya-5+ gene. As expected, these restriction sites lie within the
1136 amino acid ORF, the only contiguous ORF large enough to
contain these sites. Transformations with SnaBI digested DNA, a
restriction site that lies outside the 1136 amino acid ORF, resulted in
a considerably larger number of rescued transformants, although the

efficiency was reduced in comparison to controls of undigested or

Xmal digested DNA (Table 5).

Further analysis of the genomic DNA sequence has provided
evidence that the methionine codon at position 1289 (Fig. 8) is the
cya-5% translation initiation site. DNA sequence immediately
upstream of this codon resembles the consensus sequence
cstablished for N. crassa (Gurr et al., 1987; Ballance, 1986). This is
also the first methionine codon in the 1136 amino acid ORF (only 37
nucleotides downstream of a stop codon), which is a characteristic
typical of eukaryotic translation initiation sites, since translation in
almost all eukaryotic genes begins at the first methionine codon of an
open reading frame (Kozak, 1983; 1989). Moreover, sequence
indicative of a mitochondrial targeting peptide follows this
methionine (Gavel and von Heijne, 1990). No other region in the ORF
resembles such a sequence. Since most mitochondrial targeting
peptides are located in the amino terminus of proteins (Hartl et al,
1989), this adds further weight to the argument that the ATG at

1289 is the CYA-5 translation initiation site.

If this be the case, the deduced CYA-5 protein is 1136 amino

acids long and the gene contains no introns. This is not unusual,
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since many N. crassa genes lack introns (eg. pyr-4, Newbury et al,
1986; qa-IF, Giles et al., 1985; gqa-2 and qa-3, Alton et al,, 1982; qa-
4, Rutledge, 1984; cys-3, Fu et al., 1989; tp-1, Schechtman and
Yanofsky, 1983). The majority of other genes only contain 1 or 2
introns, some of which have long uninterrupted exons (eg. his-3,
Legerton and Yanofsky, 1985; qa-IS, Huiet and Giles, 1986; am,
Kinnaird and Fincham, 1983).

The 5' end of the cya-5* transcript and, therefore, the extent of
its untranslated leader sequence has not been defined in this study.
However, using two primers derived from sequences upstream of the
putative translation initiation site, RDH5 and RDH1 (Figs. 8 and 10),
the expected product was amplified from the RACE mixture
containing cya-5+ cDNA template by PCR (Fig. 12, lanes a-c). This
result suggests that the cya-5% transcript extends at least as far
upstream as the RDHS5 primer, which is 738 nucleotides upstream of
the putative translation start site at position 1289 (Fig. 8). This
predicts an untranslated leader sequence which is unusually long
compared to major transcripts of most Neurospora genes, which are
usually less than 200 nucleotides long (Gurr et al.,, 1987). However,
almost all Neurospora genes contain more than one transcription
initiation site (Gurr et al., 1987). The upstream sites are often
infrequently used (minor sites), and can generate leaders as long as
700 nucleotides (eg. gqa-3). The pho-4 genec of N. crassa is
transcribed from 2 different major transcription initiation sites; the
upstream site generates a leader that is over 1 kb long (Mann et al,,

1989). It is, therefore, possible that PCR analysis detected a cya-5



transcript generated from a secondary, upstream site of transcription
initiation, which may be a major or miror site. There may be a
downstream site of initiation that produces a shorter untranslated
leader. In this regard, knowledge of the size of the mature cya-5 +

transcript would have been beneficicl, but the message was

undetectable in Northerns.

Although it has been demonstrated that the CYA-5 protein
affects the expression of COX 1 at the translational or post-
wranslational level, nothing is known about its mechanism of action.
If it acts to promote translation of COX 1, it may be functionally
analagous to the yeast mitochondrial gene specific translational
activators. The way in which these proteins promote translation is
not well understood, but it has been established that they mediate
their effects by interacting directly or indirectly with the 5'
untranslated regions of mitochondrial transcripts (Fox, 1986;
Costanzo and Fox, 1990). Mitochondrial mRNAs of yeast and
Neurospora have features that suggest that they may be extensively
regulated at the level of translation. These are features shared
among several eukaryotic nuclear encoded mRNAs that have been
shown to be similarily regulated at the level of translation (Logan
and Shenk, 1984; Kirk and Kirk, 1985; Klemenz et al., 1985; McGarry
and Lindquist, 19%5; Hultmark et al., 1986; Katz et al., 1986;
Tzamarias et al., 1986; Mueller et al.,, 1987; Werner et al.,, 1987; Rao
et al., 1988). The characteristics include unusually long §'
untranslated leader sequences, and the presence of one or more

short reading frames in the leader sequences (Hunt, 1985; Kozak,
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1989). They also often possess regions of poteatial secondary
structure in their leader sequences. The wupstream ORFs and
secondary structures have been demonstrated to function in
repressing translation in several eukaryotic genes (Hunt, 1985;
Tzamarias et al., 1986; Mueller et al., 1987; Werner et al., 1987). The
transcript of the COX 1 gene of N. crassa has these features. It
contains an untranslated leader sequence over 1kb long (de Vries et
al., 1985; Burger et al., 1982). This leader contains a long
unidentified reading frame (URF U) of unknown function. There are
also regions of secondary structure in the COX 1 leader both inside
and outside the unidentified reading frame. Both URF U and the
secondary structures may regulate translation of COX 1 mRNA,
perhaps playing a role in repression. If CYA-5 functions as a
translational activator, it is interesting to speculate that it may
mediate its effects by interacting directly or indirectly with a protein

encoded by URF U and/or the upstream secondary structures.

To investigate the possible mechanism of action of the CYA-S5
protein, future studies can be conducted along the same lines as
investigations on yeast mitochondrial translation or post-
translational factors. For example, it would be essential to show that
the CYA-5 protein is located in mitochondria, since it is conceivable
that CYA-5 never enters mitochondria, but mediates its effects
indirectly by activating another nuclear gene. Scquence that is
similar to a mitochondrial targeting peptide immecdiately

downstream of the putative translation initiation site argues against
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this hypothesis, but definitive proof would require the use of

antibodies to detect the cellular location of the protein.

If the CYA-5 protein is a translational activator that interacts
with the COX 1 leader sequence, one might expect to isolate
mitochondrial revertants of cya-S mutations that involve
rearrangements that replace the leader sequence of COX 1 with the
leader of another mitochondrial gene (as observed in yeast, see
introduction). If mitochondrial suppressors of this type could be
successfully isolated, they would be strong evidence that CYA-5 has a
function in translation. However, it may not be possible to isolate
such revertants, since N. crassa strains with extensive deletions in

mtDNA, even when present in a heteroplasmic state with wild-type

mtDNA, may not be viable.

