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Abstract

The cyt-12-1 mutant is characterized by a deficiency of
cytochrome c and a partial deficiency of cytochrrme aags,
while the cyc-1-1 mutant is deficient only in cytochrome c.
The cyc-1* gene was isolated by sib selection based on the
rescue of the slow-growth phenotype of cyc~1-1 using a cosmid
library of N.crassa DNA. Others in our laboratory isolated
the cyc-12% gene using identical techniques. Since the
prenotypes of these mutants are slightly different, it was
originally thought that cyt-12-1 and cyc-1-1 affected
different genes. However, three observations were made which
demonstrate that the mutants are, in fact, allelic. First,
heterokaryon analysis revealed that cyt-12-1 and cyc-1~1 do
not complement. Second, it was found that the cosmid
containing the cyt-12* gene was capable of rescuing the
cyc—-1-1 mutant and vice versa. Third, a comparison of the

cyt-12* containing cosmid with the cyc-1* containing cosmid,

3
demonstrated that both cosmids contain the same gene capable

of rescuing both mutants.

DNA sequence analysis showed that the cyt-12t gene
encodes the cytochrome c structural gene and that the gere
contains two introns, one located near the amino terminus and
the other neaxr the carboxyl terminus. DNA sequence analysis
of the cyt-12-1 mutant 2llele revealed two mutations, a
deletion of a G residue at -363 and a transition at +579.
This G/C to A/T transition affects amino acid #10 of the

N.crassa cytochrome c¢ protein by causing the replacement of

v



the wild-type glycine residue with an aspartic acid. The
glycine in the wild-type protein is thought to be important
for the formation of an alpha-helix near the amino-terminus
of the protein (Hampsey et al., 1986).

Northern analysis of cytochrome ¢ transcripts revealed
that cyt-12-1 cytochrome ¢ mRNA comigrates with that of the
wild-type strain and that the levels of cytochrome ¢
transcripts from the two strains are not grossly different.
Immunoprecipitation studies demonstrated that cyt-12-1
apocytochrome c mRNA can be translated in rabbit reticulocyte
lysates and that <yt-12-1 mitochondria are almost completely
devoid of immunologically detectable holocytochrome c.

In light of the above findings, a model is proposed to
explain the lack of holocytochrome ¢ in cyt-12-1 and the
possible relationship of the cytochrome ¢ deficiency to that
of cytochrome aa3. The finding that the cyt-12-1 mutation is
allelic to cyc-1-1 and that the cyt-12-1 gene encodes the
structural gene for cytochrome ¢, suggests that cyt=12-1

should be renamed cyc-1-12,
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I.Introduction

Mitochondrial Genetics

The study of the components and regulatory mechanisms
involved in the mitochondrial cytochrome system began with
the discovery of maternally inherited respiratory-deficient
mutants in yeast (Ephrussi and Hottinguer, 1951) and in
Neurospora (Mitchell and Mitchell, 1952; Mitchell et al.,
1953). The finding that mitochondria contained DNA (Luck
and Reich, 1964) and that the pattern of inheritance of
these cytoplasmic organelles was associated with many
abnormal phenotypes in Neurospora (Reich and Luck, 1966)
suggested that some metabolic functions were encoded by
mitochondria. The transmission of the Neurospora crassa
cytoplasmic [abn-1] mutant phenotype to normal strains by
microinjection of cytoplasm from [abn-1] cultures, provided
evidence supporting the genetic importance of mitochondria
(Garnjobst et al., 1565; Diacumakos et al., 1965).

It is now known that virtually all mitochondrial
genomes specify the same number of proteins, even though
extensive size variation exists in mitochondrial DNAs among
various species (Sederoff, 1984; Mulligan and Walbot, 1986).
Mitochondrial DNA only encodes a few electron transport
chain proteins: apocytochrome b, three components of the
cytochrome aaz complex, and some subunits of the
mitochondrial ATPase and NADH dehydrogenase complex

(Sederoff, 1984; Breitenberger and RajBhandary, 1985; Hartl



et al., 1989). The remaining proteins are encoded by
nuclear genes and have to be transported into the
appropriate submitochondrial compartment.

Mutants have been isolated, most notably in yeast and
N.crassa, affecting vzarious aspects of respiratory function.
The fewer number of respiratory mutants isolated in
Neurospora reflects the fact that yeast is a facultative
aerobe, while Neurospora is an obligate aerobe. Thus, an
effective selection scheme for respiratory mutants does not
exist for Neurospora. Lesions that completely eliminate
respiration in yeast are not lethal, because yeast has the
ability to grow by fermentation. Yeast respiratory mutants
can be easily detected on a medium containing high levels of
glycerol and low concentrations of glucose, since
respiratory deficient mutants stop growing when the stock of
glucose is depleted, while wild-type cells continue to grow
by utilizing the glycerol as a carbon source (Tzagoloff,
1982) . However, Neurospora lacks the ability to grow
anaerobically, so that mutations completely destroying
respiratory functions would be expected to be fatal. Thus,
respiratory mutants observed in Neurospora are due to a
reduction, rather than a total loss, of respiratory
function. |

Several techniques have been utilized solely or in
various combinations, in an attempt to select for
respiratory mutants of Neurospora. The filtration

enrichment method (Pittenger and West, 1979; Bertand et al.,



1977) used in combination with the inositol-less death
selection method (Pittenger and West, 1979) or with the
tetrazolium dye reduction test (Bertrand et al., 1977) have

yielded some respiratory mutants.

Cytochrome ¢

Cytochrome ¢, a component of the respiratory chain
(Figure 1), acts as an electron carrier between cytochrome c¢
reductase and cytochrome ¢ oxidase on the outer face of the
inner mitochondrial membrane (Chanse and Hess, 1959;
Estabrook, 1961; Hackenbrock and Hammon, 1975; DePierre and
Ernster, 1977). The ease of isolating cytochrome ¢ protein
allowed the characterization of cytochrome c and many
mutants affecting the protein before the era of recombinant
DNA (Sherman et al., 1985; Hampsey et al., 1986). Protein
sequence analysis of cytochrome ¢ from N.crassa revealed
that cytochrome ¢ is a small protein, only 107 amino acids
in length (Heller and Smith, 1966; Lederer and Simon, 1974).
Cytochrome ¢ is one of the many mitochondrial products that
undergo various forms of post-translational modification.
Cytochrome ¢ of N.crassa does not contain a cleavable amino-
terminal prepiece (Zimmermann et al., 1979; Hennig and
Neupert, 1983; Harmey and Neupert, 1985), in contrast to
both iso-cytochromes c¢ of yeast, known to have their amino-
terminal methionines cleaved by a general methisnnine
aminopeptidase (Sherman et al., 1985). Apocytochrome ¢, the

form of the protein without the heme group attached, is



encoded by a nuclear gene and is synthesized on free
polysomes before being released as a soluble protein into
the cytosol (Sherman et al., 1966; Verdiere and Petrochilo,
1975; Korb and Neupert, 1978; Sherman et al., 1978;
Montgomery et al., 1978; Smith et al., 1979; Montgomery et
al., 1980). It has been determined that apocytochrome c in
yeast and Neurospora contains an unusual N-trimethyl-I-
lysine residue, instead of the normal lysine at position 72
(DeLange et al., 1969). In vitro import experiments in
yeast have shown that methylated apocytochrome ¢ has a
higher affinity for mitochondria than the unmethylated form
(Polastro et al., 1978; Hartl et al., 1989). Apocytochrome
¢ is recognized by a unique mitochondrial transport system
and imported into the intermembrane space (Korb and Neupert,
1978; Zimmermann et al., 1981). Several studies have
revealed that cytochrome ¢ import is concommitant with
cytochrome c¢ heme attachment in N.crassa and S.cerevisiae
(Hennig and Neupert, 1981; 1983; Hennig et al., 1983;
Nicholson et al., 1988; Stuart, 1989). The heme prosthetic
group is attached to partially inserted apocytochrome ¢ by
the formation of thiocether linkages formed between the heme
vinyl groups and the thiols of cysteines 14 and 17 of
Neurospora apocytochrome c and cysteines 18 and 21 of yeast
iso-1 and iso-2 apocytochrome ¢ (Korb and Neupert, 1978;
Neher et al., 1980; Basile et al., 1980; Veloso et al.,

1981; Dumont et al., 1987).



Cytochrome ¢ Mutants in Yeast

The expression of cytochrome ¢ in yeast has been shown
to be regulated by the level of mitochondrial metabolism
(Slonimski et al., 1965; Zitomer and Hall, 1976; Zitomer and
Nichols, 1978; Boss et al., 1980; Siemens et al., 1980),
which suggests that lesions affecting a variety of
mitochondrial functions may directly or indirectly influence
cytochrome c¢ levels in the respiratory chain.

S.cerevisae, contains two distinct forms of cytochrome
¢. The major form, iso-l-cytochrﬁme ¢, is encoded by the
CYC1l gene, and the minor form, iso-2-cytochrome c, is
encoded by the CYC7 gene (Smith et al., 1979; Boss et al.,
1981; Sherman et al., 1981). The fact that various
mutations localized in the upstream regions of CYC1l or CYC7
cause either the overproduction or deficiency of their gene
products, suggests that a complex regulatory system exists
to control the expression of iso-cytochromes ¢ in yeast
(Sherman, 1964; Sherman et al., 1965; Lawrence et al., 1975;
Downie et al., 1977a and 1977b; Sherman et al., 1978;
Sherman and Stewart, 1978; Sherman et al., 1981; Matner and
Sﬁerman, 1982).

Mutations at two other loci, CYC2 and CYC3, that are
unlinked to CYC1 and CYC7 + reduce the levels of both iso-1-
cytochrome ¢ and iso-2-cytochrome c, although these mutants
have higher than normal levels of apo~iso-l-cytochrome ¢ and
apo-iso-l-cytochrome ¢ (Sherman, 1964; Sherman et al,, 1965;

Rothstein and Sherman, 1980; Mather and Sherman, 1982).



Wild-type yeast cultures contain small amounts of apo-iso-2-
cytochrome ¢ and no detectable apo-iso-l-cytochrome ¢. The
observations that both apo-cytochromes ¢ are detectable in
cyc2 and cyc3, that cyec3 is completely deficient of both
iso-cytochromes ¢, and that cyc2 partially lacks iso-1 and
iso-2-cytochrome ¢, suggested that these mutations affect
post-translational processing steps of cyvtochromes ¢ (Matner
and Sherman, 1982). The severity of the cytochromes c¢
deficiency observed in cyc3 mutants suggested that this
mutant probably directly affectg cytochrome c¢ biogenesis.

It was later determined that the CYC3 gene encodes the
enzyme cytochrome ¢ heme lyase (CCHL), which attaches the
heme group to apocytochrome ¢ (Harmey and Neupert, 1985;
Dumont et al., 1987). Strangely, some cyc3 mutants also
lack cytochrome aaj3. It has been propcsed that this
deficiency of cytochrome aajz is a secondary effect due to
the absence of cytochrome ¢ (Sherman et al., 1965; Reilly
and Sherman, 1965), since cycl/cyc7 double mutants are also
deficient in cytochrome aajz (Downie et al., 1977a).

Even the most severe cyc2 mutants still contain 10% of
the normal levels of both iso—cyfochromes ¢. Thusg,. it has
been speculated that the CYC2 protein is not dirsctly
involved in cytochrome ¢ metabolism, but ceul:f be required
for efficient import of apocytochromes ¢, ot “ie enhancement
of heme attachment activity (Matner and Sheyman, 1982).

However, the exact role of cyc2 has not been determined.



Other yeast mutants, affecting one or both iso-
cytochromes ¢, have been studied to a limited degree.
Heml mutants are in some senses phenotypically similar to
cyc3 mutants in that they lack both iso-cytochromes ¢, but
contain high levels of apo-iso-2-cytochrome c. However,
these heml mutants also lack all other cytochromes and
hemeproteins and were found to be deficient in delta-amino-
levulinic acid synthetase, an important enzyme of the
porphyrin biosynthetic pathway (Matner and Sherman, 1982;
Keng and Guarente, 1987). Three.other cytochrome c mutants,
cyc4, cycS, and cycé ,are slightly deficient of iso-1-~
cytochrome c¢ and iso-2-cytochrome c¢ (Sherman, 1964; Sherman
et al., 1965; Woods et al., 1975). Woods et al. (1975)
determined that cyc4 mutants are also defective in porphyrin
metabolism. The effects ¢f cyc5 and cyc6b on the levels of
cytochrome ¢ are very weak. 1In fact, the amount of
variation in cytochrome ¢ contert in various polymorphic
strains of yeast is as great as that seen in the mutant
strains cyc5 and cycé. Therefore, it is thought that both
mutants indirectly affect cytochrome ¢ metabolism (Gilmore
et al., 1971; Rothstein and Sherﬁan, 1980). Two mutants,
cyc8 and cyc9, cause the overproduction of iso-2-cytochrome
¢ in addition to other pleiotrophic affects (Rothstein and
Sherman, 1980; Sherman et al., 1981). Complementation
studies revealed that the CYC9 gene is allelic to the TUB1
gene, known to encode tubulin (Rothstein and Sherman, 1980).

The tubl mutant is characterized by a low frequency of



mating, abnormally shaped cells, flocculent morphology, and
the ability to incorporate exogeneous dTMP into DNA
(Wickner, 1974; Rothstein and Sherman, 1980). These diverse
mutant characteristics of cyc9 and tubl reinforce the

complex nature of these two regulatory mutants.

Regulation of Cytochrome ¢ in Yeast

Upstream activation sequences (UAS) mediate specific
control of several yeast genes. The CYCl gene contains two
distinct UAS sites, UAS1l and UAS2, that can function
independently to activate transcription (Pinkham and
Guarente, 1985; Pfeifer et al., 1987), while the CYC7 locus
only contains one UAS (Pfeifer et al., 1987). Several
studies have shown that CYC1l, CYC7, and the CTTI gene, which
encodes the soluble catalase T protein that presumably
neutralizes superoxide radicals, are regulated by various
physiological signals including oxygen, heme, and catabolite
repression (Clavilier et al., 1976; Guarente and Mason,
1983; Guarente et al., 1984; Winkler et al., 1988).
Mutation and protection studies have shown that CYClyasi,
CYCluas2, CYC7uas, and CTTlyas consist of at least two
functional components (regions A and B) which interact
synergistically to provide full expression (Forsburg and
Guarente, 1988).

Heme-deficient cells (either cells mutant in heme

biosynthesis grown on non-heme supplemented media or wild-

type cells grown anaerobically) can not respire and also



lack all cytochromes (Ephrussi and Slonimski, 1950; Gollub
et al., 1977; Guarente and Mason, 1983). It was determined
that under anaerobic growth conditions or the absence of
heme, both upstream activation sites of CYC1 are inactive
(Pinkham andd Guarente, 1985). However, under heme-
sufficient conditions in glucose media, activation of
transcription of CYCl by UAS1 is 10 fold greater than that
of UAS2, whereas in lactate media UAS2 is derepressed an
additional 100 fold, while UAS1 }s derepressed an additional
10 fold (Pinkham and Guarente, 1985). Thus, when cells are
grown in glucose the basal levels of transcription of CYC1l
are essentially activated by UAS1, while induction in non-
fermentable carbon sources is mediated equally by both UAS1
and UAS2 (Forsburg and Guarente, 1988).

In vitro studies have shown that a transciptional
activator, the HAP1l gene product (formerly called CYP1),
binds to region B of CYClyasi, CYC7yag, and CTT1lyas, and that
binding is greatly stimulated by heme (Guarente and Mason,
1983; Lalonde et al., 1986; Pfeifer et al., 1987; Cerdan and
Zitomer, 1988; Winkler et al., 1988). Interestingly, the
pattern of HAPIl major and minor éroove contacts were found
to be similar among the B regions of CYClyasi, CYCyas, and
CTTlyas sites (Winkler et al., 1988).

It was also determined that another yeast factor,
designated RC2, binds to a site overlapping region B of

CYClyasy (Arcangioli and Lascure, 1985). However, the exact
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role of RC2 in the regulation of iso-l-cytochrome ¢
expression still remains unknown.

Another factor, known as RAF, was found to bind to
region A of CYClypg; (Lalonde et al., 1986). It is thought
that bound RAF is a requirement for HAPI recognition and
that the complex of RAF and HAP1 is necessary for the
transcriptional activation of CYCl1l by UAS1l (Pfeifer et al.,
1987) .

Although, oxygen regulation of CYCl, CYC7, and CTT1 is
not fully understood, it has been shown that an enzyme of
the heme biosynthetic pathway in yeast, delta-amino-
levulinic synthetase, requires molecular oxygen for
induction (Mattoon et al., 1979). It has been suggested
that oxygen may also directly affect the expression of these
genes by increasing the affinity of HAP1l to upstream
activation sequences, similiar to the affect of intra-
cellular levels of heme (Cerdan and Zitomer, 1988).

The molecular basis of catabolite repression is not
completely understood in yeast (Guarente et al., 1984).
Guarente et al. (1984) proposed that catabolite repression
of UAS1 is dictated by intracellular heme levels, since
derepression of UAS1 in lactate is triggered by an increase
in levels of intracellular heme. This model is in agreement
with the observation that the rate limiting enzyme, delta-
aminolevulinate dehydratase, of the porphyrin biosynthetic
pathway, is also regulated by catabolite repression (Mahler

and Lin, 1978; Guarente et al., 1984). Other evidence
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suggests that UAS2 is highly regulated by catabolite
repression and is derepressed approximately 50 fold when
cells are shifted from a glucose medium to a non-fermentable
carbon source (Hahn et al., 1988).

In cells grown on non-fermentable carbon sources two
regulatory products, HAP2 and HAP3, are required for the
activation of the CYCl upstream activation site UAS2, HEMI,
and some other yeast genes encoding respiratory functions,
including other cytochromes and heme biosythesis enzymes
(Pinkham et al., 1987). 1In fact, the level of HAP2 mRNA is
5 fold higher in cells grown in medium containing a non-
fermentable carbon source than in glucose medium (Pinkham
and Guarente, 1985). However, the notion that HAP2 is the
direct regulator of UAS2 is complicated by the fact that
mutations in either HAP2 or HAP3 prevent growth on non-
fermentable carbon sources and completely abolish CYClyasg2
activity (Hahn et al., 1988) Strangely, it was observed
that the HAP3 locus encodes divergent overlapping
transcripts (Hahn et al., 1988). The antisense transcript
has been implicated in the regulation of HAP3 synthesis
and/or required for the activity of an activation complex
containing HAP2 and HAP3 (Hahn et al., 1988). Although it
has been observed that HAP3 binds to CYClyasz after HAP2 and
requires HAP2. it has not yet been determined which protein
makes the critical contacts to the upstream activation

sequence (Olesen et al., 1987).
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Neurospora Cytochrome Mutants

The regulation of cytochrome ¢ production in Neurospora
is not as well understood as in yeast. However, certain
mutants of the organism, deficient in cytochrome ¢ and other
cytochromes, have been implicated in a number of rather
complex control pathways. For this reason a general
discussion of relevant cytochrome deficient mutants is given
prior to a specific discussion of cytochrome ¢ mutants. The
nomenclature of the N.crassa mutants discussed is as
proposed by Bertrand et al.(1977). Under this scheme
nuclear mutants designated "cyb" are deficient in cytochrome
b, "cya" refers to strains deficient in cytochrome aas,
"cyc" mutants lack cytochrome ¢, and "cyt" mutants are
deficient in more than one cytochrome. N.crassa cytoplasmic
mutants are designated by square brackets.