Nuclear second site suppressors may also be informative in
regards to the mecanism of CYA-5 function. They may identify other
proteins that interact, perhaps physically, with the CYA-5 protein.
For instance, CYA-5 may associate with ribosomal proteins to activate
translation. Mutations in certain genes for mitochondrial ribosomal
proteins may suppress specific cya-5 mutant alleles as demonstrated
for the PET122 translational activator of yeast (Haffter et al.,, 1991).
This may be a general mechanism of action of mitochondrial mRNA

specific translational activators.
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Drygas et al., 1989

Table 1. N. crassa strains.
Strain Genotype Source
NCN5 cya-5-34, a Dr. H. Bertrand
NCNIO nic-1, al-2, A Dr. H. Bertrand
NCN45 [mi-3], pan-2, A Dr. A. Lambowitz
NCN69 cyt-2-1, pan-2, a
NCNB80 cya-5, nic-1, al-2 NCN10 x NCNS5



Table 2. Bacterial strains.

Strain Genotype Reference

JM83 r-, ara, A(lac-proAB), rpsL, Yanisch-Ferron
thi, ¢80, lacZAM1S, hsdR- et al., 1985

JM103 A(lac-proAB), supE, thi, strA, Messing, 1983;
sbcB15, endA, [F waD36, proAB, Yanisch-Perron
lacld, ZAM15] et al., 1985

XL1-Blue endAl, hsdR17, (rk-, mk™), Predigested

supE44, thi-1, lambda-, recAl,
gyrA96, relAl, (lac”), [F' proAB,
lacl6, ZAM15, Tnl0(tetR)]

lambda ZAP/
EcoRI-Instruc-

tion Manual,
Stratagene, 1987
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Table 3. Plasmid and cosmid vectors.

Vector Antibiotic resistance References

pUCI19 AmpR Yanisch-Perron et al.,
1985.

pSV50 AmpR, BenR Vollmer and Yanofsky,
1986.

pBluescript AmpR lambda ZAP/EcoRI

Instruction manual,
Stratagene, 1987.

pBS AmpR Stratagene® 1992
catalog.



Table 4. Recombinant plasmids.

Plasmid Parental plasmid Cloned fragment

pJC2 pUCI19 ~6.4 kb Sphl-Xmal
fragment carrying the
cya-5% gene isolated
from a N. crassa
genomic library.

pRDCl1 pBluescript 2.7 kb cya-5t cDNA clone
with EcoRI linkers.

pRDC2 pBS 865 bp cya-5+ cDNA clone

amplified by the RACE
procedure.
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Table 5. Numbers of rescued transformants of NCN80 on benomyl

plates.

The NCN80 mutant strain was transformed with the appropriate DNA
(indicated in left column) and the number of fast growing colonies
(appearing after 48 hours) were counted. These colonies were
rescued transformants. The first two rows show results of negative
control experiments where either pJC2 or pSV50 are left out of the
transformation mixture. The third row is a positive control, as pJC2
was undigested. The remaining rows indicate the number of
transformants obtained with co-transformations involving pSV50
and pJC2 which was digested with different restriction enzymes
(indicated in brackets). Before the transformations were carried out,
a fraction of each pJC2 digest was electrophoresed on a 0.8% agarose
gel and observed to ensure that the digestion was complete, such
that there was no undigested plasmid detectable. For each
transformation, 0.5 pg of each plasmid was added to approximately

2.63 x 106 viable NCN8O sphaeroplasts.



Type of DNA No. of rescued transformants
pIC2 0

pSVS50 0

pJC2 + pSV50 2556

pJC2 (EcoRI) + pSVS50 3

pJC2 (Kpnl) + pSV50 4

pJC2 (SnaBI) + pSV50 151

pJC2 (Sspl) + pSV50 0

pJC2 (Xmal) + pSV50 820
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Table 6. Codon usage in cya-5 compared with other N. crassa

genes.

Numbers indicate the number of times each codon is used in the trp-
1 (Schechtman and Yanofsky, 1983), am (Kinnaird and Fincham,
1983), tub-2 (Orbach et al., 1986) and cya-5 (this study) genes.



aa codon trp-1 am tub-2 cya-5 aa codon trp-1 am tub-2 cya-5§

Phe TIT 7 1 0 12 Ser TCT 14 3 6 8
T 15 17 25 31 TaC 20 21 24 15
LeuTTA O 0 0 6 TCA 1 0 0 7
TIG 10 1 2 24 TG 8 1 0 18
LeuCIT 21 13 6 26 Pro T 11 3 2 11
CIC 26 22 25 35 ac 20 10 17 18
CTA 2 1 0 6 CCA 5§ 0 0 12
CIG 18 1 1 22 ac 4 0 0 10
Ile ATT 11 6 4 9 Thr ACT 5§ 8 6 8
ATC 33 12 9 26 ACC 22 8 17 21
ATA O 0 0 5 ACA 2 0 0 16
Met ATG 15 9 20 34 AOG 5 0 0 14
Val GIT 11 14 10 14 AlaGCTr 19 15 13 24
GIC 36 19 23 26 Qr 37 36 16 41
GTA 3 0 0 5 GCA 5 0 0 14
GIG 13 0 3 17 aaG 7 1 1 33
Tyr TAT 6 0 1 12 Cys TGT O 1 0 2
TAC 10 15 13 29 TGC 10 5 7 6
Ter TAA 1 1 1 1 Ter TGA 0 0 0 0
TAG O 0 0 TrpTGG 5 8 4 20
His CAT 5 0 4 7 ArgQGT 12 8§ 10 18
CAC 13 10 6 17 ac 12 9 11 16
Gln CAA 7 0 3 21 GGA O 0 0 9
CAG 23 15 19 30 ac 3 0 0 12
Asn AAT 4 1 1 15 Ser AGT 4 0 0 7
AAC 20 22 24 33 AGC 12 3 1 14
Lys AAA 1 0 0 9 Arg AGA 4 0 0 15
AAG 43 29 13 68 AGG 6 0 2 9
Asp GAT 16 3 9 19 Gly GGT 18 31 21 11
GAC 24 12 12 40 GaC 34 23 16 28
Glu GAA 3 0 1 26 GGA 7 0 0 6
GAG 48 36 38 65 aGG 3 0 1 4
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Figure 1. The electron transport chain of Newurospora
mitochondria. The alternate oxidase pathway is present in
mitochondria that have defects in components of the electron

transport chain (Lambowitz and Slayman, 1971; Tzagoloff, 1982).
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Figure 2. Automatic excision of cDNA inserts from lambda ZAP
vector.

The figure was modified from the lambda ZAP/EcoRI-Instruction
Manual provided by Stratagene (1987). Lambda ZAP consists of
lambda arms and pBluescript vector sequences. The cDNA inserts
are in the cloning site of the pBluescript vector. Excision of cDNA
inserts occurs after simultaneous infection of E. coli cells with
lambda ZAP recombinant phage and M13 (or fl) helper phage.
Proteins from the helper phage recognize the F1 initiation and
termination sequences for DNA replication placed in the lambda ZAP
vector (open square and circle, respectively) and duplicate the DNA
region between the sequences. The resulting single stranded DNA
molecule is circularized by gene II product of the helper phage and

forms pBluescript SK(M13-) plasmid which contains the cDNA insert.