The cytochrome aa3 deficiencies observed in cya-3,
[mi-3] (deficient of cytochrome aaj), and cyt-2-1 (lacks
cytochromes aaz and c) can be suppressed by low
concentrations of antimycin A (Figure 1), an inhibitor that
affects electron transport in the cytochrome bc; region of
the respiratory chain (Mitchell et al., 1953; Bertrand and
Collins, 1978). Even wild-type cultures grown in the
presence of low concentrations of antimycin A seem to have
increased levels of cytochrome aay (Bertrand and Collins,
1978; Bottorff and Nargang, unpublished results). The
(mi-3] extranuclear mutant and cyt-2-1, are characterized by

the accumulation of a larger cytochrome oxidase subunit 1



polypeptide (Bertrand and Collins, 1978; Bertrand and
Werner, 1979), while [mi-3] is also deficient in
immunoprecipitable cytochrome oxidase subunit 2 (Bertrand
and Werner, 1977). DNA sequence analysis of the [mi-3]
oxi-3 gene revealed that a missense mutation of the mature
subunit 1 polypeptide of cytochrome oxidase was most likely
responsible for the [mi-3] phenotype and suggested that the
subunit 2 deficiency of [mi-3] is likely a secondary affect
(Lemire and Nargang ,1986). The mutant alleles of three
nuclear genes cyb-1-1, cyb-2, and suppressor of [mi-3],
designated su{mi-3], have been shown to partially or fully
suppress the cytochrome aaz deficiency of [mi-3] (Bertrand
et al., 1976; Bertrand and Collins, 1978).. However, only
cyb-1-1 can suppress the cytochrome aajz deficiency of
cyt-2-1 (Bertrand and Collins, 1978). Surprisingly,
cyt-2-1/cyb-1-1 double mutants contain cytochrome b, but
[mi-3]cyb-1-1 double mutants lack cytochrome b (Bertrand et
al., 1977; Bertrand and Collins, 1978). It has been
suggested that the effect of cyb-1-1 and cyb-2-1 on [mi=-3)
and of cyb-1-1 on cyt-2-1 may be similar to the action of
antimycin A on the cytochrome bc; segment of the electron
transport chain (Bertrand and Collins, 1978; Bertrand,
1980).

A model involving two regulatory circuits was formulated
to account for the results discussed above (Bertrand and
Collins, 1978). One regulatory circuit involving the loci,

cyt-2-1, [mi-3]), and cya-3, was suggested as responsible for
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the constitutive production of cytochrome oxidase, since
lesions in these genes lead to a deficiency in cytochrome
aaz. The second circuit was thought to control the
induction of cytochrome oxidase in cultures of cya-3,
cyt-2-1 and [mi-3] supplemented with antimycin A, because a
blockage of electron transport in the cytochrome bc; region
of the respiratory chain appears to increase the levels of
cytochrome aa3z in these mutants. However, this model can
not be entirely correct, since it has been recently shown
that the primary defect in cyt-2-1 directly affects
cytochrome c¢ metabolism (Nargang et al., 1988; Drygas et
al., 1989). This implies that cyt-2-1 does not directly

affect a gene involved in cytochrome oxidase synthesis and

its affect on cytochrome aaj levels is secondary.

Mutants of N.crassa Deficient in Cytochrome c¢

Only three mutants have been isolated and studied that
have gross deficiencies of cytochrome ¢ in Neurospora
crassa. Cyt-2-1 is characterized by its slow growth and
deficiencies of cytochrome ¢ and aa3 (Mitchell et al., 1953)
and was mapped to chromosome VI by linkage analysis and RFLP
mapping (Bertrand et al., 1977; Drygas et al., 1989). Early
studies focussed on the cytochrome aajz deficiency of the
mutant and demonstrated that the cytochrome aa3z deficiency
of cyt—-2-1 could be alleviated under various conditions
(discussed above) . However, these conditions did not relieve

the deficiency of cytochrome ¢ (Bertrand and Collins, 1978).



Subsequently, it has been shown that the primary defect in
cyt-2-1 is a deficiency of cytochrome c heme lyase (Nargang
et al., 1988; Drygas et al., 1989).

A cosmid clone containing, the cyt-2% gene, was
isolated by sib-selection from a wild-type (74A) genomic
N.crassa library, by rescuing the slow growth character of
cyt-2-1 (Drygas et al., 1989). DNA sequence analysis of the
cyt-2*% gene revealed an open-reading frame of 346 amino
acids interrupted by two introns that has homology to veast
cytochrome ¢ heme lyase, encoded by the CYC3 gene (Dumont et
al., 1987; Drygas et al., 1989). The cyt-2-1 mutant allele
was cloned from a partial cyt-2-1 genomic library, using the
fragment containing the cyt-2* gene as the probe (Drygas et
al., 1989) Analysis of the sequence of the mutant gene
revealed a two base deletion that changes the reading frame
prior to generating an early stop codon (Drygas et al.,
1989). The finding that the cyt-2 gene directly affects the
biogenesis of cytochrome ¢, suggested that a severe
deficiency of cytochrome c causes a reduction in cytochrome
aaj production in Neurospora, which is similiar to
observations in yeast (discussed above).

Another cytochrome c deficient Neurospora mutant,
cyc—-1-1 (formally named RK3-21), was isolated as a
temperature sensitive growth-rate mutant (Pittenger and
West, 1979). Spectral analysis revealed that cyc-1~1 was
the first mutant deficient in only cytochrome ¢ in N.crassa

(Pittenger and West, 1979). Cyc-1-1 contains normal amounts
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of cytothromes aajz and b at 25°C (Figure 2) (Pittenger and
West, 1979), but partially lacks cytochrome aaj when grown
at 37°C (D.A. Bottorff and F.E. Nargang, unpublished
results).
The N.crassa mutant, cyt-12-1, was found to be
completely deficient of cytochrome ¢ and contained very low

levels of cytochrome aaz when grown at 25°C (Figure 2)

(Bertrand et al., 1977). Cyt-12-1, when grown at 37°C,
resembles cyt-2-1 , since it lacks both cytochromes aajz and
¢ (Mitchell et al., 1953; D.A. Bottorff and F.E. Nargang,
unpublished results). In early studies, the similiarity of
the cytochxzome defects observed in cvt-2-1 and cyt-12-1
suggested that both may affect similiar processes, despite
the fact that they map to different loci. The elucidation
of the defect in cyt-12-1 forms the main part of the present

work.

Mitochondrial Import of Proteins

Recently, considerable effort has gone into the analysis
of the targeting and import mechanisms for mitochondrial
proteins largely from studies in S.cerevisiae and Neurospora
crassa. It has been estimated that the nucleocytoplasmic
system contributes greater that 90% of the protein mass to
mitochondria (Douglas et al., 1986) with the remainder being
mitochondrial gene products translated on mitochondrial
ribosomes (Schatz and Mason, 1974; Schatz and Butbw, 1983).

Cytoplasmically synthesized proteins are ultimately
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translocated into one of the four mitochondrial
compartments: outer membrane, intermembrane space, inner
membrane, or matrix space (Doonan et al., 1984). It is
critical that proteins destined for the mitochondria are
efficiently and accurately targeted to the proper
mitochondrial compartment. The process of incorporating
cytoplasmically translated proteins into mitochondria can be
divided into a number of steps (discussed below), although
some precursor proteins have the ability to by-pass certain
steps (Hartl et al., 1989).

Proteins destined for the mitochondria are synthesized
on free polysomes and released ;nto the cytosol as soluble
species. Most of these exist as large precursors containing
amino-terminal targeting presegences (Hartl et al., 1989).
Precursor proteins must be made import competent by
conformational alterations that occur in an ATP-dependent
reaction that may involve the action of heat shock proteins
(Pelham, 1986; 1988). It is well known that certain
families of heat shock proteins in periods of stress bind to
hydrophobic regions of denatured polypeptides and prevent
aggregation in an ATP-dependent manner (Pelham, 1984; Lewis
and Pelham, 1985). The heat shock protein, designated hsp60,
in yeast and N.crassa has been implicated as a being a
member of a subclass of proteins known as “chaperonins”,
which ensure proper folding and assembly of some

mitochondrial proteins into multimeric structures



(Hemmingsen et al., 1988; Ostermann et al., 1989; Reading et
al., 1989).

Precursor proteins then recognize proteinaceous import
receptors on the surface of the outer membrane (Zwizinski et
al., 1983; Hartl et al., 1989). Following receptor binding,
precursor polypeptides are transferred to an insertion site
in the outer membrane, called the general insertion protein
(GIP) (Pfanner et al., 1988a; Pfaller et al., 1989). The
large precursor molecules, except for those destined to the
outer membrane, are then transported across the membrane(s)
and sorted to the correct mitochondrial compartment (Hartl
et al., 1989). Translocation into or across the inner
membrane occurs at contact sites, where the outer and inner
membranes touch. This translocation step is dependent on a
membrane potential across the inner membrane (Schwaiger et
al., 1987; Hartl et al., 1989) which is thought to drive
electrophoretically the positively charged regions of the
precursor protein into or across the inner membrane (Roise
et al., 1986).

Precursor proteins are then processed by a metal-ion
dependent processing peptidase (MPP), located in the matrix
(Hawlitschek et al., 1988; Hartl et al., 1989). Correct
sorting of proteins destined for the intermembrane space
occurs via a second hydrophobic presequence which directs
these proteins back into the inner membrane (Gasser et al.,

1982b; Pratje et al., 1983; Pratje and Guiard, 1986; Hartl
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et al., 1987). For such proteins a second proteolytic
cleavage may occur on the outer face of the inner membrans
(Gasser et al., 1982; Bohni et al., 1983).

After localization to the correct mitochondrial
compartment, the protein may undergo further post-
translational modification (Hartl et al., 1989). The
additional processing steps include covalernt and non-
covalent modifications such as heme attachment, iroa-sulfur
cluster formation and conformational changesz (Hartl et al.,
1989) . Many proteins are further assembled inte large
protein complexes (Hartl et al., 1989).

The import of cytochrome ¢ into mitochondria in
N.crassa (see Figure 3) does not cccur via the standard
mechanisms outlined above. Cytochrome ¢ is translated as a
precursor, apocytochrome ¢, which lacks an N-terminal
presequence (Zimmermann et al., 1981). It is not proteo-
lytically processed upon import, and is targeted directly to
the intermembrane space (Zimmermann et al., 1981; Stuart et
al., 1987; Hartl et al., 1989; Stuart, 1989).

Recently, it has been determined that the import of
cytochrome c¢ is not dependent upon NTPs, in contrast to most
proteins targeted to mitochondria (Stuart, 1989; Stuart et
al., 1990). This suggests that apocytochrome ¢ requires a
certain folded structure to be maximally competent for
import and unfolding the apo-protein makes it less competent

for import.
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Apocytochrome ¢ can spontaneously insert into the lipid
domains cf the outer membrane (Berkhout et al., 1987;
Mannella et al., 1987), where it binds with high affinity to
a specific receptor (Hennig and Neupert, 1981; Hennig et
al., 1983). This receptor is thought to exist as a complex
which includes cytochrome c heme lyase, the enzyme that
attaches heme to apocytochrome ¢ (Nicholson et al., 1988;
Nicholson and Neupert, 1988). It has been postulated that
cytochrome c heme lyase might act as a specific binding site
in lieu of a surface receptor (Nicholson et al., 1988;
Stuart, 1989), since apocytochrome c¢ import is blocked at
the stage of high-affinity receptor binding if heme
attachment is inhibited by the analogue deuterohemin, and is
reversed by adding protohemin (Hennig and Neupert, 1981).
This hypothesis is consistent with the observation that the
mitochondria of the N.crassa cyt-2-1 mutant, which lacks
CCHL activity, are also deficient in their ability to bind
apocytochrome ¢ (Nargang et al., 1988; Stuart, 1989).

Since bound apocytochrome ¢ is sensitive to proteinase
until holocytochrome ¢ is formed, it appears that the
formation of holocytochrome ¢ is a prerequisite for
cytochrome c¢ import (Hennig and Neupert, 1983; Nicholson et
al., 1988; Nicholson and Neupert, 1989; Stuart, 1989). The
attachment of the heme group to the partially inserted
apocytochrome ¢ is thought to induce a conformational change
which is responsible for driving the translocation of

cytochrome ¢ across the outer membrane into the
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intermembrane space (Hennig and Neupert, 1981; Nicholson et
al., 1987b; Hartl et al., 1989; Stuart, 1989).

Currently it is thought that the ability of apo-
cytochrome ¢ to spontaneously iﬁéert into the outer membrane
and the fact that enough free energy is generated by the
refolding of cytochrome ¢ after heme attachment to drive
holocytochrome ¢ across the outer membrane (Nicholson et al.,
1987a), allows for the circumvention of the general import

pathway (Stuart, 1989; Stuart et al., 1990).

The Present Study

The studies undertaken in this thesis were originally
designed to understand and characterize the nature of the
cytochrome ¢ deficient mutant cyc-1-1. A N.crassa genomic
cosmid library was screened by sib selection for its ability
to rescue the slow growth character of cyc-1-1. It was
thought that DNA sequence analysis of the wild-type gene
capable of rescuing cyc-1-1 might give insight into some of
the complex interactions important in the regulation of
cytochrome production in N.crassa.

However, during the course of this study it became
apparent that the cyc-1-1 mutant might be related to another
N.crassa mutant, namely cyt-12-1. Therefore, experiments
were undertaken to investigate this possiblity. These
studies showed that cyc-1-1 and cyt-12-1 were allelic
mutations. Because of these experiments and because a

publication on the cyc-1-1 mutant appeared during the course



of the work (Stuart et al., 1987), the project was altered to

investigate the nature of the cyt-12-1 mutant.



II. Materials and Methods

Media and Buffers

The composition of all media, and certain complex
buffers, and solutions are given in the appendix. The
composition of all other buffers and solutions are given in

the text of the appropriate section.

E.coli Strains and Culture Conditions

The E.coli strains used are described in Table 1.
The bacterial strains were grown at 37°C in liquid L-broth
medium (Lennox, 1955; see appendix) with shaking (200 rpm)
or on L-broth plates. Overnight cultures of JM103 were
grown in DM salts (Davis and Min@ioli, 1950) containing
10 mM thiamine and 0.5% (w/v) glucose (see appendix) .
Antibiotics, for selective purposes, were added to the
autoclaved medium after it had cooled to approximately
55 to 60°C. Filter-sterilized tetracycline-HCl or
ampicillin were added to the medium to a final concentra-
tion of 20 pg/ml or 100 ug/ml, respectively. When
screening bacterial strains harboring pUCl19 or M13 phage
derivatives for DNA fragment insertions, X-GAL (dissolved

in N,N-dimethyl-formamide) and IPTG (dissolved in distilled

water) were added to a final concentration of 50 Mg/ml and
25 ug/ml, respectively.
Glycerol stocks of the E.coli strains, were prepared

as described in Maniatis et al. (1982); 850 pul from a
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saturated overnight culture was added to 150 Ml sterile
glycerol in a sterile microcentrifuge tube. After gentle

mixing, these glycerol stocks were stored at -20°C.

Neurospora crassa Strains and Culture Conditions
The strains of N.crassa that were used in this study
are described in Table 2. Conidial growth of Neurospora
was in 250 ml Erlenmeyer flasks containing modifiéd Vogel's
medium (Davis and de Serres, 1970; see appendix) and 1.5%
(w/v) agar. The flasks were incubated at 30°C until
adequate mycelial growth was observed. At this time the
flasks were taken out of the incubator and exposed to light
at room temperature. After conidiation, the conidia were
suspended in sterile distilled water. The suspension was
filtered through two layers of sterile cheesecloth in a
sterile Buchner funnel to remove the fragments of mycelium.
The conidial concentration was determined by using a
haemocytometer. Conidia were used as inoculum for liquid
Vogel's medium to yield a final concentration of 1 to
3 X 10% conidia/ml. The culture was incubated at 30°C or
37°C with vigorous shaking until it reached the appropriate

stage of growth (usually mid-log phase).

Preservation of Neurospora Strains
Neurospora strains were kept on silica gel as prev-
iously described for long-term preservation (Davis and de

Serres, 1970). A dram screw-cap vial half-filled with
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silica gel (grade H, type II, 6-12 mesh) was heated at
180°C for 90 minutes, with the caps loosened to activate
the silica gel. At this time, the cap was tightened and
the vial was allowed to tool to room temperature. A ster-
ilized solution of 10% (w/v) reconstituted skim milk

(1 to 2 ml) was used to suspend conidia from fresh Vogel's
slants (< 10 days o0ld) with a sterile pasteur pipet.

Enough suspension was added to the sterile dram vial to be
fully absorbed by the activated silica gel. The sealed
vial was vortexed vigorously and quickly placed in an ice-
water bath for 10 minutes. After one week, if the silica
was not dry or growth was apparent at room temperature, the
vial was discarded. One or two of the silica stock
crystals were used to inoculate solid Vogel's medium for

conidial growth.

Heterokaryon Construction

Heterokaryons were made by superimposing two different
auxotrophic N.crassa strains of the same mating type onto
unsupplemented Vogel's medium (Bertrand and Pittenger,

1969).

Cytochrome Spectra

Cytochrome spectra were obtained by a modifix: on of
the procedure described by Bertrand and Pittenge: . " 19)
using a Shimadzu UV-265 recording spectrophotef&fr .\

crude mitochondrial pellet was résuspended in 1.\



TE buffer (10 mM Tris-HCl, pH 7.8, 1 mM EDTA). The
mitochondria were dissolved by adding 1.5 ml of 5% (w/v)
sodium deoxycholate, 10 mM Tris-HC1l, pH 7.8, 10 mM EDTA.
The mixture was transferred to two microcentrifuge tubes,
the tubes were centrifuged for 2 minutes, and the
supernatant was decanted to a test tube. The sample was
mixed thoroughly with a pasteur pipet before determining
the spectrum. The air-oxidized mitochondrial solution was
used to generate a baseline by scanning from 650 nm to
500 nm. The solution in the reference cuvette was
completely oxidized with a few crystals of potassium
ferricyanide. The solution in the sample cuvette was
reduced by adding a few grains of sodium dithionite. The
spectrophotometric scan was repeated. The primary
absorption peaks for cytochrome c, cytochrome b and cyto-

chrome aaz are at 550 nm, 560 nm and 608 nm, respectively

(Bertrand and Pittenger, 1972).

Plasmid and Cosmid DNA Vectors

Plasmids pBR322 (Bolivar et al., 1977), pUC1l9
(Yanisch-Perron et al., 1985) and the cosmid vector pSVS50
(Vollmer and Yanofsky, 1986) were used as cloning vectors.
(Table 3.) Table 4 lists the recombinant plasmids

constructed or obtained from others for use in this study.



27

Subecloning

Purified DNA fragments were cut with various
restriction endonucleases and ligated into the compatible
cloning sites of the M13 vectors mpl8 and mpl9 (Messing,
1983) and the plasmid vector pUCl9 (Yanisch-Perron et al.,
1985). The M13 and pUC19 ligation products were then
transfected or transformed into competent JM103 and JMS83

cells, respectively.