Abbreviations: A-J, lambda structural genes; att, lambda attachment
site; T3/T7, RNA polymerase promoters; Amp, the ampicillin

resistance gene; lacZ, the E. coli B-galactosidase gene.



Figure 2 has been removed due to the unavailability of copyright
permission.



Figure 3. Mitochondrial translation products of cya-5 and wild-type

strains.

Mitochondrial translation products from cya-5 mutant strains NCN5
and NCN80, as well as wild-type strain NCN10, were labelled with L-
[4,5-3H]leucine and isolated as described by Bertrand and Werner
(1977). The products (100 000 counts of each sample) were
electrophoresed on a SDS polyacrylamide gel (see Materials and
Methods), which was dried and autoradiographed. Exposure time
was 15 days. Faint lower molecular weight bands are other

unidentified mitochondrially encoded proteins.
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Figure 4. Map of cosmid vector pSV50.

The thin lines represent sequences derived from pBR322. Darkened
box indicates the 1.8 kb @80/lambda hybrid fragment containing cos
sequence. The open boxes represents the 2.58 kb Sall fragment of N.
crassa DNA containing the B-tubulin gene (fub-2) that confers
benomyl resistance (BenR) and the E. coli ampicillin-resistance gene
(AmpR). Arrows indicate direction of transcription of the ampicillin-
resistance and B-tubulin genes. The restriction sites indicated are: B,

BamHI; Bg, Bglll; E, EcoRI; H, HindlIII; P, Pstl; S, Sall.
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Figure 5. Restriction sites and ORFs in the Sphl-Xmal restriction

fragment that rescues the cya-3 mutant.

All ORFs of 50 amino acids or greater in the 6 reading frames on both
strands are indicated. ORFs belonging to the same reading frame are
shown in the same row in the diagram. Methionine codons are
represented by vertical lines on the arrows. The direction of the
ORFs is indicated by the arrows, with the tail of each arrow signifying
the beginning of each reading frame. Indicated restriction sites occur
only once in the region. "*" indicates restriction sites that are within
the cya-5+ gene as determined by transformation experiments

involving mutant rescue. Numbers indicate distance from Sphl site

in base pairs.
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Figure 6. Co-transformation cof cosmid vector pSV50 and restriction

enzyme digested plasmid pJC2 into NCN8O spheroplasts.

Plasmid pJC2 (carrying the cya-5+ gene) was digested with various
restriction enzymes (eg. enzyme "K"), and co-transformed with
undigested pSV50 (carrying benomyl resistance) into NCN8O (cya-5)
spheroplasts. Cells were plated onto benomyl containing media and
incubated at 309C. Rescue of the mutant was observed as fast
growing, benomyl resistant colonies after 48 hours, in a background
of non-rescued, benomyl resistant colonies that appeared after 72

hours incubation.



111

\Ldigwt with R

— e e————d

"

NCN 80 sphacroplasts plate on media
_'e containing benomyl



Figure 7. Location of the cya-5+ ORF and cDNAs.

The first methionine codon in the 1136 amino acid ORF (at position
1289) is shown. This methionine codon exhibits the strongest
similarity to a N. crassa translation start site, and is immediately
followed by a potential mitochondria® targeting peptide sequence.

All numbers indicate distance in bp from Sphl site.
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Figure 8. DNA sequence of the Sphl-SnaBI restriction fragment that
contains the cya-5+ gene, and the predicted amino acid sequence of

the CYA-5 protein.

The predicted 1136 amino acid sequence of the CYA-5 protein is
indicated below the corresponding nucleotide sequence. ¥ and O :
The 5' and 3' ends, respectively, of the cDNA clone obtained from the
lambda ZAP cDNA library. * : The 5' end of the cDNA obtained by the
RACE procedure. Bases underlined once indicate the annealing sites
of the 5' amp and 5' RT primers used in the RACE procedure, as well
as control primers (RDH1, RDH5 and RDH22) used in PCR reactions.
Bases underlined twice indicate the annealing site of the ‘adaptor
primer used in the RACE procedure. Bases underlined by dashed
lines indicate possible poly A signal sites. X : Nucleotides not
identical to the adaptor primer. =» and € : Direction of extension of
the RACE primers. Amino acids highlighted in upper case letters
belong to a predicted amino terminal mitochondrial targeting

peptide.
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GCATGCGARGCCTTCATGGACATGGCATGAGCCCATGTGCGCTCGGCCGTGAGAAGCGCAR 61

SphI
GGTGGAGGTATCTGAGAGTAGCACACGAGACGAGGTTAGCAGGACGGCCGGCAAGCATTG

nnnnbnnbnQ’Hb#ﬁﬂ#ﬂbbﬂbﬁ#@b@ﬁﬂﬁﬂ’nHQIHQQHHQHOOO”OFHHHOOHQ’OOO
GTAATCTGGGCCTTGGGGTGGARTTTGCCTCGGCTCTTGGTCGCARTGTTGAGCTTCTTG
CGGGAGTTAAGAAGCTTCCTGGAGAGTTGGGCACGATACGTCGCATAGTCACCGTAGAGG
AGGGCGTTCTCCCGGTGAGATACCACGARCTTTGTGATATCCATGGTGTTTGTTGAGGTT
GAARTATGTGTAGTGTGTGTGTGTARGTAAGGTGATGCGCTCCGGTCGCAACTAGAGGGTC
CTACAGARAAGTGTTAAGCTATGAAGCACCCGTTGCGCAACTGGGCGTAGGGCAGGTAGE
HHnﬂﬁﬂnwbbﬁnmOHOQHQOH#H’OQBOHB#’O’OO’QHHﬂﬁvmﬁnQOOUHOOHHOHBOO
HOHQQQQQQHHQHHMWHHMHLW’ QﬂOOFQQHHﬂbbnOHQQ’F’OHOHQQQQOQHQQﬂnF
GCTCTCTCTAATGGAGCACCGTATGTTACTTGCCCGTGTTGTCCCCARTTGCCCCGCATG
AGATGGATGGAAGCCATAGTGACCTGGCCAGCATGGAACAGCTGGCAGCAGTCGGATTTC
AGTGATTGGCACCCCCGACGAGATCTGAGATACCTACCTATAGTGTACCTAAGGGATCCA
CCGGACCAGGAGAGCTCACACGGCCGCCTCTGCATGGACGTTGCTGGGACAGAAGCTTTT
TGGACGGCGACGCGGGCGGGCTGGGCGGGCGGCCATGTCGTAGGTGAGGAGCCCCACTTT
CGCGCTGTGAAATGGTCGAATCGCGCTCARARATTTTGGTTGGTGCTTGCGACAGCCAAR
GTCTTGICTTTCARGGTATTTTTTGCTGTTAGTCCCGCGAATTGTGACCGAGCAACCCGA

CAGCGTTGTTTTCTCTTACCCCGATTTGGARGCAATCCTAGCTCTCATACGACGTAGCTT

121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
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TGCGAAGCTATTCCCTCCCTCCCAAACGCCCACAGACTCTATTCCAGAACGCCCATCCCG