Transformation

A large sterile morton capped test tube, containing 10
mls of L—bfoth, was inoculated with the appropriate E.coli
strain. After growing the culture overnight to saturation
at 37°C with vigorous shaking, 200 puls of the overnight
culture was used to inoculate a sterile 250 ml Erlenmeyer
flask, containing 40 mls of L-broth. The culture was grown
at 37°C in a shaker-incubator until the culture reached
mid-log phase. The bacterial cells were pelleted by
centrifugation (5,000 rpm for 4 minutes)l. The supernatant
was discarded and the pellet was resuspended in 1 ml of
sterile 30 mM CaCl,. After incubating on ice for 30 to 90
minutes, 200 Ul of competent cells were transferred to a
sterile microcentrifuge tube per transformation. After the

addition of the ligation mixture to the competent cells,

lUnless otherwise stated, centrifugation was in a Sorvall
(§5-34 rotor) at 4°C.
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the suspension was incubated on ice for 30 to 90 minutes.
The transformation mixture was then heat-shocked at 42°C
for 2 minutes before adding 500 Hl of sterile L-broth.

After mixing by inversion, the tube was incubated at 37°C
for 30 minutes. Aliquots of 25 to 150 Ul were plated on

selective media and incubated at 37°C overnight.

M1l3 Transfection

M13 single-stranded or M13 replicative form DNA was
transfected into JM103 as previously described by Norgard
et al.(1978). After the addition of LNA to the E. coli
competent cells and the 30 minute incubation on ice, the
transfection mixture was heat-shocked at 42°C for 2
minutes. Different amounts of the transfection mixture
were added to small sterile morton closure capped tubes
containing: 3 ml of soft agar (see appendix) supplemented
with 200 Ul of a saturated JM103 overnight culture, 50 Ul
of X-GAL solution and 10 pl of IPTG solution. This mixture
was overlayed onto L-broth plates and incubated at 37°C for

at least 9 hours.

Rapid Plasmid DNA Isolation

Mini-plasmid DNA preparations were isolated by a
slight modification of the alkaline-lysis protocol of
Birnboim and Doly (1979). The plasmid-containing E.coli
‘'strain was grown overnight in 10 mls of L-broth plus

the appropriate antibiotic. The cells were pelleted (5,000
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rpm for 5 minutes) and the supernatant discarded. The
pellet was resuspended in 200 Ml of cold glucose buffer
(50 mM glucose, 25 mM Tris-HCl, pH 7.52, 10 mM EDTA). The
cell suspension was placed in a microcentrifuge tube
containing 400 {1l of freshly prepared alkaline-SDS

(0.2 M NaOH, 1% (w/v) SDS). After the tube was mixed by
inversion, it was left on ice for 5 minutes. The
proteinaceous material and non-supercoiled DNA was
precipitated by the addition of 300 ul of cold 3 M sodium
acetate, pH 4.8 and gentle mixing bv inversion. The tube
was centrifuged in a microcentrifuge for 5 minutes.3 The
supernatant (approximatély 750 Ul) was added to a new tube,
containing 450 Ul of cold isopropanol, mixed thoroughly and
left at -20°C for 5 minutes. The DNA was pelleted by
centrifugation for 5 minutes. The supernatant was removed
by aspiration and the pelilet was dried in a vacuum
dessicator. The pellet was resuspended in 200 Ul of
distilled water. The DNA was reprecipitated by adding

150 1 of cold 3 M sodium acetate, and filling the tube
with 95% ethanol. After mixing thoroughly by inversion,
the tube was centrifuged for 5 minutes. The supernatant

was removed by aspiration and the nucleic acid pellet was

“The pH of the buffers containing Tris was adjusted at room
temperature.

3Unless otherwise stated, centrifugation in the micro-
centrifuge was done at room temperature.
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with 95% ethanol. After mixing thoroughly by inversion,
the tube was centrifuged for 5 minutes. The supernatant
was removed by aspiration and the nucleic acid pellet was
dried in a vacuum dessicator. The pellet was resuspended
in 100 Ml of distilled water and 10 Nl was used in typical
50 Ml restriction digests. During digestion 2 Ml of
RNase A (10 mg/ml stock solution; Maniatis et al., 1982)
was added to degrade the RNA., The rapid-plasmid DNA
isolated by this method did not produce reasonable
transformation frequencies in Neurospora transformation
experiments but was useful for screening recombinant pUC19

clones for DNA fragment insertions..

Large-Scale Plasmid and Cosmid DNA 1Isolations
Plasmid DNA was isolated by a modification of the
"alternate" procedure given in Maniatis et al.(1982). An
overnight culture (1 ml) of the plasmid-harboring E.coli
strain was used to inoculate 1 1 of L-broth. The culture
was grown overnight (approximately 13 to 18 hours) in a
37°C shaker-~incubator (200 rpm), until saturation was
achieved. The cells were pelleted by centrifugation in a
Sorvall GSA rotor (3,000 rpm for 5 minutes at 4°C). The
supernatant was discarded and the pellets were suspended_in
approximately 50 ml of STE buffer (150 mM NaCl 50 mM
Tris-+HCl, pH 7.8, 1 mM EDTA). The cells were repelleted by
centrifugation as stated above. . The supernatant was

decanted and the pellets were resuspended in a combined
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volume (20 ml) of sucrose buffer (10% (w/v) sucrose, 50 mM
Tiis-HCl, pH 8.0). To this mixture, 16 ml of 0.25 M EDTA,
pPH 8.0 and 4 ml of a freshly prepared solution of lysozyme
(10 mg/ml in 0.25 M Tris:HCl, pH 8.0) was added. The
solution was mixed by inversion and left on ice for 30
minutes. To this solution 8 ml of 10% (w/v) SDS was added,
mixed quickly and 12 ml of 5 M NaCl was added. The sus-
pension was then mixed gently by inversion and left in an
ice-water bath for 1 hour. The viscous solution was
transferred to polycarbonate tubes and centrifuged (18,000
rpm for 30 minutes) to remove the high molecular weight
DNA. The supernatant was decanted to fresh SS-34 tubes and
0.6 volumes of cold isopropanol was added. The solution
was mixed well and left on ice for 10 minutes. The nucleic
acids were pelleted by centrifugation (12,000 rpm for

10 minutes). The supernatant was discarded and the pellets
were dried in a vacuum dessicator. The pellets were re-
suspended in a total volume of 4 ml of distilled water with
5 ml pipets. The insoluble material was pelleted by
centifugation (10,000 rpm for 5 minutes). The supernatant
was decanted to a fresh SS-34 tube, 4 g of cesium chloride
was added and dissolved by inversion. Ethidium bromide

(750 pl of a 10 mg/ml solution) was added and the mixed
solution was centrifuged (15,000 rpm for 25 minutes). The
supernatant was transferred to 13 x 51 mm Quick-SealTM
tubes (Beckman). The plasmid DNA was banded by

equilibrium-density centrifugation in a VTi65 rotor
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(Beckman) at 54,000 rpm for 6 hours at 20°C. Plasmid DNA
collected from the gradients was extracted four times with
salt-saturated isopropanol (see appendix) to remove the
ethidium bromide from the aqueous solutions. The cesium
chloride concentration was reduced by dialysis against 5 1
of distilled water for 1 hour to overnight at 4°C. The DNA
solution was transferred to microcentrifuge tubes and 20 Hi
of RNase A (10 mg/ml stock) was added. After mixing by
inversion and incubating for 30 minutes at 37°C, 20 pl of
Protease K (see appendix) was added. The sclution was left
for 30 minutes at 37°C. The DNA solution was extracted
four times with water-saturated phenol and once with
chloroform/iso-amyl alcohol (see appendix). The DNA
solution (approximately 500 Ml or less) was ethanol
precipitated by adding 150 pl of 3 M sodium acetate, pH 4.8
and filling the tube with 95% ethanol. The nucleic acids
were pelleted in a microcentrifuge for 20 minutes. The
pellet was washed once with 70% ethanol and dried in a
vacuum dessicator. The DNA pellet was resuspended in

300 pl of sterile water. A small aliquot was diluted to
determine the DNA concentration using a spectrophotometer.
Restriction digests, using appropriate restriction
endonucleases, were electrophoresed on 0.8% agarose gels to

confirm that the plasmid isolated was correct.
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Isolation of M13 Single-Stranded DNA

M13 single-stranded DNA was isolated by a modification
of the procedure found in "M13 Cloning and Sequencing
System: A Laboratory Manual", New England Biolabs, 1Inc.
Sterile pasteur pipets were used to pick individual plaques
and blown into separate 250 ml Erlenmeyer flasks, that
contained 40 ml of L~broth inoculated with 150 ikl of cells
from a fresh JM103 overnight culture. The culture was
grown in a shaker-incubator with vigorous shaking at 37°C
for 9 to 11 hours. The cells were harvested by centri-
fugation (15,000 rpm for 30 minutes). The supernatant was
decanted to a clean SS-34 tube and 7 ml of 10% (w/v) PEG-
8000, 2.5 M NaCl was added and the tubes were mixed by
inversion. After the mixture haq been on ice for 1 hour,
the precipitated phage were pelleted by centrifugation
(10,000 rpm for 20 minutes). The pellet was suspended in
- 650 Ul of phenol extraction buffer (0.3 M NaCl, 0.1 M
Tris-HC1l, pH 7.3, 1 mM EDTA) and transferred to a micro-
centrifuge tube. To this solution 10 Kl of Protease K
solution (see appendix) and, 10 Bl of a 10% (w/v) SDS
solution were added and incubated at 37°C for 30 minutes.
This solution was extracted with water-saturated phenol
four times and once with chloroform/iso-amyl alcohol (see
appendix). The single-stranded phage DNA was precipitated
by filling the tube with 95% ethanol. After mixing by
inversion, the DNA was pelleted by centrifugation in é

microcentrifuge for 5 minutes and washed once with 70%
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ethanol. The DNA pellet was dried in a vacuum dessicator
and resuspended in 100 Pl of distilled water. The single-
stranded clones to be used in sequencing reactions were
screened by running appropriate single-stranded DNA
standards, whose nucleic acid concentration and size were
known, adjacent to the clones, on a 0.8% agarose gel. The
amount of the clone used for DNA sequencing was estimated
by comparing the florescence of the clone to the standards

on a UV-light trans-illuminator.

Single Stranded M13 Subcloning

In certain cases the Dale method was used to obtain
DNA sequence of the wild-type cytochrome ¢ gene (Dale et
al., 1985). The wild-type cytochrome ¢ gene was cloned into
M13mpl9 and the single-stranded DNA obtained was used to
generate deletions as follows. To a clean microcentrifuge
tube single-stranded DNA (2 to 4 Hg), 2 U1l of 10X EcoRI
restriction buffer (BRL),and 2 Ml (10 ng)of RD20 Dale
primer were added. The volume was made up to 18 Ml with
sterile distilled water. The primer was annealed to the
template by placing the tube at 65°C for 2 minutes and
allowed to cool slowly to 40°C. The double stranded region
was then cut by adding 2 Ul of EcoRI (10 units/ul)
restriction endonuclease and incubating at 42°C for 1 hour.
A small aliquot (3 Ml) was removed and electrophoresed
adjacent to an aliquot of uncut single-stranded template on

a 0.8% agarose gel to determine if digestion was complete.
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Uni~directional deletions were made by adding the following
to the remaining 17 Pl solution: 1 Pl of BSA (4 mg/ml), 1
Bl of 0.2 M dithiothreitol, 1 Ul of 1.0 M Tris-HCl, pH 7.5
and 1 to 2 units of T4 DNA polymerase (Pharmacia). During
the 37°C incubation, 5 M1 aliquots were removed every 15
minutes and transferred to a single microcentrifuge tube on
ice. The T4 DNA polymerase was heat inactivated by placing
the tube at 65°C for 10 minutes. A poly-G tail was added
to the end of the deletions by adding the following: 2.5 pl
dGTP (50 mM), 2.0 pl water and 0.5 Ml of terminal deoxy-
transferase (BRL, 8 units/pl). The reaction was incubated
at 37°C for 20 minutes and stopped by a 10 minute
incubation at 65°C. To the above reaction 2 Hl of Dale
primer was added and annealed to the template as before.
The following ligation was prepared: 12 pl of the Dale
reaction, 1.5 MUl of ATP (10 mM), 1.5 Ll of water and

1 pl of T4 DNA ligase (6 units/pl). After incubation at
room temperature for 4 hours, 1 to 5 Nl of sample was used

for E.coli transfection.

Preparation of Neurospora Sphaeroplasts

The preparation of frozen Neurospora sphaeroplasts
essentially followed the procedure described by Akins and
Lambowitz (1985). Fresh conidia (<2 weeks old) from the
Neurospora strain to be transformed were used to prepare a
conidial suspension in sterile water. The concentration of

this suspension was determined by using a haemocytometer.
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Enough conidial suspension to yield a final concentration
of 5 X 10% to 1.5 X 107 conidia/ml was added to a 2 1
baffled Erlenmeyer flask containing 1 1 of 0.5X liquid
Vogel's medium (see appendix). The culture was incubated
with gentle shaking (200 rpm) at 25 to 30°C. The extent of
germination was observed by counting the number of germ-
inated conidia as a percentage of the total number of
conidia in a haemocytometer. A conidium was considered
germinated when a small protuberance was observed. Once
germination (>80%) was achieved the conidia were harvested
by centrifugation (5,000 rpm for 10 minutes) in sterile
GS-3 rotor bottles. The pelleted conidia were washed twice
with sterile distilled water and twice with sterile 1 M
sorbitol. A small aliquot was removed by a sterile pasteur
pipet, to determine the concentration of the conidial
suspension using a haemocytometer. The conidial pellet was
resuspended in 9 ml of sterile 1 M sorbitol. The volume
was adjusted, with additional 1M sorbitol, such that the
maximum concentration was 1 X 109 conidia/ml. The
suspension was transferred to a sterile 250 ml Erlenmeyer
flask, 15 mg of Novozym™ 234 (Novo Laboratories, Inc.) was
added for each ml of suspension and incubated at 30°C with
gentle shaking (100 rpm) for 1 hpur. The percentage of
sphaeroplasting was monitored microscopically by comparing
the ratio of "ghosts" (lysed conidia) in a SDS-treated
sample to the number of conidia in an untreated sample.

After 90% sphaeroplasting was achieved, the sphaeroplasts
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were pelleted by centrifugation in a IEC clinical
centrifuge (10 minutes at low speed). The pellets were
washed twice with sterile 1 M s3orbitol and once with
sterile MCS solution (20 mM MOPS, pH 6.3, 50 mM CaCly,1 M
sorbitol). The sphaeroplasts were resuspended in 6 ml of
sterile MCS. The volume was adjusted with additional
sterile MCS such that the sphae;pplast concentration was
between 2.5 to 5 X 108 sphaeroplasts/ml. The total volume
of the solution was measured and for each ml of solution
the following was added: 13 pl dimethylsulfoxide, 65 Ul of
a sterile heparin solution (5 mg/ml) and 275 Hl of PMC
solution (see appendix). The mixture was gently mixed by
inversion and the sphaeroplasts were aliquoted into sterile
micro-centrifuge tubes and stored at -70°C. At a later
date, a tube of sphaeroplasts was thawed on ice and a
dilution series using sterile 1 M sorbitol was prepared.
The sphaeroplast viability was determined by plating 100 pl
of the 10-3, 1074, 10~5 and 1076 dilutions onto viability
plates (see appendix) using top %gar (see appendix). If a
viability of greater than 107/ml was not obtained the
sphaeroplasting procedure was repeated.

Transformation of Neurospora Sphaeroplasts and
Isolation of Neurospora Genes by Sib Selection
These procedures were as described by Akins and
Lambowitz (1985) utilizing a wild-type (74A) Neurospora
genomic library constructed in the pSV50 cosmid vector

(Vollmer and Yanofsky, 1986). Frozen sphaeroplasts were
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thawed on ice. Approximately 5.0 Ug of DNA per trans-
formatiom was used in the first two rounds of sib-selection
while later rounds required less DNA because of the
decreasing complexity. In all cases the sphaeroplast to DNA
ratio was kept in the range of 6 X 10% to 3.5 X 107 viable
sphaeroplasts/jg of DNA. To a sterile micro-centrifuge
tube, DNA was added with sterile distilled water such that
the total volume was 60% of the sphaeroplast volume. The
sphaeroplasts were added and the tubes were incubated on
ice for 30 minutes after gently mixing by inversion. To
the microcentrifuge tube, sterile PMC solution (10X the
sphaeroplast volume; see appendix) was added, gently mixed
and incubated at rocom temperature for 20 minutes. To a
sterile 125 ml Erlenmeyer flask, top agar (10 ml/plate; see
appendixj) and the transformation mixture was added and
gently shaken. The contents of the flask were overlayed

onto benomyl plates (see appendix) and incubated at 37°C.

Maintenance of the Cosmid Library

The wild-tvps (743) Neurospora library screened in this
study comprises of 3168 separate E.coli c¢lones stored in
microtiter dishes at -70°C. The- actual maintenance and the
utilization of the genomic library is as described by Akin

and Lambowitz (1985) and Drygas et al. (1989).



Isolation of N.crassa Transformants for Spectra
Cyt-12-1 sphaeroplasts were transformed with cosmids
(pSV50-5324 and pSV50-4333) and plasmids (pSP8 and pDBl) as
described in the transformation of Neurospora sphaéroplasts
and isolation of Neurospora genes by sib selection section

above. Fast growing colonies were picked using a sterile
pasteur pipet and blown into sepérate sterile 250ml
Erlenmeyer flasks containing 40 ml of Vogel's medium, 1.5%
(w/v) agar (see appendix), and 0.5 mg/l benomyl (dissolved
in 95% ethanol). After incubating at 30°C, until adequate
mycelial growth was observed, the flasks were removed from
the incubator and placed in the light. When sufficient
conidial growth was apparent, the conidia were harvested
with sterile distilled water and used as inoculum for
liquid Vogel's medium containing 0.5 mg/ml benomyl and
growed at 30°C in a shaker-incubator (200 rpm). When the
cultures reached mid-log phase, they were harvested by
filtration Cytochrome spectra of the transformants
followed the procedure previously described in the

cytochrome spectra section.

DNA Sequencing

DNA sequencing of the wild-type cytochrome c gene
followed the dideoxy method of Sanger et al. (1977) using
M13 vectors (Messing, 1983). Single-stranded DNA clones
were constructed using M13mpl8 or Mi13mpl9 (Yanisch~Perron

et al., 1985). The hybridizations for sequencing contained
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the following: 1.0 to 2.0 pg of the single-stranded DNA
template, 10 ng of the appropriate primer from 16 to 20
base pairs long (One of: M13-17mer@-20, M13-17mer@-40, New
England Biolabs, Inc.; cytcl, cytc2, cytc3, cytcd4, (see
Fig.17) Dr. Ken Roy, Department of Microbiology), and 1 pl
of 10X Pol buffer (see appendix). The total volume was
made up to 12 Ml with sterile water in a microcentrifuge
tube. To anneal the primer and template, the tube was
placed in a boiling waterbath for 3 minutes and then cooled
for 3 minutes at room temperature. The hybridization
mixture was transferred to a well of a Nunc Microwell
plate™ . and 1 pl of 0.1 M dithiothreitel , 1 Ml of
radioisotope (032P-dATP (>600 Ci/mmol; NEN) or o35S-dATP
(>1000 Ci/mmol; Amersham) and 1 Pl of Klenow fragment (1
unit/pl) were added. After mixing thoroughly, 3 Ml
aliquots were dispensed to four labelled adjacent wells of
the microtiter dish. The elongation reactions were
initiated by adding 3 Hl of the A, C, G or T mixes (see
appendix) to the appropriate wells and incubating in an
air-incubator (42 to 55°C). When secondary structures were
encountered sequencing was repeated using, either c7dGTP
(Barr et al., 1986; see appendix) or dITP (Sanger et al.,
1982; see appendix) in place of dGTP in all of the reaction
mixes. After incubating 10 minutes or 15 minutes
(depending if o32P-dATP or 0355-dATP was used,
respectively), 1.5 Ul of chase (see appendix) was added to

each of the four reactions and the plate was returned to



the incubator for 10 minutes. The sequencing reactions
were stopped by adding 14 Ul of dye-formamide mix (see
appendix) to each reaction. The samples were transferred
to labelled microcentrifuge tubes and the template-
radioactive strands were denatured by boiling for

5 minutes.