GTTCGAACATTCCCTGATCAAGGAACACAAGCCGAGACGAGCGAGGGACAAACAAAACGA
€ RDH 1
Qbﬁnmmbbnbﬁﬂnnnﬂbﬁb@bﬁbnabonbvnbnOanObnﬂnbobowﬂabboabnﬂnnwm

OHQOQHQQOOOHOOQOQHHOnbbnﬁnQbHOOHQO’OBQOBQQQOOOOOFOOOanﬂbbbnb
METLeuGluArgThrALAALASERLEUGLUTHR

Hﬂnbﬁnnann#ﬂbﬁbﬁaﬁnﬁ000OQHnﬂonbﬂbbnnanﬂnﬁﬂbbﬁbﬂnﬂbﬂnmbnbbnHb
OnmmmwbmCﬁb2520<bbrmcww0<bﬁbbbbwﬁﬂmwmmwbmcrﬁmmmﬁQFZbNOOEZEQG

nbnbnbmmnHaaammnabnwannnmnnHnnmwnnHambnnannﬁnnbamnnabnnbebnn

:»marﬂnawmroanwﬂwnm»mawwbwmmonbmwrocawcrocrmcbmwbwuawﬂnp:Hrn
* XXX X X 2

nannHnnavmwnannbnwnnovnbnnnvnnnvabbnnﬂaaﬁavmnaonnbmbnmbnnabn

vo:ﬁocvnmvmwmonarumHOHernoarnﬂwaumnbo=0H<monmoﬂapbaruaunbnm

bnnmbbbmnbabbabmbnnno#sﬂ#baanaﬁnnaaaaenHHOOHOQ’GHHOQH’H’OOO#
esnnwcmonbnmnHonwcwnozmab%mbwnman:mawroro:ro=3mwmroro=e<nwno

bmammbbnnannnnﬂnaﬁnaanmmbbﬂbaHan0nnbaHnnboabnnvaonnanﬁbbanﬁ
monﬁwwarnvwubwnrocrocbnmbmuuHoroswnoHHovnmvocwnomoﬂrocmwcmon

QnmnbnvbmbnHnaﬂbmbbbamnmbnmnmnaHbabnbﬂaHnﬂonﬂvabbhabbnbbnano
wwmuwmﬁ%marnbnuvnubmbvpnavu’nmbocannmonmonwwmHHobmuwmbbmbmon

anmnamnnnbbmbbnnnnbbﬂbﬂbbbnnanbbanmﬁbnﬁbnHOOHHO’HQ’#GQQQODQ

Owwvuubwnﬁwumwcmnonpunw:rﬁmwnomubbwmbmwbmwmmnvrmzmewmuvwmwmw
RDH 22 >

GHHHHnmbbnbﬁabnHﬂﬁb’ﬂﬂbﬁﬂbﬁﬂbﬁ#ﬂsﬂﬁoﬁﬂnmﬁnnbbﬁbnbnﬁbabnQDQPQ

25GLEl1CGTICCAAGACAGGAGA
ro:wrmOHcawbawnﬁnwvmumw:manH:mOHOHx<uH<wpap5=mwbnubnamnomwu

bbaﬂﬁHHnovbbbbbanHQQOnnanﬂﬂﬂaﬁnﬂanacﬂbﬁnHHOHOO#QOQOHOB@#OSHO
ﬁwm<mumonrwmbwmmonap%wnovnm<nHﬁocbnmapcrocvonew:mnomonew:wro
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GGTCCCATGTACGAGCAGATATGGACGGCTTACAACARGCTCGAGCCCARGGAGCAGGAG
OHuMHozmaamnawcawuuHoanbaunvwmawnbmsrwmrocmwcmnovnmnwcawuawc

GATTTCAAGGGCGATGTCATGGTCAACTTTGCGCAGTCTGGTCGGTCGGTIGATGCTTGG
bmwmrmrnmﬂw%bmw<uwzma<mwvmbwrorwuewumonmwwvnmmon<wwvmwvwwanw

PmmvﬂnnmbmbanﬂﬁaﬂnanOPOOOHQOOHQHHQbQOQﬁHQOFOVbeHnOvﬁbbﬂnnbb
bnmuHOFHmmwzrocwrmvHwern<uwmno<wwawcbnuanwawnmwcmonHHonwoaws

GCCGCTATCAAGGCCGAACTTGCCTTGGACGACGTGGACAATGCAAAGGTGCTGTTTICC
AlaAlalleLysAlaGluLeuAlaLeuAspAspValAspAsnAlaLysValLeuPheSer

QbannnnenvbabwavnnmaaoaHnvanbvmabnHamvnmbavanbammnbovnnnmaHa
vmwawwvmcrwmrumvnmﬂwwrocuwmnwunwwrwcvmbwmwHwwzmewpumvmbwuwuo

GACACCTCTTCGTGGCAGCTGGCCTTGGACGTTTGGAAGTTATTTAGCARCTTCARGGGC
vmvarﬂmonmonenvowuwwcbwwrocvmw<awanbv<mro=wummwmeuww«d<m0~<
TCTGAAAAGCTTACTGTCGAATTCAAGACATTGGCTTCCGTGCCTGGCTTCCGGGATAAG
SerGluLysLeuThrvalGluPheLysThrLeuAlaSerValProGlyPheArgAspLys
€5'amp primer
CTAGCCGAGTTTGTCCAATATGTTGCGCCGAAGGTGCCAGCGACGAAGGCCAAAARGTCC
LeuAlaGluPheValGluTyrValAlaProLysValProAlaThrLysAlaLysLysSer

ACCAAGACCAAGTCGGTCAAGACAAAGTCTCCGGCCGATACAGAGTCTIGCGCCTAGCTCA
ThrLysThrLysSerValLysThrLysSerProAlaAspThrGluSerAlaProSerSer
€5'RT primer
GCACTTGCAGTCGATACGGAGATCGCAGATTTCGTCAGAGTCCTTGCCAACARGTCATTA
AlalLeuAlaValAspThrGlulleAlaAspPheValArgValLeuhAlaAsnLysSerLeu

CGCTTATTCTCACCCACGGACGCAGTCGTTCTTCTTCGCCATGCTGCGGATCCATCGGCA
ArgLeuPheSerProThrAspAlaValValLeuLeuArgHisAlahlaAspProSerAla

TACGAGGCTTTCATCAAGCTGGCTATCGAACAGGGCAAGACCAGAGCTGCGGCGGAGGCC
TyrGluAlaPheIleLysLeuAlaIleGluGlnGlyLysThrArgAlaAlaAlaGluila
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TACAAGAAGTATCGICAACTACCCAAGGCCGAGGTCCGTATTTGGGTGTTGCGCGCCATG
TyrLysLysTyrArgGlnLeuProLysAlaGluValArgIleTrpValLeuArgAlaMET

CTCGACATCTTCTATCCTACCGACGCTGGCGGCATGGAGCTTGTCCTGAAAGATTGGTAC
LeuAspIlePheTyrProThrAspAlaGlyGlyMETGluLeuValLeuLysAspTrpTyr

AGCCGCTACGACGCCCTTGAGAAGCGAGTTITATCAAAAGTTCCTGGCATTTTATGCTGGC
SerArgTyrAspAlaLeuGluLysArgValTyrGlnLysPheLeuAlaPheTyrAlaGly

CGTGGTGATACAAAGTCGGTAACACGTCTGGCCAACGAGTACCGTARGCACCTCCCAGCG
ArgGlyAspThrLysSerValThrArgLeuAlaAsnGluTyrArgLysHisLeuProAla

GAAGCCGCGCGAGATATGTCACTCATCTCCAGTCTGATGCACGTGCACGCGCGCAACGGC
GluAlaRlaArgAspMETSerLeulleSerSerLeuMETHisValHisAlaArgAsnGly

AACCCTGAAGCGGCTCGCAAGGTGCTGGAAAACTGTTTAGAGCAGACGGGCATGGGCAAA
AsnProGluAlaAlaArgLysValLeuGluAsnCysLeuGluGlnThrGlyMETGlyLys

CCAAAGACTIGTTCACTGGAATATCTTGCTCAATGCTTACGCAAAAGCATCGGATTACAGT
ProLysThrValHisTrpAsnIleLeulLeuAsnAlaTyrAlaLysAlaSerAspTyrSer

GGCTGTCTCGAGGCCTTTGAGCGTTTGGACGAGGTTGGAAAGCCGGACTCCTATTCCTAT
GlyCysLeuGluAlaPheGluArgLeuAspGluValGlyLysProAspSerTyrSerTyr

GGAACTTTGATGGGTATGGCTGCTGTGCGTGGTGACCTCTCGTTTGCTTTGGTGCTCTTC
GlyThrLeuMETGlyMETAlaAlaValArgGlyAspLeuSerPheAlalLeuValLeuPhe

AARCGCCGCGAAGGCTGACGGCATCAGGCCTGATGTGGGAATGGTGGACAGCTTGATTGAA
AsnAlahAlaLysAlaAspGlyIleArgProAspValGlyMETValAspSerLeuIleGlu

GCTTACTGCCAGAACGACCGATTCCGTGAGGCCGAGGTCATTGTGAAGCAGACTGTGAAG
AlaTyrCysGlnAsnAspArgPheArgGluhlaGluvVallleValLysGilnThrValLys

ARGGGCACACTTCCCGGCAAGTATACGGTTCTCTTTAACACCCTTCTCAATCACCACGCC
LysGlyThrLeuProGlyLysTyrThrValleuPheAsnThrLeuLeuAsnHisHisAla
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AGGAGGCGAGACCTCARGGGGTTGTATAACCTCGTGGAATACATGCACGAGAACAAGATT
bnmbnobnmbmwvocvwmnp%Emcauubmbﬂ0=<oHOH=H%ﬂ3maz»mmwcbmurwuHHo

CCCAGCGACAATGAGACCTATAGCCATCTCTTGTACGGCTTGATGTACTGCAGACAGTCG
ProSerAspAsnGluThrTyrSerHisLeuLeuTyrGlyLeuMETTyrCysArgGlnSer

CATCACGCGCTGAACCTTTTGCGGGCTTCCGAGAAGGACAATCTTTTCAAGCCCGCACCT
HisHisAlaLeuAsnLeuLeuArgAlaSerGluLysAspAsnLeuPheLysProAlaPro

GAACACTACGTTCTCCTTATGGCCTCCTTCATTCACAGTCGTGARACCACATATGGCCCTT
QH=m»mawn<nwro:ro=2MH#HnmonwrmuHonhmmon>ﬂmnp:wnoz»w:&abpnroc

AAACTCARCGAGATATTGTCCARGCGTCAAGAACCCGAGATGGCCGAGCGGACCACTCGT
bwmrmcbmumpcuHoro:moﬂrwmvnmnwunwcmﬂoawczmavwuOstnnHrneunbna

GTCATCGACGCCTTGGGCAGATGGCAGCAGCTCCCCGGCCACCAAAGGTGGCARAAAGGAT
<wwHHmvmwvwuvocnwnbnmauwcpunwuvo:wnoawamPMOwuvannwmpuvwmbmw

ObbbbnabnanvaHrnbbbmmnnvanvbnnﬂaeanbbnnbﬂvnnnacn»nbbﬁbnemﬁb
mwuﬁnmawnawnuHonrnbnmapuwHmbmnvocmrovwmmpnarnﬁocawuvnmarnmwn

AAGGGTCAGCAAGAGGCTCCTCGCCCCGTAGTGAACCARTTCGCCCACGTCTTGTTCATC
LysGlyGinGlnGluAlaProArgProValValAsnGlnPheAlaHisValLeuPheIle

HHQ”OOQ’O#HnOQQObHHBnnao#nnbanbeﬂbhbﬂﬂbﬁmﬂvanH’H&ﬂbﬂﬂ’non#b
rosawnnwbuvanubmwmroOHxarnHwoawcewcnHozmabmwrocannarnarnnun

TTCCCATCTGCAAAGGAGCCCAGTAACTTGCCCATCCGCCTGCTCAACARTATGATGCTC
mwownommnrwbrwmnwcwuomoﬂbmuﬁocwnoHHarﬂmrocrmﬁvmu>Mb:NH=maﬁoc

On0070HvaovﬂmrﬁnQﬂb’ﬁﬁannvnonbﬂﬂnhhﬂabmvﬂoHcﬁwbanbnﬂaamanbnv
bwn’mwawnm»uoH:uhmkumvobuwvﬂm<uwbnnapcupaunwaunm»n<uwro=>nm

vbabnOvovaﬁbnbbnnnﬁHGOOHO”OHnOnnmbnabﬁno#nnmmvﬁﬂanmaﬁmnHOVO
rwernauﬂvocawnvpowuwawwawc<uuuwnawcnucvnovnmapczmaawwbwonp:
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GGTGCGGAAACACCAGCTCAACAACTTGTCGGCCCTTACAAGTGGATCCTGTGCGACCCC
GlyAlaGluThrProAlaGlnGlnLeuValGlyProTyrLysTrpIleLeuCysAspPro

ATCAAGACGATGCAGCGCGTCTTTTACGACGAGAACGACGCCGACGGGCTTATGGCATTC
IleLysThrMETGlnArgValPheTyrAspGluAsnAspAlaAspGlyLeuMETAlaPhe

GTCAAGGACGTCCGCAGCCGIGGCTTCGAGCTCGACAGCAAGAATTGGAACTACTACGTC
ValLysAspValArgSerArgGlyPheGluLeuAspSerLysAsnTrpAsnTyrTyrVal

CAARTCGCTTGCGCGCATGAACCGTTACCGCGAGGCCTTCGGCGAGTGCGAAGCGCGTCTC
mwummnboﬁbwwvnmzmabmubnmawﬂvnmnwcvwuwuomwwnwcnwmmwcwwnwnuboc