The cyt-12-1 mutant gene was sequenced by the T7
polymerase dideoxy sequencing method (T7 SequencingT™ Kit,
Pharmacia LKB Biotechnology, 1988) using the radioisotope
0355~-dATP. When areas of sequénce compression were
observed the sSequence was redone and dGTP was replaced in
all reaction mixes with c’dGTP or dITP (Deaza 77
Sequenci:ng'-'l'M Mixes, Pharmacia LKB Biotechnology, 1988).

The reactions (3 Ul) were loaded onto 6% acrylamide
sequéncing gels {(prepared from a 40% acrylamide stock
(see appendix), 8.33 M urea, 0.1 M Tris-borate, pH 8.3,

2 mM EDTA). The short gels (40 cm X 20 cm X 0.25 mm) and
long gels (80 cm X 20 ¢m X 0.25 mm) were rum at 27 and

50 Watts (constant power), respectively. When 035S-dATP
was the radioisotope used, the acrylamide gels were dried
in a Bio-Rad Slab Dryer (Model 483) at 80°C for 2 hours.
Autoradiography of dried gels was performed at room
‘temperature using XAR-5 X-ray film (Kodak) for 12 to 72
hours; depending upon band intensities, before being
developed according to the manufacturer'é instructions.

Most 32p labelled gels were not dried; autoradiography was

41
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achieved at -20°C or -70°C and the X-ray film was developed

after 12 to 36 hours.

Agarose Gel Electrophoresis

Gels were made to 0.8% (w/v) agarose in TAE buffer
(0.04 M Tris-acetate, i mM EDTA) and contained 0.5 Hg/ml
ethidium bromide. 1/10 volume of loading dye (50% (v/v)
jlycerol, 0.25% (w/v) bromophenol, 0.25% (w/v}! xylene
cyanol) was added to the DNA samples just prior to loading.
Electrophoresis was performed at 25 to 150 Volts by a

constant voltage power unit (BRL).

Purification of DNA f£from Aga.rose Gels

DNA was isolated from agarose gels by the electro-
elution procedure described by Maniatis et al. (1982).
After electrophoresis, the portion of the agarose gel
containing the DNA band of interest was cut out. The slice
was placed in a dialysis bag containing TAE buffer and the
ends sealed with dialysis clips. The DNA was electro-
eluted from the gel slice onto the inner wall of the
dialysis bag by placing in a gel apparatus containing TAE
buffer and applying 100 volts (constant voltage) for 30 to
90 minutes. The polarity was reversed for 2 minutes to
release the DNA from the walls of the bag. The dialysis
bag was removed and the aqueous solution was recovered by
using a pasteur pipet and transferred to microcentrifuge

tubes. The DNA solution was extracted four times with
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water-saturated phenol and once with chloroform/iso-amyl
alcohol. The DNA was precipitated by adding 150 Ul of

3 M sodium acetate, pH 4.8 and filling the tubes with 95%
ethanol. The tubes were centrifuged for 20 minutes and the
pellets were washed once with 70% ethanol. The pelilets
were dried in a vacuum dessicator and resuspended in a

total volume of 100 Ml of sterile distilled water.

Isolation of Neurospora DNA

Cyt-12-1 nuclear DNA was isolated by minor modific-~
ations of the procedure described by Schechtman (1986).
Fresh conidia (< 10 days old) were used as inoculum for
liquid Vogel's medium (1 1) in sterile 2 1 baffled
Erlenmeyer flasks to yield a final concentration of
106 conidia/ml. The cultures were grown at 30°C in a
shaker-incubator until they reached mid-log phase, then the
mycelium was harvested by filtration and washed once with
cold distilled water. The mycelial pad was transferred to
a baked mortar containing liquid nitrogen. Using a pestle
the mycelium was ground to a very fine powder. The powder
was then transferred evenly among three baked 30 ml corex
tubes before adding 15 ml of 50 mM EDTA, pH 8.5, 0.2% (w/v)
SDS and 15 Ul of DEPC to each tube. The tubes were
vigorously shaken to dislodge the frozen material, then
gently mixed by inversion for 1 minute. The mixture was
incubated at 70°C for 15 minutes prior to placing on ice

for at least 10 minutes. After the incubation, 950 Rl of
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8M potassium acetate, pH 4.3 was added. The solution was
mixed by inversion, then placed on ice for 1 hour. The
cellular material was pelleted by centrifugation (9,000 rpm
for 25 minutes at 4°C). The supernatant was transferred to
fresh corex tubes. The DNA was precipitated by adding an
equal volume of ¢old isopropanol and gently mixing by
inversion. The DNA clot was washed once with 70% ethanol,
drained, and air dried in a vacuum dessicator. The pellet
was resuspended in 8 ml of 1 mM fDTA, pH 8.0. To this
sclution 4 ml of high salt buffer (100 mM NaCl, 20 mM
Tris+HCl, pH 7.8, 2 mM EDTA, pH 8.0) and 30 ul of pre-
digested RNase A (10 mg/ml) was added. After incubating
for 30 minutes at 37°C, 180 Bl of spermine-HCl, pH 7.0 was
added, gently mixed by inversion, and the supernatant was
discarded. The pellet was washed 3 times for minutes each,
while on ice, with 2 ml of cold spermine wash buffer

{(75% ethanol, 10 mM magnesium aceate, 300 mM sodium
acetate, pH 6.0) pipetting off the rinse each time. The
DNA pellet was rinsed once with 70% ethanol before air
dried in a vacuum dessicator. The pellet was rezuspended
in 2 ml of 10 mM Tris+HCl, pH 7.5, 1 mM EDTA, 100 mM NaCl
by placing on an aliquot mixer overnight at 4°C. The DNA
was reprecipitated by adding 4 ml of 95% ethanol. The
supernatant was removed by using a pipet and the pellet was
washed once with 70% ethanol prior to air drying in a
vacuum dessicator. The DNA pellet was suspended in a final

volume of 1 ml of TE buffer (10 mM Tris-HCl, pH 7.5,



1 mM EDTA). A small aliquot was removed to determine the
DNA concentration using a spectrophotometer before

restriction endonuclease digestion.

DNA 1Isolation Using Continuous Sucrose Gradients

To isolate the cyt-12-1 mutant gene, large-scale
preparation of sized genomic DNA was performed as described
by Maniatis et al. (1982) . The sucrose solutions (19 ml
of 10% (w/v) and 19 ml of 40% (w/v)) were made in sucrose
buffer (1 M NaCl, 20 mM Tris-HCl, pH 7.8, 5 mM EDTA). The
sucrose gradient was prepared in a 38 ml SW27 (Reckman)
polyallomer tube by using a gradient mixer (Tyler
Instruments, Inc.). Genomic DNA (250 to 500 Hg) was
digested with restriction enzymes, HindIII and PstI. The
DNA solution was carefully loaded to the top of the sucrose
gradient. The tubes were centrifuged at 26,000 rpm for 24
hours at 20°C in a SW28 rotor (Beckman, Inc.). After
spinning, the bottom of the centrifuge tube was carefully
punctured using a syringe needle and 500 Ul fractions were
collected in labelled sterile microcentrifuge tubes. A 10
Bl aliquot of every odd fraction was transferred to a fresh
micro-centrifuge tube. To each sample, 10 Ul of water and
5 M1 of loading dye (see appendix) was added. After mixing
thoroughly, the solutions were loaded on a 0.8% (w/v)
agarose gel and electrophoresed overnight at 50 volts
(constant voltage). Following electrophoresis, the DNA was

observed by using a UV-light trans-illuminator. Only those
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fractions that contained DNA in the size range (2 to 5 kb)
were pooled and precipitated by adding 2 volumes of

95% ethanol. The DNA was pelleted by centrifagation in a
microcentrifuge. The pellet was dried in a vacuum
dessicator and resuspended in 200 ul of TE buffer (10 mM
Tris-HCl, pH 7.8, 1 mM EDTA). A 10 Ml sample was removed,
10 pl of water and 2 Bl of loading dye was added. The DNA
solution was loaded on a 0.8% (w/v) agarose gel to estimate
concentration and molecular weight prior to «loning into

puUC19.

RNA 1Isolation

Most Neurospora total RNA was isolated by minor
modifications to the phenol-SDS procedure i¢scribed by
Reinert et al. (1981). All glassware and most solutions
used with RNA were DEPC-treated brior to baking and
autoclaving, respectively. Neurospora cultures were grown
in liquid Vogel's medium at 30°C until mid-log phase was
achieved. The mycelium was quickly harvested by filtration
and washed three times with ice-water. The weight of the
mycelial pad was recorded after taking a portion for
cytochrome spectral analysis. The pad was quickly frozen
in liquid nitrogen. Occasionally the pads were stored at
-70°C for a few days before being processed. While still
frozen, 1.5 g of baked, acid washed, sea sand was added for
each gram of mycelium. The mycelium was ground to a fine

powder and left to thaw slightlf. For every gram of



mycelium, 3 ml of part A extraction buffer (see appendix)
was added. Quickly a smooth paste was made and transferred
to 30 ml corex tubes as described above. Immediately an
equal volume of part B extrac® .on buffer (see appendix) was
added to each tube and mixed thoroughly for 30 minute: by
placing them on an aliquot mixer. The tubes w¢r:
centrifuged in a SS-34 rotor at 10,000 rpm for 15 minutes
at room temperature. The phenol phase of each tube was
transferred to clean corex tubes placed on ice. The aqueous
phase and interphase of each tube was re-extracted with

2 ml of part A extraction buffer. The solutions were mixed
and centrifuged as before. The aqueous phase from the re-
extraction was added to the tubes on ice. The nucleic
acids were precipitated by adding 2 volumes of cold 95%
ethancl. The precipitate was pelleted by centrifugation
(10,000 rpm for 30 minutes at 4°C). The pellet was dried
in a vacuum dessicator prior to resuspending it in 10 ml of
part A buffer. Pre-digested protease K (see appendix) was
added to a final concentration of 0.1 mg/ml and mixed by
placing on an aliquot mixer for 60 minutes at room temp-
erature. The solution was distributed to clean 30 ml corex
tubes and was re-extracted 3 times with part B buffer. The
nucleic acid was precipitated by adding 2 volumes of cold
95% ethanol, mixed and incubated at -20°C for at least

6 hours. The nucleic acid was pelleted by centrifugation

(10,000 rpm for 20 minutes at 4°C). The vacuum dried
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pellet was dissolved in 5 ml of sterile distilled water.
The RNA was preferentially precipitated by adding exact:

3 volumes of cold 4M sodium acetate, 10 mM EDTA, pH 6.0.
The solution was mixed and incubated at 4°C for 10 minutes.
After centrifugation (12,000 rpm for 30 minutes at 4°C),
the pellet was resuspended in 5 ml of sterile distilled
water. The RNA was reprecipitated by adding 1/10 volume of
3M sodium acetate, pH 5.0 and 2 volumes of cold 95%
ethanol, The RNA was pelleted by centrifugation

(10,000 rpm for 30 minutes at 4°C), vacuum dried and re-
suspeneded in 5 to 10 ml of sterile distilled water. A 5 pl
aliquot of total RNA was diluted to determine the

concentration in a spectrophotometer.

Poly(A)* RNA 1Isolation

The purification of polyadenylated RNA was achieved by
using a mRNA purication kit (Pharmacia LKB Biotechnology) .
The pre-hydrated cligo (dT)-cellulose columns were loaded
with 5 mg of total RNA dissolved in 1 ml of TE buffer
(10 mM Tris-HCl, pH 7.4, 1 mM EDTA). The poly(A)* RNA was
sufficiently concentrated by two rounds of chromatography
on each RNA sample. After purification, a 5 1l portion was
removed and diluted in 1 ml of distilled water to determine

the poly(A)* RNA concentration, using a spectrophotometer.
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RNA Electrophoresis

The electrophoresis of RNA was achieved using the
procedure described by Fourney et al,.(1988). Aall
glassware, and the electrophoresis apparatus, were soaked
in 0.1% (v/v) DEPC for at least 12 hours. Solutions and
buffers intended for RNA usage were DEPC-treated prior to
autoclaving. A 0.66 M formaldehyde, 1.8% agarose yel was
prepared by adding the following to a baked Erlenmeyer
flask: 3.6 g ultrapure agarose (BRL), 20 ml 10X MOPS/EDTA
buffer (see appendix) and 174 ml of DEPC-treated water.
The agarose was dissolved by heating prior to adding
10.2 ml of 37% deionized formaldehyde (in the fumehood; see
appendix) when the solution cooled to about 50°C, the
solution was gently mixed before the gel was poured into an
RNase-free electrophoresis tray. After allowing the gel to
set for 1 hour, running buffer (1X MOPS/EDTA; prepared from
10X MOPS/EDTA) was added to the gel box. Poly(A)* RNA
(1 to 3 JUg) or total RNA (10 to 30 jug) were added to
separate RNase~free microcentrifuge tubes. The RNA volume
wd# adjusted to 5 Pl with sterile distilled water before
addirng® 25 Ul of electrophoresis sample buffer (see
appendix) and 1 Ul of ethidium bromide (1.0 mg/ml). The
sample was denatured by heating.at 65°C for 15 minutes
prior %o loading the gel. The RNA gels were run at 50 to
75 Vodts (constant voltage) for 12 to 20 hours. After
sufficient separation was achieved, a photograph was taken

pefore northern blotting.



Radioactive Labeling of DNA

For all Southern blots, Northern blots and Filter-
Colony hybridizations the 32p-dCTP radioactive probes were
made by the protocol described by Feinberg and Vogelstein
(1983, 1984). DNA fragments used for probes were isolated
by the electroelution method from agarose gels. Approx-
imately 100 ng of DNA was used per lableling reaction and
the volume was made up to 28 Ul with TE buffer (10 mM
Tris'HC1 pH 7.8, 1 mM EDTA). The solution was placed in a
boiling waterbath for 3 minutes and incubated on ice for
5 minutes. To this solution the following was added: 10
Ul of OLB buffer (see appendix), 5 Ml of o32P-dCTP (ICN
Biomedicals, Inc., typically 50uCi), 5 Pl of BSA (4 mg/ml)
solution and 2 Ul of Klenow fragment (1 unit/pl). After
mixing thoroughly, the reaction ‘was incubated at 37 to 42°C
for at least 45 minutes. The oligo-labeling reaction was
stopped by adding 100 Ul to the stop buffer (20 mM NacCl,
20 mM Tris*HCl, pH 7.5, 0.25% (w/v) SDS). Non-incorporated
radioactive label was removed on a Sephadex G-50 spin
column equilibrated with TE buffer as described by Maniatis
et al., (1982). An aliquot (1 or 2 j§§1) was spotted on
circular DE81 (Whatman) filter paper and washed twice with
0.2 M ammonium formate. The dried filter was placed in a
scintillation vial containing 4 ml of aqueous counting
scintillant (Amersham Corp.,Inc.) and the samples were
counted in a Beckman 7500 liquid scintillation

spectrophotometer.
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Filter-Colony Hybridization

In filter-colony experiments the colonies were
directly grown on selective medium. Sterile Bio TransT™
nylon membrane (pore size of 1.2 um; ICN Biomedicals, Inc.)
was overlayed onto the colonies according to the
manufacturer's instructions. The transfered cells were
lysed by placing the nylon membrane, colony side up, on
3 MM paper (Whatman) saturated with denaturing solution
(1.5 M NaCl, 0.5 M NaOH) for 4 minutes. Neutralization was
achieved by placing the nylon membrane, colony side up, on
3 MM paper saturated with neutralizing solution (3 M sodium
acetate, pH 5.5) for 5 minutes. The nylon membrane was
air-dryed for 30 minutes prior to baking at 80°C for at
least 1 hour.

The prehybridization and hybridizatioh of Bio Trans™
nylon membranes essentially followed the manufacturer's
procedure. Hybridization buffer (4 ml per 200 cm2 of
membrane; see xppendix) was boiled for 5 minutes, cooled on
ice for 5 minutes and added to a plastic bag containing the
nylon membrane. Air bubbles were removed from the bag
prior to sealing. The bag was immersed in a 42°C waterbath
for at least 1 hour with gentle agitation. Radioactive
label (one to two million cpm per ml) was denatured by
placing in a boiling waterbath for 5 minutes. The
denatured probe was immediately added to 4 ml of pre-~
hybridization buffer and mixed thoroughly. The mixture was

added to the previous prehybridization solution. The bag



was sealed and incuvhated in a 42°C waterbath for 5 to 24
hours with gentle shaking. After hybridization was
completed, the membrane was removed from the bags and
washed 3 times with 500 ml of 2X SSC (0.3 M NaCl, 0.03 M
sodium citrate, pH 7.0), 0.1% (w/v) SDS at room temp-
erature. The nylon membrane was washed twice for 15
minutes at 50°C in 500 ml of 0.1X SSC (15 mM NaCl, 1.5 mM
sodium citrate, pH 7.0) 0.1% (w/v) SDS with gentle shaking.
The membrane was removed from the washed buffer and covered
with Saran Wrap™ for autoradiography. X-ray film (XAR-5;
Kodak) was exposed to the hybridized blots im an X-ray
cassette (Picker) at -70°C. After sufficient exposure, the
X-ray film was developed according to the manufacturer's

instructions.

Southern Transfer

Southern transfer basically followed the procedure of
Maniatis et al. (1982). After electrophoresis, the agarose
gel was transfered to a glass baking dish and the unused
portions of the gel were trimmed away. The DNA was
denatured by soaking in several volumes of denaturing
solution (1.5 M NaCl, 0.5 M Naoﬁ) for 1 hour at room
temperature with constant agitation. Neutralization of the
gel was achieved by soaking in several volumes of
neutralizing solution (3 M sodium acetate, pH 5.5) for 1

hour with gentle shaking at room temperature. After a
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brief rinse with distilled water, the gel was placed on a
piece of Saran Wrap™. Bio Trans™ nylon membrane

(0.2 um; ICN Biomedicals, Inc.) was cut to size and
overlayed onto the gel. A pasteur pipet was used to remove
any bubbles between the agarose gel and the nylon membrane.
Two pieces of 3 MM paper (Whatman) were cut to size and
placed on top of the membrane. A stack of paper towels

(5 to 7 cm high) was cut just smaller than the 3 MM paper
and placed on top of the 3 MM paper. A weight (approx-
imately 2 to 4 kg) was placed on the towels. The transfer
of DNA was allowed to proceed for 12 to 24 hours. After
blotting, the membrane was removed, air dried for 30
minutes and baked at 80°C for 1 hour. The prehybrid-
ization, hybridization, washes and autoradiography followed
the procedure mentioned in the filter-colony hybridization

section.