ATGCCCAACTGGACAGGCTGGTACCGGGTTCGCGCGCGGTCTGCCATGAAGAACCAGCTG
METProAsnTrpThrGlyTrpTyrArgValArghAlaArgSerAlaMETLysAsnGlnLeu

CCGCTCGAGCTCCGTCGTCTGGGCTCGTTCCCTCAGCGCCCAAGACCCATCTCGCACACCT
ProLeuGluLeuArgArgLeuGlySerPheProGlnArgProArgProlleSerHisThr

HHO’HnbeQDHOOObeObeanvﬂﬂﬂbnHanﬂbﬂbbnaHOOOO#”OHOQOPOP’QOPQ
ﬁm:HHoHuozmawwnﬁ%mﬁ%mawnzmavaEocnwcbmnro:bunbmuanwawbrwmmp:

anﬂnnbban’ﬂnHmmbﬁenmﬁﬁbbbﬂnnnebmaﬁnnnﬁnaabonbﬁnbbnﬁnnaanbbn
bwuvwmvmumwuroccp:Hnw<npvmnrwuapcnumwnorocawﬂaHoramvwo<uwr<m

ACCATGATCAGAGCGGACTCGGACTTGGAGAAGAGCGTCTTCAACGAGACTGAGGACGTG
avnxmauHmwnmvuwwmwmonvmwrocnwcvnmmon<mwwuo»wsﬂa:&:&ﬂw:bmw<ww

CTGGCGACAGAAGAGGGGTACGCTGAGAGATATGAAGACGAGGAGAACTGGTCAGAGATG
bocvwmﬁanHGOHGOHNHnnvvnOH:bnma%new:bmbﬂw:ﬂw:bmnanwmonnhczma

OnmﬂbmmmmﬁbﬁﬁHQ’QQQ&O’OQﬁﬁﬁbbﬂbﬂbﬂbﬂnbnmnﬂaHHQGQ#’OQPQOHO’HQ
AlaGluGlyGluLeuArgGluThrAlaLysArgGluGlnAlaPheAlaAsnGlnLeuMET

anmbbbncﬂvaBQH>HBB¥QPO#Q#OHabnnHHﬁawﬁvbbmbanaﬁaabbﬂbbaaaaben
SerLysArgIleValSTOP c————

4081
4141
4201
4261
4321
4381
hp»w
4501
4561
4621
4681

4741



121

PHQQQ’OQQ’OH?HOQ’HDHO#OQQOOHHG#FOHHHHHHHOOFH??HHQOHHQQOOHQOF
HQOHHFHQHHQHHQHHHQOQ’HPHOQQOOFHQ#?OH’ODH”QMMmMHHQOnHOHQOHDQb
bbbbﬁQQQ’HQQQQPQO’PB’QHQO»HQQOOﬂﬂnHbﬂbbbbbﬂnneaﬁbﬂabﬂmmnwnﬂﬁ
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SnaBI

4801
4861
4921
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5101
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Figure 9. Outline of the RACE procedure for ¢cDNA synthesis of the
5' end of a specific mRNA.

Figure adapted from Frohman et al. (1988). The initial step in the
procedure involves reverse transcription of poly A RNA using a
gene-specific primer (5' RT). The first strand product is then
separated from excess 5' RT primer and a poly(A) tail is added using
dATP and terminal deoxynucleotidyl transferase. Second strand
synthesis is carried out with the (dT)17-adaptor primer.  The
products are then amplified with the adaptor primer and 5' RT
primer through 30 cycles of PCR. A fraction of the product is re-
amplified with the adaptor primer and a nested gene specific primer,

5' amp, which consists of a sequence upstream of the 5' RT primer.

S'RT| The 5' RT primer. |S'emp| The 5' amp primer. **+¢ | The
adaptor primer. The (dT)}7-adaptor primer. 5' RT primer:
ATCTGCGATCTCGTATCGACTG. 5'amp primer: ACCTTCGGCGCAACAT
ATTCGA. Adaptor primer: GACTCGAGTCGACATCGATGCA. (dT)17-
adaptor primer: GACTCGAGTC GACATCGATGCATTTTTTTTTTTTTTITTT.
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Figure 10. Location of primers used in PCR reactions.

Upward arrows indicate location of primers in the genomic fragment
contiining the cya-5+ gene. Horizontal arrows indicate direction of
extension of primers. Downward arrow labelled "Met." indicates the
location of the methionine codon (position 1289) that is believed to
be the CYA-5 translation initiation site. Downward arrow in bold
indicates the 5' end of the incomplete cya-5+ cDNA clone obtained
from a lambda ZAP library. Numbers indicate distance from the Sphl
site in base pairs. Only a portion of the genomic fragment (cloned in
pJC2) is depicted. It does not contain the ends of the cya-5+ cDNA

and coding region.
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Figure 11. Cya-5+ cDNA products amplified by the RACE procedure.

A. Lanes a and b: An ethidium bromide stained gel of products of
the first round of PCR (Fig. 9). Lanes a and b differ only in the
concentration of Mg2+ (6.8mM and 6.0 mM, respectively) used in the
reactions.  Other reaction conditions are described in detail in
Materials and Methods. The amplified 980 bp product can be
detected (although it is very faint) in lane a. Lanes ¢ and d: Reactions
in lanes a and b, respectively, amplified through a second round of
PCR with a nested primer (Fig. 9). With the exception of annealing
temperature (see Materials and Methods), all reaction conditions
were identical to those of the first round of PCR. The band detected
is 865 bp long. Lanes e and f: Southern blot of DNA in lanes ¢ and d,
respectively, probed with 2240 bp SphI-EcoRI fragment of pJC2 (Fig.
7). The probe hybridized to the 865 bp band detected in lanes ¢ and
d. m, HindIlI digested lambda DNA used as a DNA size marker. Sizes
are indicated in base pairs.

B. An ethidium bromide stained gel of RACE products from 2 rounds
of PCR amplification. The reactions differ in the annealing
temperature used in the first round of amplification. Lanes a-d:
First round annealing temperatures of 459C, 500C, 55°C and 620C,
respectively, were used. The anncaling temperature for the second
round of amplification was 620C. All other reaction conditions were
identical to those described in Materials and Methods. All reactions
amplified the truncated 865 bp product. m, HindIII digested lambda

DNA used as a size marker. The sizes are indicated in base pairs.
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Figure 12. Evidence that the truncated RACE product is cya-5+
cDNA and not amplified genomic DNA that may have contaminated

the poly A RNA preparation.