Northern Blotting

All glassware, solutions , and buffers intended for
RNA usage were treated with DEPC as described in the RNA
Electrophoresis section. Once electrophoresis was
completed, the unused areas of the gel were removed by a
razor blade. The transfer of RNA to Bio TransT™ nylon
membrane followed the procedure described by Fourney et al.
(1988). The gel was prepared for transfer by soaking it
twice for 20 minute periods in 10X SSC (1.5 NaCl, 0.3 M

sodium citrate, pH 7.0) at room temperature with gentle



agitation. The nylon membrane (cut to size) was pre-wet
with distilled water for 5 minutes prior to a 5 minute soak
in 10X SSC. The transfer efficiency and time was decreased
by using a polyurethane sponge to enhance capillary action.
The sized sponge was pre-soaked in 10X SSC before placing
in a glass baking dish. Six pieces of 3 MM paper (Whatmaa}
were cut to the same size of the fomaldehyde-agarose gel.
Three pieces of the 3 MM paper were placed on top of the
sponges followed by the northern gel. The sized pre-soaked
nylon membrane was overlayed onto the gel followed by the
other 3 piec#t3 of 3 MM filter paper. A stack of paper
towels (10 to 15 cm high) was cut slightly smaller than the
3 MM paper and placed on top of the filter paper. A book
(~ 2 kg) was placed onto the stack of towels for weight and
blotting was allowed to proceed for at least 24 hours.

When RNA transfer was complete the nylon membrane was
removed. The nylon was air dried for 30 minutes prior to
baking at 80°C for at least 1 hour. The prehybridization,
hybridization, washes and autoradiography followed the
procedure described in the filter-colony hybridization

section.

In Vivo Protein Labeling

Neurospora cultures were grown in liquid Vogel's
medium (see appendix) inoculated at a concentration of 1 to
5 million conidia per ml. Labeling of cells was achieved

by a modification of the procedure described by Hallermeyer
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et al.(1977). Labeling with L-3H-leucine (Amersham Corp,
52 Ci/mmol) or L-35S-methionine (Amersham Corp, 1120
Ci/mmol) was accomplished by growing the culturesvto log
phase in 100 ml of liquid Vogel's medium, then adding 1 mCi
of either radiosotope. The cultures were growr %4z an
additional 3 hours before harvesting the cells Loy
filtration. The mycelial pad was washed two times with
ice-water and placed in a mortar. To every gram of
mycelium the following was added: 1.5 g of acid-washed sand
(see appendix) and 1 ml of 15% grinding buffer (15% (w/v)
sucrose, 50 mM Tris.HCl, pH 7.8, 0.25 mM EDTA). The
mixture was ground with a pestle. After sufficient
grinding, the suspension was transferred to SS-34 (Dupont)
tubes. The sand was pelleted by centrifugation (4,000 rpm
for 5 minutes at 4°C) The supernatant was carefully
decanted to a clean SS-34 tube and any remaining sand and
cell debris were pelleted by a second centrifugation as
above. The supernatant was poured to a fresh SS-34 tube.
The mitochondria were pelleted by centrifugation

(12,000 rpm for 20 minutes at 4°C) The crude mitochondrial
pellet was resuspended in 250 Ml of 0.1 M Tris-HC1 , PH
7.5, 0.01 M EDTA. A 5 Ml aliquot was used to count the
specific activity of the sample in a Beckman LS7500 liquid
scintillation counter. The radioactive mitochondrial

solution was stored at -20°C.
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In Vitro Translation

In vitro translation was achieved using a rabbit
reticulocyte system (Bethesda Research Laboratories). The
radioactive label used in the system was L-35S-methionine
(Amersham, 1120 Ci/mmol). The actual in vitro translation
reaction followed the manufacturer's instructions. 1In
addition to Neurospora poly(A)* mRNA, rabbit globin mRNA
(BRL, Inc.) was used to provide a control. To determine
the extent of incorporation two 5 M1 samples of each
reaction were removed and added to two plastic
scintillation vials containing 1.ml of distilled water. To
each vial, 0.5 ml of decolorizing solution (1 M NaOH, 0.5 M
Hy02, 1 mg/ ml L-methionine) was added (Pelham and Jackson,
1976) . The solutions were mixed thoroughly by shaking and
incubated for 15 minutes at 37°C. The proteins were
precipitated by adding 1 ml of 25% (w/v) trichloroacetic
acid (TCA). The precipitate was collected on a GFC filter
(Whatman). The filters were washed three times with 5%
(w/v) TCA for two minutes each and two times with 95%
ethanol in 125 ml Erlenmeyer flasks. The filters were
allowed to air dry before adding them to scintillation
vials containing 4 ml of aqueou§ counting scintillant. The
counts per minute were recorded for later reference.
Immunoprecipitation of Holocytochrome ¢ and
apocytochrome ¢

For holocytochrome ¢ immunoprecipitation, 100 pl of

antiserum was added to 100 gg of mitochondrial protein



containing 100,000 to 300,000 cpm of 35S or 1 to 2 million
cpm of 3H. 1In one experiment, mitochondria from wild-type
(NCN 10; labeled with L-35S-methionine) and cyt-12-1

(NCN 82; labeled with L-3H-leucine) strains were mixed
together. The actual immunoprecipitation and the washing
of the immunoprecipitates were as described by Hennig and
Neupert (1983) utilizing protein A-sepharose, except that
the final pellets were resuspended in cracking buffer (5%
SDS, 5% beta-mercaptoethanol, 100 mM Tris-HCl, pH 7.5,

10% glycerol, 0.01% bromphenol blue). The protein
concentration of the mitochondrial suspensions used in the
immunoprecipitation procedure were determined by the dye
binding assay (Bio-Rad; Bradford, 1976).

The immunoprecipitation of apocytochrome c was
achieved directly from in vitro translation reactions. The
mixture, corresponding to 1 to 2 million cpm of
incorporated 35S—methionine, was made to 2 or 3% with SDS
and boiled for 5 minutes. The above step was performed to
minimize aggregation of cytochrome c into dimers and
tetramers. The 3DS concentration was then diluted to 0.1%
by the addition of dilution buffer (10 mM Tris.HC1, pH
7.5, 300 mM NaCl, 1 mM EDTA, 2% Triton X-100). Antiserum
(100 Ul) raised against apocytochrome ¢ was mixed with 8 mg
of protein A-Sepharose complex (pre-hydrated in dilution
buffer) on an aliquot mixer for .at least 1 hour at 4°C. The
antibody/protein A-Sepharose complex was washed with 1 ml

of dilution buffer before adding to the diluted lysate
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mixture. After incubating for 3 hours on an aliquot mixer
at 4°C, the immunoprecipitates were pelleted by
centrifugation (2 minutes in an Eppendorf microcentrifuge).
The pellet was washed 3 times with dilution buffer and
2 times with dilution buffer without Triton X-100. The
pellet was resuspended in crackipg buffer and boiled for 5
minutes.

After centrifugation, the supernatant was electro-
phoresed as described in the protein electrophoresis
section (below). The antiserum raised against holo-
cytochrome ¢ and apocytochrome c¢ was a kind gift from Drs.
Rosemary Stuart, Christoph Hergersberg, and Walter Neupert,

Institut for Physiologische Chemie, University of Munich.

Protein Electrophoresis
Electrophoresis of the immunoprecipitates to

quanititate holocytochrome ¢ in mitochondria or apo-
cytochrome ¢ from in vitro transiation was essentially as
described (Weiss et al.l1l971; Bertrand and Werner, 1977;
Hames and Rickwood, 1981) except that wvertical
electrophoresis (3 mm thick dis-continuous SDS-PAGE gels)
The stacking gel and the separation gel were 3.75% and 10%
acrylamide, respectively.

After electrophoresis, the gel was fixed and stained in
several volumes of methanol/water/acetic acid (4:5:1)
containing 0.25% Coomassie Blue R-250, for 30 minutes with

gentle shaking. The gel was then destained by soaking in
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several volumes of destain (methanol/water/acetic acid
(5:4:1)) for 4 hours with gentle agitation, and one
subsequent additional change of destain. After destaining,
the gel was soaked in Amplify (Amersham Corp) for 40
minutes. The protein gel was dried in a Bio-Rad Slab Dryer
at 60°C for several hours. Autoradiography of the dried
gel was performed at -70°C using XAR-5 X-ray film (Kodak)
for 10 hours to several days, depending upon the band
intensities. The film was developed according to the
manufacturer's instructions.

Alternatively, acrylamide gels for the quantitation of
some holocytochrome ¢ and all apocytochrome c experiments
gels were sliced into 1.1 mm slices by a gel slicing
apparatus (Tyler i=n;truments, Inc.) and placed into plastic
scintillation vials containing 750 ul of 1% (w/v) SDS, 0.1M
Tris-HCl, pH 8.0. The proteins were eluted by heating for
9 to 12 hours at 65°C. After the incubation, 4 ml of
aqueous scintillation fluid (Amersham Corp.) was added to
each vial before recording the number of counts in a

scintillation counter.

Enzymes

All enzymes used in this study were used according to

the supplier's instructions.



III.RESULTS

Isolation of Cosmid Clones by Sib-Selaction

The cyc—1-1 mutant was isolated by Pittenger and West
(1979) and shown to be deficient in cytochrome c. The
initial goal of this work was to isolate and characterize
the gene affected in this mutant. To achieve this, cosmids
containing the cyc~1*T gene were isolated by sib selection
from the wild-type N.crassa (strain 74A) genomic cosmid
library described by Drygas et al.(1989). This library
contains N.crassa genomic DNA in the vector pSV50 (Fig.4)
and is maintained in 3168 separate colonies of E.coli DH1
stored at -70°C in microtiter dishes. This library was
examined for the ability to rescue the slow-growth
character of cyc-i-1 according to the 3ib selection
procedure described by Akins and Lambowitz (1985).
Sphaeroplasts of the cyc~1-1 mutant were transformed with
purified cosmid DNA, from E.coli cultures containing pooled
clones. Sibs capable of complementing the cyc-1-1 mutant
yielded fast-growing, benomyl resistant, transformants
against a background of slow-growing non-rescued colonies
transformed only to benomyl resistance. Non-complementing
sibs showed only slow-growing benomyl resistant colonies.
After 4 rounds of transformation using sib selection, a
single cosmid, pSV50-5324, was identified as containing the

cyc-1% gene that rescued the cyc-1-1 mutant strain (Fig.5).
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Cosmid Sub-cloning

Sub-cloning the cyc-1% gene from the cosmid pSV50-5324
was necessary for the characterization of the gene by DNA
sequence analysis, since the cosmid contained ca. 36 kb
insert of N.crassa genomic DNA. ~To identify which
restriction enzymes cut the cyc-1* gene, cosmid (pSV50-
5324) DNA was initially digested with several restriction
enzymes and a small aliquot of each digest was
electrophoresed on a 0.8% agarose gel to confirm complete
digestion. The remaining digested DNAs (approximately 2ug)
were combined with an uncut sample of pSV50 (0.5ug), to
provide an intact benomyl resistance gene, and used to
cotransform cyc-1-1 sphaeroplasts. The transformation
results indicated that the enzymes EcoRI, HindIII, PstI,
SphI, SstI, and Xmal do not cut the cyc-1* gene because
fast-growing, benomyl resistant, transformants were
observed (Table 5). However, the restriction enzymes
BglII, KpnI, Sall, and XhoI did cut the cyc-1* gene, since
transformations with these did not yield fast-growing
transformants (Table 5). Transformation results revealed
that the enzyme BamHI did not fall clearly into either
group, because transformations with BamHI digested pSV50-
5324 gave fewer transformants than transformations with
pSV50-5324 digested with enzymes that do not cut the wild-
type gene.

To determine which digests would be most useful for

subcloning the cyc-1* gene, the electrophoretic patterns of
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pSV50-5324 separately digested with the restriction
endonucleases PstI, HindIII, EcoRI, and BamHI (Fig.6, lanes
N,P,R, und T respectively), were analysed. Following
electrophoresis it was judged that the 8 fragments, from a
PstI digest of pSV50-5324, would be most easily isolated by
electroelution. Each fragment (approximately 1llg), along
with the vector pSvV50 (0.5ug), was used to cotransform
cyc-1-1 sphaeroplasts. The transformation results
indicated that the largest fragment (PstI-1; approximately
13 kb in length) contained the cyc-1* gene. Subsequently,
purified PstI-1 fragment was digested with HindIII, EcoRI,
and SphIl and analysed by agarose gel electrophoresis (not
shown) . The SphI digest of PstI-1 fragment yielded two
easily separable fragments (10 kb and 3 kb in length).
These two fragments were purified from a 0.8% agarose gel
by electroelution and used with pSV50 to cotransform
cyc-1-1 sphaeroplasts as described above. Fast-growing,
benomyl resistant, transformants were observed when the
10 kb PstI-Sphl fragment was used to cotransform cyc-1-1
sphaeroplasts.

During the course of the above work, others in the
laboratory were performing similiar experiments on the
cyt-12-1 mutant of N.crassa and had isolated a cosmid clone
(pSV50-4333) from the same genomic library described above,
capable of rescuing the slow-growth character of the
mutant. A 3.9 kb HindIII-PstI fragment, containing the

cyt-12% gene, was sub-cloned from pSV50-4333 into the pUC19



vector. The plasmid clone, designated pSP8 (see Figure 7
for partial restriction map), when used in a cotrans-
formation with pSV50 DNA, was able to rescue cyt-12-1
sphaeroplasts to fast-growth and benomyl resistance.

The cyt-12-1 mutant is characterized by a deficiency of
cytochrome ¢ and a partial defic:=ncy of cytochrome aagj
(Bertrand et al.,1977). When initially isolated, the
cyt—-12-1 and cyc-1-1 mutants were classified into the basic
groups "cyt" and "cyc" based on their phenotypic
differences: deficiency of more than one cytochrome, and
deficiency of only cytochrome ¢, respectively. In genetic
crosses, the two mutants were shown to be linked to
sim: :iar markers on linkage group II (Bertrand et al.,
197%: H. Bertrand, personal communication). At about the
time that cyt-12% was cloned, it was also shown in our
labori#tory that the mutation in the cyt-2-1 strain of
N.crassa, which is also deficient in both cytochromes aa3j
and ¢, affected the enzyme cytochrome ¢ heme lyase (Drygas
et al., 1988). These results proved that gross defects in
cytochrome ¢ metabolism could lead to, by an unknown
mechanism, gross deficiencies in cytochrome aa3z. Thus, it
was suspected that the defect in cyt-12-1 might also affect
only cytochrome ¢ metabolism and that cyt-12-1 and cyc-1-1
might be alleles of the same gene, given their proximity on
the genetic map. It was then discovered that
complementation studies between cyt-12-1 and cyc-1-1 had

never been performed (H. Bertrand, personal communication)
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and that cyc-1-1 was also deficient in cytochrome aaj if
grown at high temperature (H. Bertrand, personal
ccmmunication; D.A. Bottorff, F.E. Nargang, unpublished
results). Therefore, an examination of the relationship
between cyc-1-1 and cyt-12-1 was undertaken, which
consisted of a complementation tést; reciprocal
transformation experiments involving the two mutants and
the clones pSP8, pSV50-4333, and pSV50-5324; and detailed

restriction and southern analysis of the two cosmid clones.

Complementation Analysis Using Heterokaryons
Heterokaryons were forced by superimposing conidia from
strains of cyt-12-1 and cyc-1-1, with different nutritional
requirements on minimal media. Cytochrome spectral
analysis of mitochondria isolated from several cyt-12-1/
cyc~1-1 heterokaryons showed that the two mutant strains do
not complement each other since fhe heterokaryons are
deficient in cytochrome ¢ (Fig.8). These results strongly
suggested that cyc-1-1 and cyt-12-1 are allelic mutations
of the same gene and it was apparent that further
characterization of the cosmids, pSV50-4333 and pSV50-5324,
was necessary to determine if both contain the same gene

capable of rescuing cyc-1-1 and cyt-12-1.

Reciprocal Transformations of Cyc-1-1 and Cyt-12-1
Purified DNA, from either pSV50-4333, pSV50-5324, or

pSP8 plus pSV50 was used to transform sphaeroplasts of both
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cyc-1-1 and cyt-12-1 in separate experiments. Many fast-
growing, benomyl resistant, transformants were observed in
all 6 transformations (transformation frequencies were not
determined). Several of the fast-growing colonies were
isolated and grown in separate conidia flasks containing
benomyl. Conidia from these flasks were used to inoculate
liquid Vogel’s medium containing benomyl and spectral
analysis of mitochondria isolated from these cultures
provided evidence that both cosmids and the recombinant
plasmid (pSP8) rescue both cytochrome c deficient strains
cyc-1-1 and cyt-12-1 (Fig.9). Higher levels of cytochrome
¢ and beta-peaks were observed in all transformants as
compared to the untransformed parental strains. The higher
beta-peaks might be the result of not determining spectra
immediately after harvesting the cultures; however, this

was not studied further.

Restriction and Southern Analysis of the Cosmids

To examine the similiarity between the two cosmids,
pSV50-4333 and pSV50-5324, and between pPSV50-5324 and
plasmid pSP8, the isolated DNAs were digested with several
restriction enzymes and analysed by gel electrophoresis
(Fig.6) . The restriction patterns of several digests of
both cosmids indicated that many fragments appeared to be
in common since they have similar migration rates (Fig.6,
compare lanes B and C, F and G, J and K, L and M, N and O,

Pand Q, Rand S, or T and U). It was noted in an earlier



section that the 3.9 kb HindIII-PstI fragment, that
contains the cyt-12% gene, was subcloned from pSV50-4333
into pUC19 to yield the clone pSP8. Plasmid DNA (pSP8) was
digested with the enzymes HindIII and PstI (Fig.6, lane H)
and compared to pSV50-5324 cut with the same enzymes
(Fig.6, lane F). The number of bands and their proximity
to each other in these digests made it difficult to
determine with certainty if the 3.9 kb band present in pSP8
was also present in pSV50-5324. Therefore, the cosmid and
plasmid DNAs (Fig.6) were further analysed by southern
analysis, utilizing 32p-labelled 3.9 kb HindIII-PstI

fragment, purifi . [ = pSP8, as the probe (Fig.10). The

[

probe hybridized =g .9 kb fragment from HindIII/PstI
digests of both ,.:£v50-4333 and pSP8 as expected (Fig.10,
lanes G and H, respectively). Surprisingly, the probe only
detected a 2.3 kb HindIII-PstI fragment of pSV50-5324
(Fig.10, lane F).

Earlier transformations of cyc-1-1 and cyt-12-1
sphaeroplasts, with either cosmid digested with the enzyme
Sall, indicated that Sall cuts both wild-type genes, since
the transformants are rescued only to benomyl resistance
(see Cosmid Sub-cloning for cyc-1%; cyt-12% data not
shown). Restriction analysis of several digests of pSP8,
using various combinations of the enzymes HindIII, PstI and
SalIl, showed that Sall cuts the 3.9 kb HindIII-PstIl genomic
fragment into a 1.8 kb HindIII-Sall and a 2.1 kb SalI-PstI

fragment (not shown). Cosmid DNA (pSV50-5324) was digested
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with HindIII, PstI, and SalIl and the restriction pattern
was compared to the same digest of pSP8 (Fig.6, compare
lanes B and D, respectively) Unfortunately, due to the
number of bands present in the pSV50-5324 digest, it could
not be ascertained with certainty whether or not pSV50-5324
contained the 1.8 kb HindIII-SalIl and/or the 2.1 kb SalI-
PstI fragments. When the above digests were analysed by
southern analysis using the 3.9 kb HindIII-PstI fragment of
pPSP8 as a probe, it was found that the probe hybridized to
three fragments, 2.3 kb, 1.8 kb, and 490 bps in length from
the HindIII/PstI/Sall digest of pSV50-5324 (Fig.10, lane
B). The lower intensity of the 2.3 kb band and the fact
that it corresponded to the sum of the other two fragments
suggested that it was the result of incomplete digestion by
Sall. Given the above assumption, the fact that the same
probe detected a 2.3 kh fragment from HindIII and
HindIII/PstI digests of pSV50-5324 (Fig.10, lanes P and ¥,
respectively) and a 490 bp fragment from pSV50-5324
digested with HindIII, PstI, ard SalI, suggested that a
Sall restriction site was located approximately 500
nucleotides away from one of the HindIII sites (2.3 kb
HindIII-HindIII fragment minus the praviously determined
1.8 kb HindIII-Sall fragment length).