Various primers were used in PCR reactions of the RACE mixture
(consisting of wild-type poly A RNA and first strand cya-5 + cDNA).
The reaction products were electrophoresed on 0.8% agarose gels and
Southern blotted. The blot consisting of reactions performed with
primers THA1 and 2 (lanes d-f) were probed with an EcoRI fragment
containing the mom-19 gene (Schneider et al., 1991). The other blots
were probed with the SphI-EcoRI fragment of pJC2 (Fig. 7). Lanes a-
c: primers RDH1 and RDHS (Figs. 8 and 10) used in PCR reactions at
varying Mg2+ concentrations of 1.5mM, 2.0mM and 2.5mM,
respectively. The probe detected the expected 710 bp product.
Lanes d-f: as in lanes a-c, respectively, except primers THA1 and
THA2 were used. Lane g: primers RDH22 and 5'amp (Figs. 8 and 10)
in PCR reaction with a Mg2+ concentration of 2.0 mM. The probe
detected the expected 542 bp product. All other reaction conditions
are identical to those described in Materials and Methods. THAI
primer: TACGGGTACGATAATTACGG. THA2  primer:
GCCTCCCCITTTTCTITCTAG.
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Figure 13. Similarity of sequence upstream of putative cya-5+
translation initiation site to 8 nucleotide conserved region preceeding

ATG start site codon of several N. crassa genes.

Sequences obtained from: a) this study; b) Schechtman and Yanofsky
(1983); ¢c) Woudt et al. (1983); d) Kinnaird and Fincham (1983); e)
Arends and Sebald (1984); f) Legerton and Yanofsky (1985); g)
Stuart et al. (1987), Bottorff, (1990); h) Kuiper et al. (1988); i) Paluh
et al. (1988); j) Roberts et al. (1988); k) Fu et al. (1989); 1) Sachs et al.
(1989); m) Drygas et al. (1989); n) Newbury et al. (1986); o) Huiet
and Giles (1986); p) Orbach et al. (1986); q) Alton et al., 1982; r)
Rutledge, 1984; s) Mann et al., 1989; t) Fu and Marzluf, 1990:
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Gene Conserved sequence
cya-5 @ CCAACGCG ATG
trp-1b CAATCACA AT6

histone H3 €
histone H4 €

ADP/ATP carrier ©

his-3 T
cyc-19
cyt-21 h
cpe-11
con-10J
cys-3 K
cya-4!
cyt-2m
pyr-4 0
qa-18 0
tub-2 P
qa-2 4
qa-4r
pho-4§
nit-2 t

N. Crassa consensus

CCATCACA AT6
ATATCARR ATG
CCTICARR AT6
RTATCACA ATG
ARAACACC ATG6
CAGTCARA RT6
GGTCCARC AT6
CAGTCRAARC AT6
TCGTCAAC ATG
ATGGCACA AT6
CCGCCACC ATG
CAGTCGCR ATG6
CAGCCAAC ATG
CCGCCATC RAT6
CGGTCAAG ATE
CAAACACA ATG
CTITCGCC AT6
CGTTCARG ATG6
GTGCGACA ATG

CHR(R/G)TC(R/G)(C/A)(C/A) ATE



Figure 14. Northern analysis of the cya-5 transcript.

Lanes a: 4 pg of NCN10 poly A RNA. Lanes b: 8 pug of NCN45 ([mi-
3] mutant) poly A RNA. Lanes c: 7.5 pg of NCN69 (cyt-2-1 mutant)
poly A RNA. Lanes d: 18 pg of NCN5 total RNA. Lanes e: 18 pg of
NCNI10 total RNA. RNA was probed with cach of 3 probes (indicated
above lanes). The cya-5 probe consisted of the 2041 bp EcoRI-Kpnl
fragment of pJC2 (Fig. 7). The cyt-2 probe consisted of a 2.1 kb
HindIII containing the cyt-2+ gene (Drygas, 1989). The 2.58 kb Sall
fragment of pSV50 (Fig. 4) was used as the rub-2 probe. The
exposure time for both the cya-5 and cyt-2 probes was 144 hours (6
days). The blot hybridized with the tub-2 probe was exposca for 24
hours. Position of molecular weight markers (in kb) are indicated at

left.






Figure 15. Northern analysis of mitochondrial RNA from cya-5 and

wild-type strains.

A. Ethidium bromide stained NCN5 and NCN10 mitochondrial RNA
blotted onto a nylon membrane. RNA was separated on a 1% agarose
gel. Lane a: 0.5 pg of NCN10 mitochondrial RNA. Lanes b-e: 0.2,
0.4, 0.7 and 1.4 pg, respectively, of NCNS mitochondrial RNA. B. Blot
shown in (A) probed with: (COX I), the HindIIl 7c fragment of
mtDNA containing the COX I gene (Burger et al., 1985); (COX III), the
Pstl-1 fragment of mtDNA containing the COX III gene (Browning
and RajBhandary, 1982); and (COX I + COB), the EcoRI-3 fragment of
mtDNA containing the COX I, COB and tRNACYS genes (Burger et al,
1985). The two COB signals represent fully spliced COB transcripts
that differ at the 5’ untranslated ends (Kennell and Lambowitz,
1989). The smaller transcript (1.6 kb) appears to be initiated from a
site approximately 500 nucleotides downstream of the initiation site
for the larger transcript, but it is not known whether the smaller

transcript is translated (Kennell and Lambowitz, 1989).
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Appendix

sntibiot: Jded : ial i
Antibiotics Final concentration (pg/ml)

ampicillin 100
tetracycline-HCI 20

LB Broth

10 g bacto-tryptone (Difco)
5 g yeast extract (Difco)

5 g Na(Cl

1 g D-glucose

The solution was made up to 1 litre with distilled water and
sterilized by autoclaving for 20 minutes at 1219C  Solid medium for
plates was made by adding agar (1.5%) prior to autoclaving. Top
agar and top agarose were made by adding agar and agarose,
repectively, to 0.7%.

M 1 higmin 1

50 ml 20X D.M. stock
1 ml 10% MgSO4
1 ml 10 mM thiamine

The solution was made up to 5C0 ml with water and sterilized by
autoclaving. A sterile 1% (w/v) solution of D-glucose (500 ml) was
added when the atove solution had cooled.
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20X D.M, Stock

20 g (NH4)2S04
60 g KH2PO4
140 g K2HPO4

This was made up to 11 with water and 5 ml of chloroform was
addec 2= a preservative.

Yogel's Medium

20 ml 50X Vogel's stock
1 ml 1X trace elemenis
1 ml biotin sclution

15 g table sugar

Supplements (200 wug/m! of L-u.:ino acids and 10 pg/ml of
vitamins) were added when required. The soluticn was made up to
11 with -water betore autoclaving.

20X Vogel's

125 g Nagcitrate-2H20
250 g ¥H2PO4
100 g NH4NO3

10 g MgS04-7H20

5 g CaCl2-:2H20

The solution was made up to 11 with water. Chloroform (5 ml) was
added as a preservative.

4X trace elements

50 g citric acid-1H20

50 g ZnSO4-7THP_0

10 g Fe(NH4)2(S04)-6H20
2.5 g CuSO4-51120

0.5 g MnSO4-1H20

0.5g H3BO3

0.5 Ma2ho04-2H20
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20 mg CoCl2

Water was added to 11. The 4X stock was diluted to prepare a 1X
solution. Both solutions were stored at 4°0C.

Bioti luti

Biotin (5 mg) was dissolved in & iinal volume of 400 ml of 50% (v/v)
ethanol and stored at 40C.