Although it had been shown that pSV50-5324, pSV50-4333,
and pSP8 all carried the cyt-12% (or cyc-1t) gene (see
Reciprocal transformations), the analysis described above

showed that the region of genomic DNA carrying the cyt-12%
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gene and/or its flanking region in cosmid pSV50-5324 was
not identical to that in cosmid pSV50-4333 (or its
subclone, pSP8). A reasonable explanation for this
observation was that one cosmid contains the cyt-12% gene
on a region of genomic DNA close to one junction of insert
and vector sequences. Therefore, further analysis was
performed by taking the location of restrictions sites in
the pSV50 vector into consideration. The BglII site in the
polylinker region of pSV50 was the site in which the Sau3Al
partially digested genomic DNA fragments were inserted to
construct the library (Vollmer and Yanofsky, 1986). This
site is flanked by two BamHI, two EcoRI, and one HindIII
site (see Figure 4). One possible explanation for the
results described above was that the HindIII site shown to
be 0.5 kb away from a Sall site in pSV50-5324, was in fact
the pSV50 HindIII site near the insertion/vector boundary.
Furthermore, given the proximity of the BamHI site in the
pSV50 polylinker to the nearby HindIII site, a subsequent
prediction would be the existance of a ca. 0.5 kb Sall-
BamHI fragment in pSV50-5324.

Restriction analysis of pSP8 digested with BamHI
indicated that BamHI cuts the genomi¢ insert once, yielding
a 930 bp HindIII-BamHI fragment and a 3 kb BamHI-Pstl
fragment (not shown). The size of the BamHI-Sall fragment
was calculated to be 0.87 kb (1.8 kb HindIII-Sall minus the

0.93 kb HindIII-BamHI distance) and subsegquently was



69

confirmed by restriction analysis (not shown). So that the
arrangements of sites in the pSP8 insert (and the

corresponding region of pSV50-4333) would be:

HindIII BamHI Salr PstlI

0.93kb 0.87kb 2.1 kb
1.8 kb
3.9 kb

When both cosmids were examined, it was found that the 3.9

kb HindIII-PstI probe hybridized to a 3.2 kb fragment and
to a ca. 25 kb BamHI fragment from pSV50-4333 (Fig.10, lane
U), while 1.4 kb and ca. 25 kb fragments were detected from
BamHI digests of pSV50-5324 (Fig.10, lane T). It was
suspected that the 1.4 kb BamHI fragment of pSV50-5324
corresponded to the 0.87 kb BamHI-SalIl fragment plus the

proposed 0.5 kb SalI-BamKI fragment at the insert/vector

HindITI BamHI Sall BamHI
(insert) (insert) (insert) {(pSV50)

pSV50-5324

boundary (see above). 1In order to prove this suggestion,
additional analysis was done using the 1.8 kbt HindIII-Sall

fragment and the 2.1 kb SalI-PstI fragment from the insert
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region of pSP8 as probes. Both cosmids were digested with
various enzymes, analysed by gel electrophoresis (Fig.11l),
and further analysed by southerq analysis. The southern
blot was probed with 32p-labelled 1.8 kb HindIII-Sall
fragment (Fig.122), stripped, and reprobed with 32p-
labelled 2.1 kb SalI-PstI fragment (Fig.12B). The 1.8 kb
HindIII-Sall probe hybridized to the two BamHI fragments in
each of pSV50-4333 and pSV50-5324 (Fig.12aA, lanes J and H
respectively) previously described using the entire 3.9 kb
HindIII-PstI fragment as a probe (Figure 10, lanes U and T,
respectively). Therefore, it was predicted that the 2.1 kb
SalI-PstI probe should hybridize to the 1.4 kb BamHI
fragment of pSV50-5324, since the probe is homologous to

about 0.5 kb of the 1.4 kb fragment, and to the 3.2 kb

Hisdl PstI
L 2.1 kb Probe |
BamHI Sall BamHI (pSV50)

| (insert) I __1 ________ pSV50-5324

0.87kb—» 0.5
4——1.4 kb

BamHI (insert) Sall (insert) BamHI (insert)

I _;.I pSV50-4333 I

 — -

BamHI fragment of pSV50-4333 (see above). The obserwved

results verified these predictions, since the 2.1 kb Sall-

PstI probe detected the 1.4 kb and 3.2 kb BamHI fragments
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of pSV50-5324 (Fig.12B, lane H) and pSvV50-4333 (Fig.12B,
lane J),respectively. Thus, these results support the
notion that in addition to the HindIII site (described
earlier), a BamHI site also exists about 0.5 kb from the
Sall site located in the cyt-12% gene of pSV50-5324, but
not in pSVv50-~4333.

The above arrangment of restriction sites in pSV50-5324
would also lead to the prediction that a pSV50 EcoRI site
should be present in the vicinty of the pSvV50 BamHI and
HindIII sites (see Fig.4). Restriction analysis of pSPS8,
revealed that EcoRI does not cut the 3.9 kb HindIII-PstI
genomic fragment (not shown). The 3.9 kb HindIII-PstI
probe hybridized to two fragments, 0.5 kb and 9.5 kb, from
an EcoRI/SalIl digest of pSV50-5324 (Fig.10, lane J), while
2.7 kb and 9.5 kb fragments were detected from the same
digest of pSV50-4333 (Fig.10, lane K). The HindIII-PstI
probe detecté#d both fragments, 2.7 kb and 9.5 kb, from Sall
digests of pSV50-5324 and pSV50-4333 (Fig.10, lanes L and
M, respectively), but the band intensity of the 2.7 kb
fragment detected from pSvV50-5324 was faint. This was
probably due to the fact that the 3.9 kb HindIII-PstI probe
and the 2.7 kb fragment of pSV50-5324 have only a small
region in common (ca. 0.5 kb), in comparison to the 2.7 kb
fragment detected from pSvV50-4333 (2.1 kb SalI-PstI

similarity) (see below).
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These results confirm the prediction that an EcoRI
restriction site exists about 0.5 kb away from the Sall
site in pSV50-5324. The pr:sence of all 3 restriction
sites, BamHI, HindIII, and EcoRI, in the same region
provide good evidence that vector pSV50 sequences lie
adjacent to the cyt-12% gene in »SV50-5324, resulting in
the restriction pattern differences observed between the
two cosmid clones.

The orientation of pSV50 relative to the 3.9 kb
¥indIII-Pstl fragment, containing the cyt-12* gene, in the
cosmid clone pSV50-5324 was also determined. BAnalysis of
the restriction map of pSVS50 (Fig.4), showed that pSV50
contained a Sall restriction site approximately 2 kb away
from the polylinker region in one direction and a Sall
restriction site 3 kb in the other orientation. The 1.8 kb

HindIII-SalTl probe detected a 9.5 kb SalI-Sall fragment
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from bwth cosmids (Fig.12A, lanes A and B), while the 2.1
kb SalI-PstI fragment as probe detected a 2.7 kb fragment
from separate Sall digests of pSV50-5324 and pSV50-4333
(Fig.12B, lanes A and B, respectively). The fact that both
probes, 2.1 kb SalI-PstI and 3.9 kb HindIII-PstI (mentioned
earlier), detected a 2.7 kb Sall fragment from pSV50-5324
suggested that the Sall site is approximately 2 kb from the
polylinker region (2.7 kb minus the SalI-polylinker
distance of 500 bp) and that the COS region of pSVS50 is
proximal to the cyt-12% gene.

All of the southern analysis data was subsequently used
to construct partial restriction maps of the cosmids pSV50-
4333 and pSV50-5324 (Fig.13). The order of the two
restriction sites BahHI and EcoRI located ca. 25 kb away
from the cyt-12% gene could not be determined because of
their similar migration rates. Therefore, this EcoRI site
was not shown in the separate partial restriction maps of

the two cosmids.

DNA Sequence Analysis of the Cyt-12% Gene

For the reasons described in the above 3 sections, it
was concluded that cyc-1-1 and cyt-12-1 were allelic
mutations. Note that a suggestion for renaming these
alleles of the same gene is given in the Discussion. .The
DNA sequence of the cyt-—12% gene rather than cyc-1% was
determined, since a small fragmeht containing this gene had

already been subcloned. Various cyt-12% fragments,
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isolated from the plasmid pSP8, were subcloned into the M13
vectors mpl8 and mplY which facilitated the isolation of
single-stranded template for DNA sequence analysis. The
cyt-12% 1.8kb HindIII-SalI and 2.1lkb SalI-PstI fragments
(see Fig.6,lane D) were subcloned into M13 rhage vectors
and designated SPA and SPB, respectively. DNA sequence
analysis of these phage clones showed that the predicted
amino-acid sequence corresponded to the previously
determined protein sequence of N.crassa cytochrome c
(Heller and Smith, 1966; Lederer and Simon, 1974).

During the initial stages of the DNA sequence analysis
of the cyt-12% gene, Stuart et al.(1987) published their
work on the cloning and sequencing of cytochrome ¢ cDNAs
from wild-type (743) and the cyc-1-1 mutant. Their
analysis revealed that the mutation in cyc-1-1 affects an
intron/exon splice site junction of %“he 2nd intron and
results in the cyc-1-1 cytochrome c protein being 19 amino
acids longer than wild-type, with the terminal 27 amino
acids being unrelated to the wild-type seduence. Even
though the cytochrome ¢ cDNA and the wild-type genomic
sequence had been determined in the mutant splice site
regicn, it was decided that the sequence of the entire
genomic cytochrome c gene would be of interest, since it
wonld reveal the 5' upstream sequences and intronic
sequences.

DNA sequence analysis of the two clones SPA and SPB

revealed other enzymes that could be utilized for sub-
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cloning the cyt-12% gene into M13 vectors. The DNA
sequencing strategy and the partial restriction map of the
cyt-12% gene is shown in Figure 14. The Dale method of
single-stranded M13 subcloning was used to obtain some
sequence of the cyt-12% gene as Aescribed in Materials and
Methods. The sequence of the coding strand and the amino
acid sequence of the protein is given in Figure 15. The
numbering system is relative to the translation start site
which was assigned the position +1. Sequence analysis of
the cytochrome ¢ gene revealed that the restriction
endonucleases (BglII, KpnI, SalI, and XhoI) that gave
little, if any, transformants during the course of
subcloning the cyt-12% gene from pSV50-5324, have
recognition sites within the gene, while the enzymes
(EcoRI, HindIII, SphI, SstI, and XmaI ) that yielded WMEL
transformants were found not to bccur in the sequence of
the N.crassa cytochrome c gene as expected. DNA sequence
analysis of the wild-type (744) cytochrome c cDNA revealed
that the transcription initiation site was probably located
at position -104 , since the cDNA sequence ended at that
position (Stuart et al., 1987). However, no further
experiments such as 5' primer extension analysis of mRNAs
were subsequently undertaken by Stuart et al.(1987) to
confirm this observation. The residue frequencies of the
cyt-12% gene (Table 6) showed that the cyt-12* coding

region was slightly (G + C) rich (58.3%).
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DNA sequence analysis of the cyt-12% gene and
comparison to the known amino acid and cDNA sequences
revealed that the wild-type N.crassa cytochrome ¢ gene
consisted of 3 exons and 2 introns. It was determined that
exons 1, 2, and 3 enccded S5, 96, and 7 amino acids,
respectively, of the cytochrome ¢ gene (total being 108
amino acids in length). Intron 1 was 543 nucleotides in
length, while intron 2 was 71 base pairs long. Ballance
(1986) analysed the DNA sequence from a number of genes in
filamentous fungi and yeast and observed that certain
consensus sequences at RNA splice sites and translation
initiation sites could be found. The 5' exon-intron splice
sites of the cyt-12% gene, G|GTATGTA (starting at position
17) of intron 1 and C|{GTACGTC (position 850) of intron 2,
closely resembled the same consensus sequences determined
from filamentous fungi (g|GTAYGTPy) and yeast (N|GTATGT)
genes. The 3' intron-exon boundary sequences, CCAGG
(position 561) of intron 1 and ACAGG (position 921) of
intron 2 of cyt-12%, were also found to be similiar to the
3' splice site consensus sequences of filamentous fungi and
yeast genes (ACAG|g and YYNYAG|N, respectively). The RNA
splicing signals for lariat formation, TTCTAAG (starting at
position 540 of intron 1) and AGCTAAC (position 899; intron
2) of the wild~type cytochrome c¢ gene, matched the
consensus sequence for the site of lariat formation in
yeast and filamentous fungi genes. The sequences

surrounding the AUG start codon .(CAGTCAAAAUGGG) of the cyt-
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12%* gene resembled the same region observed in several
Neurospora genes (CNATCACAAUGNC).

The sequence, AAGAAA, that occurs 17 nucleotides
upstream from the site of polyadénylation of the N.crassa
cytochrome ¢ gene may be the polyadenylation signal (Stuart
et al,, 1987). Similar sequences were also found in other
N.crassa genes such as con-10 (AAAAAGA, 19 nucleotides from
the end of the transcript; Roberts et al., 1988) and the
nuclear encoded proteolipid subunit of mitochondrial ATPase
(AAAAAGAAA, 20 nucleotides from the end of the transcript;
Viebrock et al., 1982). However, no experimental evidence
has shown that these sequences are indeed the signals for
polyadenylation.

Codon usage analysis of the cyt-12% gene (Table 7)
revealed that N.crassa cytochrome c protein was slightly
basic. There were 14 lysines and 3 arginines versus 6
glutamates and 7 aspartates, an excess of 4 basic residues
in a protein of 108 residues. Pyrimidines are used 3 times
more frequently than purines in the 3rd position of codons.
The strong preference (83.5%) for a G or C residue used in
the wobble position of cyt-12% gene codons is similiar to
the codon usage of other N.crassa nuclear genes (Sachs et
al., 1989). The wild-type cytochrome ¢ gene has a bias
against A in the 3rd position (0.9%) of codons that is
often observed in highly expressed N.crassa genes such as
beta-tubulin (0.9%; Orbach et al., 1986), am (0.2%;

Kinnaird and Fincham, 1983) and histones H3 and H4 (0.7%



and 2%, respectively; Woudt et al., 1983). This bias
suggested that the cyt-12% gene could be considered to be
expressed at a high level.

The upstream region of the cyt-12% gene was examined
for sequences that could be involved in gene regulation.
Two sequences of the cyt-12% gene (Table 8), starting at
positions -146 and -160, were found that might be related
to upstream activation sequences (UAS) observed in the
yeast genes CYC1l (Guarente et al., 1984), CYC3 (Dumont et
al., 1987), and CTT1 (Spevak et al., 1986). These yeast
genes are known to respond to different concentrations of
hemin and catabolites. Three related upstream sequences of
the N.crassa cyt-2% gene (Drygas et al., 1989), are also
shown in Table 8. However, the similiarity of these
sequences, even between the different yeast genes, is not
exceptional. Furthermore, no sequences have been shown to
function as UAS in Neurospora. Thus, the potential
significance of the regions should be viewed with
considerable skepticism until functional analysis has been
done.

The cyt-12% upstream region was also compared to the
upstream sequences of the N.crassa genes cyt-21 (Kuiper et
al., 1988), cyt-18 ( Akins and Lambowitz, 1987);
cyclophilin (cycph) (Tropschug et al., 1988), mrp-3
(Kreader et al., 1989), and cya-4 (Sachs et al., 1989)
whose products are also found within mitochondria .

Several short regions of homology (>80%, min. of 10

78



79

matches, max. loopout of 2 nucleotides) were found between
the upstream region of cyt-12% and the other genes (Table
9). It appears that the upstream region of the cyt-12%
gene contains sequences related to the upstream regions of
other structural genes encoding mitochondrial products.
However, the role of these short sequences in gene

regulation, if any, is unknown.

Cloning the Cyt-12-1 Mutant Gene

DNA purified from the cyt-12-1 strain was separately
digested with the restriction enzymes BamHI, EcoRI,
HindIII, and a combination of both HindIII and PstI.
Following agarose electrophoresis, these DNAs were examined
by southern analysis, utilizing the 3.9 kb HindIII-PstI
cyt-12%* fragment as probe (Fig. 16). The cyt-12-1 strain
contained a HindIII/PstI fragment that comigrates with the
3.9 kb wild-type fragment (Fig 16). The results also
suggested that cyt-12-1 contains a single copy of the
cytochrome ¢ gene in agreement with the work of Stuart et
al.(1987) who reached a similiar conclusion from southern
analysis of different digests of N.crassa wild-type (74A)
DNA,

A large scale HindIII/PstI Aigest of cyt-12-1 nuclear
DNA was fractionated on a continuous sucrose gradient. A
small aliquot of each fraction was analysed by gel
electrophoresis to determine which fractions contained

genomic DNA in the range of 2 to 5 kb in length. The
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appropriate fractions were pooled, "shotgun" cloned into
the plasmid pUC19 that had also been digested with HindIII
. and PstI, and the ligation products transformed into
E.coli strain JM83. The partial cyt-12-1 genomic library
(approximately 1500 white colonies) was patched onto
biodyne membrane and examined as described in Materials and
Methods. The colonies were probed with 32p-labelled 3.9 kb
cyt-12% HindIII-PstI fragment isolated from the pSP8 clone.
Three colonies appeared positive and were chosen for
further analysis. Plasmid DNA isolated from these clones
was digested with the enzymes HindIII and PstI and analysed
iy maarose gel electrophoresis (not shown). Only one

‘lesignated pDBl, contained an insert that comigrated
- wild-type version on the agarose gel, while the
+ ¢iones (pDB2 and pDB3) contained inserts smaller
ted and were probably detected as a result of
.«ic hybridization in the screening procedure. The
2lone designated pDBl (see Figure 7 for partial restriction
map), was selected for large scale isolation of plasmid DNA

and sequence analysis of the cyt-12-1 mutation.

DNA Sequence Analysis of the Cyt-12-1 Mutant ZZllele
The nature of the cyt-12-1 mutation was determined by

subcloning three cyt-12-1 fragments, derived from pDB1,

into M13 phage vectors. The partial restriction map and

DNA sequencing strategy of the cyt-12-1 gene is shown in



Figure 17. Cytochrome c¢ specific primers, cytel, cytce?2,
cytec3, and cytc4; 16 to 18 nucleotides in length,
synthesized by Dr. Ken Roy, Department of Microbiology,
University of Alberta were used, in addition to the M13
universal primer, tc obtain sequence of the cyt—-12-1 mutant
allele (Fig. 17). The DNA sequence of the cyt-12-1 allele
was compared to the cyt-12% gene and found to contain two
single nucleotide changes, a deletion of a G at position -
363 and a missense mutation (wild-type G changed to an A
residue) at position 579 (Fig.18). Single stranded
sequence of the cyt-12-1 gene was obtained except in the
region of the missense mutation, in which both strands were
sequenced. The missense mutation of the cyt-12-1 allele
caused the codon at position 10 to encode an aspartic acid
instead of the glycine observed in the cyt-12% gene (Table
10).

The Spring 1989 version of MicrogenieT™ databank
(Beckman Inc., 1989) was féound to contain the amino-acid
sequence of 84 cytochrome ¢ proteins from various species.
The cytochrome ¢ proteins were aligned according to
homology and it was observed that the glycine corresponding
to that at position 10 of the WNeurospora sequence, was
conserved in all the listed cytochrome c¢ proteins. Thus,
it seemed that the missense mutation of the cyt-12-1 allele
was the mutation represented by thée mutant phenotype.

However, it was conceivable that the single base

deletion at position -363 affected normal expression of the
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cytochrome ¢ mutant allele. DNA sequence analysis of the
cyt-12% gene revealed that the restriction enzyme BamHI
cuts the gene at position -178. Earlier transformation
experiments using BamHI digests of pSV50-5324 gave a
frequency of transformants that was intermediate between
the numbers obtained with those enzymes that cut the gene,
and those that did not cut the gene (see Table 5).
Therefore, the possiblity existed that the deletion at -363
might decrease transcription of the cyt-12-1 allele.
Therefore, further studies were undertaken to analyse

cyt-12% and cyt-12-1 transcripts.

Subc¢loning .the Benomyl-resistant Beta-tubulin Gene
In ordexr to quantify cytochrome ¢ transript levels
(below), another probe was necessary that would also detect
MRNAs whose levels are fairly constant in both wild-type
and cyt-12-1 cells. One such probe would be from the
benomyl-resistant beta-tubulin gene (Bn®; Orbach et al.;
1986), which was previcusly used as a control in N.crassa
transformation experiments (discussed earlier). During
this study the 2.58 kb SalI-SalTl fragment of pSV50 (Fig.
4), containing the BnR gene, couid not readily be purified
from our lab stocks of pSv50, s;pce they had been
contaminated with various deletion derivatives of pPSV50
which presumably reflects an instability of the inserted
sequences in E.coli cells. To obtain a more easily

maintained stock and to simplify the purification of this
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fragment the 2.58 kb Sall fragment isolated from pPSV50 was
cloned into pUCl9. Following transformation of the
ligation products into E.coli JM83 and selection on X-gal
medium, several white colonies were chosen for further
analysis. Plasmid DNA isolated from these clones were
digested with Sall and analysed by gel electrophoresis.

All eight clones selected, contained Sall inserts that
comigrated with the remaining stock of 2.58 kb SaiI-Sall
fragment. Two clones, designated pBENl1l and PBEN2, probably
contain the SalI insert in opposite orientations (Fig.19)

as judged by further restriction analysis (not shown).

Northern Analysis

Wild-type and Cyt-12-1 transcripts were examined by
analysing total RNA and poly (A) RNA isolated from these
strains. Total RNA was isolated by a phenol-SDS RNA
extraction procedure, while poly (A) RNA purification kits
utilizing prehydrated oligo-dT cellulose columns were used
to enrich total RNA preparations for mRNA. The plasmid
PRCYC1l, a generous gift of Drs. Walter Neupert and Rosemary
Stuart (University of Munich), containing the full-length
wild-type (74A4) cytochrome c c¢cDNA (680bp), was used as a
source of cytochrome ¢ cDNA fragment for oligo-labelling
reactions. Two samples of total RNA and poly (A) RNA, from
several RNA preparations of wild-type and cyt-12-1 strains,
were examined by agarose-formaldehyde gel electrophoresis.

Half of the RNA samples were studied by northern analysis
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using 32p-labelled cytochrome c¢ cDNA (purified from pRCYC1;
Fig. 20A) and the other half analysed using the 32p-
labelled 2.58 kb SalI fragment containing the BnR gene
(isolated frcm pBEN1; Fig. 20B) as probes. Cytochrome ¢
and beta-tubulin transcripts both migrated at apparently
faster rates in poly (A) RNA samples than in total RNA
preparations (Fig.20A and 20B, compare lanes G to J with
lanes A to F). 1In attempt to discover the reasons for this
anomaly several aliquots of wild-type and cyt-12-1 total
RNA were analysed by gel electrophoresis. These samples
were found to contain various amounts of chromosomal DNA
and ribosomal RNA. To test if either the contaminating
genomic DNA or the large amounts of rRNA were the source of
the problem, various amounts of wild-type total RNA were
added to different amounts of wild-type mRNA, analysed by
agarose—formaldehyde electroﬁhoresis, and by northern
anaylsis using both cytochrome ¢ cDNA and beta-tubulin
probes (not shown). The evidence regarding this migration
rate dilemma was not clear. Therefore, cytochrome c¢
transcript lengths could only be compared within total RNA
or within poly (A) RNA isolates. Cyt-~12-1 transcripts
appeared to be ca. 700 nucleotides in length and comigrated
with wild-type cytochrome c¢ transcripts (Fig.20A, compare
lanes G and H with Janes I and J).

Although, no attempt was made to quantify the
transcript levels exactly and the quality of the RNAs is

rather poor, it appears that the two strains contain
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roughly similiar levels of both cytochrome ¢ mRNA as judged
by corresponding levels of beta-tubulin mRNA (Fig.20).
However, two to three fold differences can not be ruled
out. Thus, it is likely that the single base deletion at
=363 in the upstream region of the cyt-12-1 gene does not
have a gross affect on cytochrome ¢ transcript levels in
the cyt-12-1 mutant strain. The specific activities of the
beta-tubulin and cytochrome c cDNA probes used for northern
analysis were approximately equal. When the level of
cytochrome ¢ mRNA is compared to the beta-tubulin
transcript levels (Fig.202, compare lanes A to F to the
same lanes of Fig.20B), it appears that the cytochrome c
gene is expressed about as highly as the beta-tubulin gene,
suggesting it is also a highly expressed mRNA. This is in
agreement with the codon usage criteria of highly expressed

geres.

Apscytochrome ¢ and Holocytochrome ¢ Protein
Anglysis

#ince cyt-12-1 appeared to contain cytochrome ¢ mRNA
and yst contained ﬁo spectrally detectable cytochrome ¢, it
was ©f interest to determine if cyt~12-1 mRNA could be used
to program an in vitro trafislation system to produce
apocytochrome c.

Wild-type (NCN10) and cyt-12-1 mRNA were used to
program rabbit reticulocyte in vitro translation reactions,

utilizing 35S-labelled methionine as the radioisotope. The
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translation products (1.5 X 106 cpm from cyt-12-1; 4.5 X
106 cpm from wild-type reactions) were examined for the
presence of immunoprecipitable apocytochrome c¢. The
cytochrome c specific antibodies were generous gifts from
Drs. Walter Neupert, Rosemary Stuart, and Christoph
Hergersberg (University of Munich). These immuno-
pPrecipitates were separated on a 10% discontinucus SDS-
polyacrylamide gel. Following electrophoresis, the lanes
were cut into gel slices and processed according to
Materials and Methods. The cpm per gel slice from the two
immunoprecipitations (wild~type and cyt-12-1) were plotted
(Fig.21 and 22, respectively). All gel slicing was
performed backwards to normal convention (i.e. slice zero
corresponds to the bottom of the gel). Both strains gave
rise to immunologically detectable apocytochrome ¢ (Fig.21
and 22) . Apocytochrome c dimers were observed in both
immunoprecipitations even though the final concentrations
of SIS and beta-mercaptoethanol were increased (from 2.5%
to 5% and 2.5% to 7%, respectively) during the cracking
step.

The total number of counts of cyt-12-1 apocytochrome ¢
(1.8 X 104 cpm) was approximately the same as the total
number of counts of wild-type immunoprecipitated apo-
cytochrome ¢ (2.2 X 104 cpm). The total number counts of
the wild-type in vitro translation mixture used for the
immunoprecipitation was 3 times more than the amount used

of cyt-12-1 in vitro translation products (4.5 X 106 cpm as
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compared to 1.5 X 10% upm). Thus, at least from this
single determination, it appears that cyt-12-1
apocytochrome ¢ is expressed approximately 3 times higher
than that of the wild-type strain.

In an attempt to determine if holocytochrome ¢ could
be detected immunclogically in the mitochondria of
cyt-12-1, wild-type (NCN10) and cyt-12-1 strains were
labelled in vive using 35S-methionine and 3H-leucine,
respectively. Mitochondria were isolated and solubilized
and holocytochrome ¢ specific antisera were used to
separate holocytochrome ¢ from other in vivo translation
products. The holocytochrome c¢ immunoprecipitates from
355-labeliled [wild-type; 105 cpm] and 3H-labelled cyt-12-1
mitochondrial proteins [10® cpm] were electrophoresed on a
10% discontinuous SDS-polyacrylamide gel and analysed by
fluorography (Fig.23). Holccytochrome c¢ protein
(approximately 14 kdal) was observed in wild-type
translation products (Fig.23, lanes B and C), but no
holocytochrome ¢ was observed in cyt-12-1 (Fig.23, lane A).
Even longer exposures (up to 96 hours) to compensate for
the fact that 3H is not as easily detected as 35S failed to
detect any immunoprecipitable cyt-12-1 holocytochrome c.
Since it was conceivable that the cy*t-12-1 holocytochrome ¢
immunoprecipitates may have been lost during the washing
procedure, the levels of holocytochrome c¢ of the two
strains were also analysed, by mixing differentially

labelled translation products from the wild-type strain and
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cyt-12-1. Holocytochrome c immunoprecipitates from the
mixture of solubilized 33S-labelled [wild-type; 5 x 106
cpm] and 3H-labelled cyt—-12-1 [1.2 % 107 cpm] mitochrondria
were analysed by polyacrylamide gel electrophoresis (as
above) . After electrophoresis, the lane was sliced into
1.1 mm gel slices and processed as described in Materials
and Methods. The cpm per gel slice of 3H and 355 were
determined and were plotted after correcting for spillover
of 355 counts into the 3H channel (Fig.24). This
coimmunoprecipitation experimer::z showed that cyt-12-1
contains very little, if any, immunologically detectable

holocytochrome ¢ when compared to the background.



IV.Discussion

In contrast to other precursor proteins targeted and
imported into mitochondria, cytochrome ¢ does not utilize the
“classical” import machinery. Thus, the biogenesis of
cytochrome c¢ differs in many respects from that of other
precursor proteins destined to mitochondria. Although many
studies have shed light upon the biogenesis of cytochrome c,
many regulatory questions still remain unanswered. 1In
attempt to investigate the regulétory mechanisms of
cytochrome c¢ biogenesis in Neurospora crassa, two cytochrome
¢ deficient mutants, cyc-1-1 and subsequently cyt-12-1, were
analysed in this study.

A wild-type (74A) N.crassa genomit library constructed
in the cosmid vector pSV50, containing the benomyl resistant
beta-tubulin gene as a dominant selectable marker, was
screened using sib selection for its ability to rescue the
slow growth character of the mutant cyc-1-1 on media
containing benomyl. A cosmid clone, designated pSV50-5324,
was isolated that rescues the slow growth phenotype of
cyc—-1-1. During the course of sub-cloning the cyc-1* gene
from pSV50-5324, another cosmid (pSV50-4333) was isolated
from the same genomic library by others in our laboratory,
that rescues the slow-growth character of cyt-12-1.
Transformation results indicated that a 3.9 kb HindIIl-PstI
fragment from pSV50-4333, contained the cyt-12% gene. This
fragment was subsequently cloned into pUC19, and designated
pSP8.

89



Since cyc-1-1 and cyt-12-1, have similiar cytochrome
spectra (completely lack cytochrome ¢ and partially deficient
of cytochrome aaj) when grown at 37°C and 25°c, respectively
(see Introduction), experiments were undertaken to
investigate the possibility that the mutants might be
allelic. ¢ - . mentation analysis of the two mutant strains
revealed ti «yc<l-1 and cyt-12-1 are in fact allelic
mutations. Furthermore, the analysis of several
transformants from reciprocal transformations indicated that
pSvV50-4333, pSV50-5324, or pSP8 can restore cytochrome ¢ in
either strain.

The observation that either cosmid digested with various
restriction enzymes gave identical transformation results
with respect to destroying the transforming ability of the
wild-type gene, Suggested that pSV50-4333 and pPSV50-5324
might contain the same transforming gene. To determine if
this was in fact the case, both cosmids were separately
digested with various combinations of restriction
endonucleases, and analysed by agarose gel electrophoresis
and by southern analysis. Examination of the restriction
patterns revealed that many fragments of pSV50-5324 digests
comigrated with fragments of identical digests of pPSV50-4333,
while southern data proved that pSv50-5324 contains the
cyt-12* gene. Further analysis revealed that the minor
restriction pattern differences observed between digests of
PSV50-4333 and psSv50-5324 were the result of Cloning

different lengths of flanking genomic Sequence surrounding
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the cyt-12* gene. Later it was Eoncluded that the proximity
of pSV50 vector sequences to the cyt-12* gene in pSV50-5324
is most likely responsible for the restriction map
differences seen between the two cosmids.

The cyt-12%* gene subcloned from pSV50-4333 into pUC19
(termed pSP8) was used for DNA sequence analysis. The
protein sequence deduced from the DNA sequence corresponded
to the previously determined amino-acid sequence of N.crassa
cytochrome ¢ (Heller and Smith, 1966; Lederer and Simon,
1974), while the coding sequence matched the DNA sequercs of
a wild-type N.crassa cytochrome ¢ cDNA (Stuart et al., 14%87).

Sequence analysis of the wil&—type cytochrome ¢ gene
revealed the presence of two introns, one intron located near
the amino terminus (intron 1; intexrrupts codon 6) and the
other located near the carboxyl terminus (intron 2;
interrupts codon 101) (Stuart et al., 1987; Stuart, 1989).
Interestingly, all other cytochrome ¢ genes analysed to date,
such as rat (Scapulla et al., 1981), chicken (Limbach and Wu,
1983), and mouse (Limbach and Wu, 1985a), contain only one
intron located near the amino-terminus (Stuart et al., 1987).
Sequence analysis of these three cytochrome ¢ genes revealed
that the location of the intervening sequences are conserved
between codons 55 and 56, and that the introns appear to be
of relatively equal lengths (Limbach and Wu, 1985a; Stuart et
al., 1987; &£tuart, 1989). There seems to be no obvious

connection betwden the position of the intron of these
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cytochrome ¢ genes with the locations of the two introns of
N.crassa cytochrome c.

DNA sequence analysis of the cyc-1-1 mutant allele,
revealed that the intron located near the carboxyl terminus
is not excised giving rise to mutant apocytochrome ¢ 19 amino
acids longer than the wild-type apo-protein (Stuart et al.,
1987) . It was determined that cyc-1-1 apocytochrome ¢ is not
imported into mitochondria in vitro or in vivo (Stuart,
1989) . Even though these studies can not conclude if a
“targeting signal” is located within the carboxyl terminus of
cytochrome ¢ or if the additional residues simply alter the
overall conformation of the apo-protein sufficiently to
prevent binding and/or targeting (Stuart et al., 1987), they
at least demonstrate the functional importance of the correct
excision of the intron located near the carboxyl terminus of
N.crassa cytochrome c. The analysis of both N.crassa
cytochrome ¢ introns reveaied that the donor splice
sequences, splice acceptor sequences, and the branch site
sequences of each intron match the consensus sequences
derived from the analysis of many filamentous fungi genes
(Ballance, 1986). |

Normally, Neurospora sphaeroplasts cotransformed with
restriction endonuclease digested cosmid DNA and intact pSV50
yleld clear results. Restriction enzymes that cut the
transforming gene should give no or very few fast-growing
transformants, while enzymes that do not cut the wild-type

gene should yield many fast-growing colonies. DNA sequence
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analysis revealed that the restriction enzymes that yieldeq
very few, if any, fast-growing transformants were found to
have recognition sites in the cyt-12 gene, while those
restriction enzymes that gave many fast-growing transformants
do not have sites within the N.crassa cytochrome ¢ gene, as
expected. However, the intermediate transformation results
of cyc-1-1 sphaeroplasts co-transformed with pPSVS0 and BamHI
digested pSV50-5324, suggested that a BamHI restriction site
might be located between a positive acting regulatory region
and the transcription initiation site of the N.crassa
cytochrome c gene. This finding was supported by DNa
sequence analysis of the cyt-12% gene, which revealed that the
enzyme BamHI cuts the cytochrome ¢ upstream region at ~174.

The sequence upstream of the cyt-12 gene was compared to
the upstream activation sequences (UAS) of several yeast
genes, known to respond to catabolite repression and
intracellular levels of heme. Two potential upstream regions
of the cyt-12 gene were detected that contain some
similiarity to the yeast UAS sites. However, no UAS have yet
been shown to exist in N.crassa by functional analysis.

During the course of cloning the cyt-12-1 allele,
cyt-12-1 DNA was digested with several restriction enzymes.
It was revealed that cyt-12-1 contained a 3.9 kb HindIII/PstI
fragment that comigrated with the corresponding wild-type
fragment. These results also showed that cyt-12-1 contains
only one copy of the cytochrome ¢ gene and is, therefore,

similiar to wild-type strain (74A) in this regard (Stuart et
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al., 1987). Previous studies revealed that chicken (Limbach
and Wu, 1983) and Schizosaccharomyces pombe (Russell and
Hall, 1982) also contain only one cytochrome ¢ gene per
haploid genome.

Sequence analysis of the cyt-12-1 mutant allele when
compared to the wild-type cytochrome ¢ sequence, revealed two
mutations, a deletion of a G residue at -363 and a transition
(G to an A residue) at +579. The G/C to A/T transition at
position 579 causes the codon (amimo acid position 10 of the
N.crassa protein) that normally encodes a glycine residue to
be replaced by an aspartic acid. Interestingly, homology
studies revealed that all wild-type cytochrome ¢ proteins
from 84 species contain a glycine at the position that
corresponds to position 10 of the Neurospora protein. This
finding suggested that the amino acid replacement of the cyt-
12-1 allele is most likely responsible for the mutant
phenotype.

Many amino-acid replacement mutants have been
characterized for iso-l-cytochrome ¢ in yeast, which is
encoded by the CYCl gene (Boss et al., 1981). DNA sequence
analysis of many CYCI mutants revealed four yeast cytochrome
¢ mutants, cycl-6, cycl-523, cycl-570, and cycl-581, that
have the glycine corresponding to coden 10 of the N.crassa
protein replaced by an aspartic acid, similiar to that of
cyt-12-1 (Hampsey et al., 1986). Spectral analysis of these
mutants showed that they contain variable amounts of iso-1-

cytochrome ¢ (5 to 50% of the wild-type levels), but in all



cases the replacements abolish function or synthesis of iso-
l-cytochrome ¢ (Hampsey et al., 1986). Crystallography
studies of tuna apo- and holocytochrome ¢ (Takano and
Dickerson, 198la, 1981b), horse holocytochrome ¢ (Dickerson
et al., 1971), bonito apo- and holocytochrome ¢ (Ashida et
al., 1971, 1973; Tanaka et al., 1975; Matsuura et al., 1979,
and rice holocytochrome ¢ (Ochi et al., 1983) all revealed
that glycine-10 is located within alpha-helix (running from
residues 6 to 17) and occurs within a region where there is
no room to accommodate a side chain (Hampsey et al., 1986).
Thus, it seems likely that the amino acid replacement of
glycine at position 10 of the N.crassa cytochrome c protein
by an aspartic acid residue cyt-12-1 disrupts the structure
of the cytochrome ¢ backbone resulting in loss of function or
synthesis of holocytochrome c (discussed below) (Hampsey et
al., 1986).

The intermediate transformation results using BamHI
digested pSV50-5324, suggested that the deletion at (~363) of
cyt—-12-1 could possibly decrease the level of transcription
of cytochrome ¢ in cyt-12-1. Thus, cytochrome c transcripts
of a wild-type strain and cyt-12-1 were examined by northern
analysis. The cyt-12-1 cytochrome ¢ transcript comigrated
with that of the wild-type strain. Even though no attempt
was made to quantitate the levels of gytochrome ¢ transcripts
in cyt-12-1 relative to the wild~type strain, and despite the
fact that the RNAs are of poor quality, it appears that the

levels of cytochrome c mRNAs from the two strains are not
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grossly different. However, two to three fold differences in
transcripts levels can not be ruled out. Nonetheless, this
finding suggests that the upstream deletion of the cyt-12-1
allele does not drastically affect transcription of the
cytochrome ¢ gene in cyt-12-1.

Cyt-12-1 and wild-type cytochrome c transcript levels
were also compared to the levels of beta-tubulin mRNAs, known
to be highly expressed (Orbach et al., 1986). The band
intensities of the cytochrome ¢ and beta~tubulin transcripts
within RNA isolates of cyt-12-1 and wild-type strains,
suggesﬁ that the cytochrome c¢ gene is expressed at a level
similiar to that of beta-tubulin. This is in agreement with
the codon usage of the cyt-12 gene, which is similiar to the
codon usage observed in highly expressed N.crassa genes, such
as beta-tubulin (Orbach et al., 1986), and histones (Woudt et
al., 1981). By these criteria the cyt-12 gene could be
considered to be expressed at a high level.

Poor quality of the RNAs obtained in this study may be
due to the use of the phenol and SDS extraction methods.
Towards the end of this study the guanidinium thiocyanate
procedure was used to isolate cyt-12-1 and wild-type RNA.
However, both attempts to isolate RNAs from these two strains
using the later method resulted in very poor yields,

It was possible that cyt~12-1 might contain small amounts
of cytochrome c¢ protein, not detectable by cytochrome
spectral analysis. To examine this possibility, wild-type

and cyt-12-1 mitochondria were examined for immuno-
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precipitable cytcchrome c by using antiserum specific for
N.crassa holocytochrome c¢. It was found that cyt-12-1
mitochondria are almost completely devoid of immunologically
detectable holocytochrome c.

In attempt to understand the nature of the cyt-12-1
holocytochrome c deficiency, the ability of cyt-12-1
apocytochrome c mRﬁA to be translated in a heterologous
system was investigated. Rabbit reticulocyte lysates
separately programed with poly(A) RNA from cyt-12-1 and wild-
type cultures both gave rise to immunoprecipitable
apocytochrome ¢. Although no conclusions should be based on
an experiment that was done only once, it appears that
cyt—-12-1 contains the mRNA for apocytochrome c at a level
about three times higher than that of the wild-type strain.
Since the northern data were not of sufficient quality to
rule out small differences in amounts of mRNAs in the two
strains, it is possible that cyt-12-1 cytochrome c¢
transcripts are expressed approximately three fold higher
than of wild-type cells in an attempt to correct for the loss
of holocytochrome c. Similiariy, northern analysis of the
cytochrome ¢ deficient mutant cyc-1-1 revealed that the
amount of incorrectly spliced cytochrome ¢ transcripts seems
to be higher in the mutant than cytochrome ¢ mRNAs seen in
the wild-type strain (Stuart et al., 1987). Analysis of
another cytochrome c deficient mutant, cyt-2-~1, revealed that
the mutation affects the coding sequence for cytochrome ¢

heme lyase (Nargang et al., 1988; Drygas et al., 1989), which



attachs the heme group to apocytochrome ¢ (Hennig and
Neupert, 1981; Nicholson et al., 1987). Although cyt-2-1
cytochrome c transcripts levels were not directly examined,
slightly greater levels of immunoprecipitable apocytochrome
were found in rabbit reticulocyte lysates programed with
Cyt—2-1 mRNA than that found in rabbit reticulocyte lysates
programed with wild-type poly(A) enriched RNA (Nargang et
al., 1988). Thus, it appears that cyc-1-1 and cyt-2-1,
similiar to cyt-12-1, might be overproducing cytochrome c¢
mRNA in an attempt to compensate for the loss of functional
cytbchrome c.

The fact that cyt-12-1 apocytochrome ¢ mRNA can be
translated and that holocytochrome ¢ does not accumulate in
the mitochondria of cyt-12-1, suggests that mutant
cyt-12-1 apocytochrome ¢ is not imported into mitochondria.
Since apocytochrome ¢ import in ﬁ.crassa is known to be

concommitant with heme attachment (discussed in

Introduction), it is difficult to speculate at what point the

mutation affects transport and/or heme attachment.

Conceivably, cyt-12-1 apocytochrome ¢ could either lack the

ability to spontaneously insert into the outer membrane, the

ability to be positioned correctly to specifically interact

with the specific surface receptor (cytochrome ¢ heme lyase),

and/or the ability to act as a suitable substrate for heme
attachment by cytochrome ¢ heme lyase. Conceivably,
scatchard analysis of cyt-12-1 apocytochrome c¢ binding to

wild-type and cyt-12-1 mitochondria might reveal the nature
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of the binding of mutant apocytochrome ¢ to cyt-12-1
mitochondria.

It is interesting that virtually all Neurospora mutants
lacking cytochromes aaj and/or b have abnormally high levels
of cytochrome ¢, while cytochrome c deficient mutants, such
as cyt-2-1, cyc-1-1 and cyt-12-1, partially or completely
lack cytochrome aaj. These results suggest that a complex
regulatory system exists to conftrol the expression of
cytochromes aa3, b, and ¢ in the electron transport chain.

The observation that the cyt-2 gene encodes the enzyme
cytochrome ¢ heme lyase, suggested that it is unlikely that
this defect directly affects the production of cytochrome aag
(Nargang et al., 1988). Interestingly, both cyt-2-1 and the
extranuclear mutant [mi-3] (characterized by a deficiency of
cytochrome aaj3) can be induced to synthesize cytochrome aay by
growth in medium containing low Eoncentrations of antimycin
A, a potent inhibitor of electron transport between
cytochrome b and cytochrome c; of the electron transport
chain (Bertrand and Collins, 1978). It has been determined
by immunological methods that cyt-2-1 and [mi-3] contain
little, if any, fully assembled cytochrome ¢ oxidase, but
possesses a high molecular weight form of the mitochondrially
encoded subunit 1 of cytochrome ¢ oxidase (Bertrand and
Werner, 1979; Nargang et al., 1988). These results suggested
that unassembled cytochrome ¢ oxidase was the result of

defective processing of cytochrome ¢ oxidase subunit 1
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(Bertrand and Werner, 1979). It has been postulated that the
missense mutation located in the coding region of the
[mi-3]oxi-3 gene, that encodes cytochrome ¢ oxidase subunit
1, is most likely responsible for the [mi-3] phenotype
(Lemire and Nargang, 1986). However, preliminary studies of
several N.crassa mutants that lack cytochrome aas, by others
in our laboratory, suggest that almost all such mutants may
accumulate the high molecular weight form of subunit 1
observed in [mi-3]. Conceivably, the high molecular weight
form of subunit 1 may occur in any mutant that is unable to
assemble cytochrome ¢ oxidase. Thus, since all Neurospora
mutants that lack cytochrome ¢, are at least partially
deficient of cytochrome aaz at some temperatures, and since
cyt—-2-1 is known to contain the high molecular weight form of
subunit 1, it may be that functional cytochrome ¢ is
necessary for efficient processiﬁg or assembly of cytochrome
¢ oxidase in Neurospora. The degree of the cytochrome aajy
deficiency could depend on the severity of the cytochrome ¢
deficiency. This postulated requirement of cytochrome ¢ can
apparently be by-passed in certain situations, since cyb-1-1
(characterized by a deficiency of cytochrome b) cyt-2-1
double mutants contain substantial amounts of cytochromes aajy
and b, but lack cytochrome ¢ (Bertrand and Collins, 1978;
Nargang et al., 1988). However, cyb-1-i/{mi~3] double
mutants contain substantial amounts of cytochromes ¢ and aas,

but lack cytochrome b (Bertrand et al., 1977).
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Any model to explain the interactions in this system must
account for at least four sometimes conflicting observations.
First, a blockage of electron transport in the cytochrome bc;
region of the electron transporg chain by antimycin A or cyb-
1-1 induces the synthesis of cytochrome aaz in cyt-2-1 and
[mi-3]. Thus, it appears that a blockage of electron
transport in the cytochrome bc; region may result in
increased efficiency of assembly of cytochrome ¢ oxidase.
Conceivably, the missense mutation in subunit 1 of [(mi-3]
simply decreases the efficiency of cytochrome c oxidase
assembly and this can be restored by the action of antimycin
A or cyb-1-1. Second, a severe deficiency of cytochrome ¢ in
cyt-2-1, cyt-12-1, and cyc-1-1 (grown at 37°C) leads to, by
an unknown mechanism, partial or complete deficiencies of
cytchrome aajz (Mitchell et al., 1953; Bertand et al., 1977;
Bottorff, D.A. and Nargang, F.E.; unpublished results).
Third, cyb-1-1[mi-3] double mutants lack cytochrome b, while
cyb-1-1/cyt-2-1 double mutants contain normal levels of
cytochrome b. Fourth, N.crassa mutants deficient in
cytochrome aas and/or cytochrome b contain higher than normal
levels of cytochrome ¢. Although it is difficult to say with
certéinty what these observations mean, it has been
postulated that the efficiency of oxidative phosphorylation
in the cell may influence the expression of cytochromes c¢,b,
and aaj of the electron transport chain (Nargang et al.,
1988) . Howevér, this model seems too simplistic to explain

all the above observations.
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Name Change for c,yt-lzj-l

It is proposed that the cytochrome ¢ deficient strain,
designated cyt-12-1, should be renamed cyc-1-12, since it was
determined that cyt-12-1 and cyc-1-1 are in fact allelic

mutations affecting the cytochrome ¢ structural gene.
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Table 1. Bacterial Strains.

104

Strain

Genotype

Raferences

E.coli JM103

E.coli JM83

A(lac-proaB),
supE, thi,stra,
sbcB15,endA,
[F'traD36,proAB,
lacI9zAM15]°

ara,A(lac-proaB),
rpsK,$80, laczaM15

Messing, 1983;
Yanisch-Perron
et al.,1985

Yanisch~-Perron
et al.,1985




Table 2. Neurospora crassa Strains.
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Strain Genotype Source Reference
74-0R23-1A (74A4) A, standard Bertrand
laboratory
wild-type
NCN 10 A,nic-1, Bertrand
al-2
NCN 82 cyt-12-1, Bertrand Bertrand et
pan-2 al., 1977
NCN 104 cyc-1-1, Bertrand Pittenger
nic-1,al-? and West,

1979




Table 3. Plasmid and Cosmid Cloning Vectors.

Vector Antibiotic Resistances References

pBR322 ApR, TcR Bolivar et al.,
1977

puUC19 ApR Yanisch-Perron et
al.,1986

pSV50 ApR, BnR Vollmer and

Yanofsky,

1986
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Table 4. Recombinant Plasmids.

Plasmid

Description

pRC¥Cl

£5V50-43332

pSV50-53243

pSp84

PBEN1, pBEN2

pPDB1

74A cytochrome ¢ cDNA in PstlI
site of pBR322

Genomic version of 74A cytochrome
¢ gene in pSV50 isolated from 74A
cosmid library by rescue of the
cyt-12-1 phenotype

Genomic version of 74A cytochrome c¢
gene in pSV50 cosmid isolated from
74A cosmid library by rescue of the
cyc—1-1 phenotype

74A cytochrome ¢ gene contained on
a 3.9 kb Hind III/PstI fragment in
pUC19

Benomyl resistant beta-tubulin
gene Sall fragment in pUC1l9

NCN82 cytochrome c gene contained
on a 3.9 kb Hind III/Pst I fragment
in pUC19 N

1. A generous gift from Drs. Walter Neupert and Rosemary
Stuart, Institut for Physiologische Chemie, University of

Munich.

oD WN

Isolated by Sukran Parmaksizoglu.
Isolated independently from pSv50-4333.
Sub-cloned from pSV50-4333 by Sukran Parmaksizoglu.



Table 5. Results of Transformations of cyc~1-1 Sphaero-

plasts with digested pSv50-5324

Restriction Enzyme

Transformation Results

BamHI

BglII

EcoRI

HindIII

KpnI
PstI
Sall
SphI
SstI
XholI
Xmal

+

+++
+++

+++

+4++
+++

+++

- no transformants

+ few transformants
++ more transformants
+++ many transformants
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Table 6. Residue Frequencies of the Cyt-12t Gene

Region A} FSC|S$SG| $T|%$A+T) | $(C+G)

Cytochrome c 24.4131.8126.5]117.3| 41.7 58.3
(coding region only)

Cytochrome c gene |21.5429.4|24.1}]25.1| 46.6 53.4

(plus introns, etc.)
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Table 8. Codon Usage of the N.crassa Cytochrome ¢ Gene

The codon and residue frequencies (in the 3rd

position of codons) of the cyt-12+ gene are shown. The stop

éodon (UAA) was included in the calculations.



AMINO|CODON| # OF | FREQ| AA |AMINO|CODON| # OF | FREQ| AA
ACID CODON| (%) | FREQ| ACID CODON| (%) | FREQ
ALA | GCA 0 0 LEU | UUA 0 0
GCC 5 4.6 UouG o 0 6.4
GCG 0 0
GCU 4 3.7 8.3 | LYS | AAA 0 0
AAG 14 12 12
ARG | AGA 0 0
AGG 1 0.9 MET | AUG 3 2.8 ) 2.8
- CGA 0 0
CcGC 1 0.9 PHE | UUC 6 5.5
CGG 0 0 uou 0 0 5.5
CGU 1 0.9 1] 2.7
PRO CcCa 0 0
ASN { AAU 0 0 cce 2 1.8
AAC 6 5.5 ] 5.5 CCG 0 0
CCu 1 0.9 1] 2.7
ASP GAU 2 1.8
GAC S 4.6 6.4 SER | UCA 0 0
ucc 2 1.8
CYs | uGco 0 0 UcG 0 0
UGC 2 1.8 1.8 Ucu 1 0.9
' AGU 0 0
GLN | CAA 0 0 AGC 0 0 2.7
CAG 2 1.8 | 1.8
THR | ACA 0 0
GLU | GAA 0 0 ACC 7 6.4
GAG 6 5.5 1 5.5 ACG 0 0
ACU 2 1.8 8.2
GLY | GGU S 4.6
GGC 10 9.2 TRP | UGG 1 0.9 ] 0.9
GGA 0 0
GGG 0 0 13.8| TYR | UAU 0 0
UAC 4 3.7 | 3.7
HIS CAU 0 0
cac 2 1.8 1.8 | VAL | GUA 0 0
GUC 1 0.9
ILE | AUU 0 0 GUG 1 0.9
AUC 5 4.6 GUU 0 0 1.8
AUA 0 0 4.6
STOP | UAA 1l 0.9
LEU | CUA 0 0 UAG 0 0
cucC 5 4.6 UGA 0 0 0.9
CuG 0 0
Ccuu 2 1.8
Residue S A | $C|%$G|&%T
Frequencies
of the 3rd Codon Position 0.9 157.7125.8}15.6
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Table 8.
Upstream Activation Sequence-like Regions of the
Cyt-12% Gene
Possible upstream activation sequences in the cyt-12%
are compared to UAS sequences of various yeast genes and
potentially analogous regions of the N.crassa cyt-2-1 gene.
The position of the 5' nucleotide of the UAS is relative to

the translation start site which has been assigned the

position +1.



Position
Gene of the 5° Sequence Refererice
nuclm
Cyt-12 ~160 CTCTTGGTTTGCAACTTT This study
(N.crassa)
-146 CTTTTTTGTTCCTACTAT This study
Cyt-2 -238 CTCTTCGCCCATATTTTT Drygas et al.,
(N.crassa) 1989
-206 CTCTTCTTGTTATTGAAG
-66 CTCTTTTCTGCCCGACAT
CYCl -343 CTCTTTGGCCGGGGTTTA Guarente et al.,
(yeast) 1984
-297 CTCTTTGGCGAGCGTTGG
(03 {ok] -232 CTCTTGCGCGGCGTGGGA Dumont et al.,
(yeast) 1987
-170 CTCTTTTTATCGACTTTT
CTT1 ~-437 CTCTCCTGCGTGCTTTCA Spevak et al.,
(yeast) 1986
-388 CTCTTTTTCAAGGGGATC
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Table 9.
Upstream Regions of Cyt-12% that are
Homologous to Upstream Regions of other

Neurospora Genes.

Regions of similiarity betwéen the upstream region of
the cyt-12* gene and other nuclear encoded mitochondrial
proteins of N.crassa, cya-4 (Sachs et al.,1989), cyt-18
(Akins and Lambowitz, 1987), cycph (Tropshug et al., 1988),
cyt-21 (Kuiper et al., 1988), mrp-3 (Kreader et al.,1989),
and cyt-2-1 (Drygas et al.,1989). The position of the 5°

nucleotide of the similiarity is relative to the translation

start site (+1).



Position
Gene of the 5! Sequence
nucleotide
Cyt-12 -360 CGTTGC-CAGCGAGT
Cya-4 -334 CTGTGA-CAGCGAGT
Cyt-18 -147 TTGCCCAGCAAG
-33 CGTTG~--AGCGAT
Cyt-12 -345 G--TTGCCAGCTGTGAG
Cya-4 ~-489 G--T-GCCAGCTGTCAA
-470 GAATTGCCAGGTGAGGG
-388 TCA--GCCTGCCGTGAG
Cyt-12 -338 GCTGTG-AGCACATTGAG
Cya-4 -268 GGGGTG-AGCRAAGTGGG
Cycph -107 GCCGTGTAGCAGATT
Cyt-12 -318 AAAAAARAGT-~TGGATCAAGA
Cyt-21 -243 TAAAARAAGTGTGGCTCATGA
Cya-4 -173 ARAARAAAGCTCG
Cyt-12 -84 TTCCTGTTC-TCAGTCA
Cya-4 -38 TTCCTAATC~-TCTGTCA
Cyt-21 -364 CTCCAGTTCCTCAAT
Cyt-12 -71 TCATC-T--C~AACTTCCA
Cyt-21 -65 CATC-T--CGAACCTCGT
-27 GCATC-TATC~AACCTCC
Cya-4 -47 TCCTCCT~--C-AACTTCCT
Cycph -26 GGATT-T--C-ATCTTCCA
Cyt-12 -191 CGCCGTGTGGC
Cycph -108 CGCCGTGTAGC
Cyt-12 -109 CTTTTTCTTCCTCT
Cyt~2 -156 CTTTTTCCACCTCT
Cyt-12 -329 ACATTGA-GGAC
Cyt-2 ~-52 ACATTCACGGAC
Cyt-12 =210 ACGCTGCAATAC
Cyt-21 ~-409 ACGCTGCAGTAC
Cyt-12 -280 TGTTCAGCCAGCC
Cya-4 -391 TGGTCAGCCTGCC
Cyt-12 -159  |TCTTGGTT-TGCAA
Mrp-3 -113 GCTTGGTT-TGGAA
Cycph -126 TCTTTGTTGTGCAT
Cyt-12 -276 CA-GCCAGCTTTCTGGAG
Cya-4 -487 GCCAGCTGTCAAGAG
Mrp-3 -223 CAAGCCAGCTT
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