20 ml 350X Vogel's

1 ml biotin solution

1 ml 1X trace elemenis
i5 ¢y agar

Supplements were added as required (10 pg/ml of vitamins) and
the solution was made up to 900 ml with w~atzr. After autoclaving,
100 ml of 10X sugars solution was added and plates were poured.

Benomyl transformation plates

Benomyl containing transformatior n'atus consist of all of the same
ingredients of viability plates, esvept they also contain benomyl.
After avt:claving, 2 ml of benomy! solution (0.25 mg/ml in 95%

ethanol) =5 added, and the plates were poured.

10X Sugars

200 g L-sorbose
5 g D-fructose
5 g D-glucose
2 g myo-inositol

Water was added to 11 and the solution was sterilized by autoclaving.

Top agar

20 ml 50X Vogel's stock
182 g sorbitol
1 ml 1X trace elements
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10 ml vitamins mix
15 g a«por

Required supplements were added 10 pg/ml) and the solution was
made 1p to 900 ml. The solution was autoclaved, and 100 ml of 10X
sugars solution was added. For determining sphaeroplast viability,
no benomyl was added. For transformations, 2 ml of benomyl
soluton (0.25 mg/ml in 95% ethanol) was added after autoclaving.

Yitamins Mi

30 mg riboflavin
100 mg thiamine
75 mg pyridoxine
S5 ml p-aminobenzoic acid (2mg/ml)
200 mg choi..1e chloride
1 ml folic acid (5 mg/ml)
4 g  myo-inositol

05 ¢g adenine sulfate

05 g wracil

05¢g L-methionine

0.5 g L-arginine
1g L-lysine

0.1¢g L-tkrconine

0.5 g L-serine

02 g L-homoserine

05¢g L-histidine

0.1 g  L-isoleucine

0.2 g L-valine

0.2 g  L-leucine

0.5 g L-proline

Ribnflavin was dissolved in 100 ml of water containing 4 drops of 5
N WaOH before adding to the rest of the solution. Water was added to
1 I, and the solution was filter sterilized. The solution was stored in a

dark bottle at 40C.
Guanidi luti

118.2 g guanidium isothiocyanate
5 ml 1 M sodium acetate (pH 5.2)
3.85 mg dithiothreitol (DTT)
1.25 g N sarkosyl
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Guanidine was dissolved in DEPC-treated, sterile distilled water and

sodium acetate by heating at 656C. Then DTT and sarkosyl were
added. The pH was adjusted to about 5.5 and more water was added
to a volume of 250 ml. The solution was filter sterilized and stored

at room temperature.
poly A loading buffer
2.5 M LiCl
10 mM Tris-HCI, pH 7.5

1 mM EDTA
0.1% SDS

Middle wash buffer

0.15 M LiCl

i0 mM Tris-HCI, pH 7.5
I mM EDTA
0.1% SDS

Elution buffer

10 mM Tris-HCI, pH 7.5
1 mM EDTA
0.05% SDS

20X Denhardt's
1% (w/v) Ficoll (400 000 MW)

1% (w/v) polyvinypyrrolidone (360 000 MW)
1% (w/v) Bovine Serum Albumin

The solution was filter sterilized and stored at -200C in 25 mi
aliquots.

20X SSC

3 M sodium chloride
0.3 M sodium citrate, pH7



168
Oligolabelli buff

Prepared by mixing 3 difrerent solutions, A, B and C, in a ratio of 20 :
50 : 30.
Solution A: 1 ml 1.25 M Tris-Cl pH 8, 0.125 M MgClI2

18 ul B-mercaptoethanol

5 wl 100 mM dATP, 3 mM Tris-Cl pH 7, .2 nM EDTA

5 ul 100 mM dTTP, 3 mM Tris-Cl pH 7, 0.2 mM EDTA

5 pl 100 mM dGTP, 3 mM Tris-Cl pH 7, 0.2 mM EDTA

Solution B: 2 M HEPES, pH 6.6

Solutio. C: Hexadeoxyribonucleotides made to 90 OD units/ml in 3
mM Tris-HCI, pH 7.0, 2 mM EDTA.

SM_buffer

5.8 g NaCi
20 g }i304-2H20
50 ml 1 M Tris-Cl, pH 7.5
5 ml 2% gelatin
Add distilled water to 1 1 and autoclave.

2X_YT medium
10 g yeast extract (Difco)
16 g bacto-tryptone (Difco)

10 g NaCl
Add distilled water to 1 | and autoclave.

Sequencine _fermination _mi
Regular mixes

ddG Termination mix: 80 uM of each of dGTP, dATP, dCTP and dTTP
8 uM ddGTP, SO0 mM NaCl

ddA Termination mix: 80 uM of each of dGTP, dATP, dCTP and dTTP
8 uM ddATP, 50 mM NaCl

ddC Termination mix: 80 pM of each of dGTP, ¢ATP, dCTP and dTTP
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8 uM ddCTP, 50 mM NaCl

ddT Termination mix: 80 UM of each of dGTP, dATP, dCTP and dTTP
8 pM ddTTP, 50 mM NaCl

dITP _mixes

.dG Termination mix: 160 puM dITP, 80 uM of each of dATP, dCTP,

dTTP
1.6 puM ddGTP, 50 mM NMaCl

ddA Termination mix: 8¢ pM of each of dITP, dATP, dCTP and 4TTP
8 uM ddATP, 50 mM NaCl

ddC Termination mix: 80 uM of each «f dITP, dATP, dCTP and dTTP
8 uM ddCTP, 50 mM NaCl

ddT Termination mix: 80 pM of each of dITP, dATP, dCTP and dTTP
8 uM ddTTP, 50 mM NaCl

Polvacrylamide sequencing gels (6%)

24 ml 4G% (w/v) acrylamide/bisacrylamide (19/1)
80 g urea

16 m!l 1 M Tris-borate, pH 8.2, 20 mM EDTA

60 ml distilled water

The urea was dissolved by placing the solution in a 50-60°0C water
bath and the solution was filtered. For each short gel (40 cm x 20 cm
x 0.3 mm), 35 ml of the solution was used, whereas 70-80 ml of
solution was used for long gels (80 cm x 20 cm x 0.3 mm). Prior to
pouring short gels, 10 pl of N, N, N', N' tetramethyl ethylenediamine
and 250 pl of 10% ammonium persulfate were added (per gel) to
polymerize each gel. Twice as much of each reagent was added to

each long gel.
rotei 1

tackin el
(3.75% acrylamide, 0.5% SDS)

2.5 ml 30% acrylamide/bisacrylamide (29/1) (w/w)
5ml 0.5M Tris-HCI, pH 6.8
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1 ml 10% SDS (filiered)

11.5 ml distilled water

Resolving gel
(15% acrylamide, 1% SDS)

75 ml  30% acrylamide/bisacrylamide (29/1) (w/w)
19 ml 3 M Tris-HC, pH 8.8

. A £
15 ml 10% SDS (filtered) &b
41 ml distilled water



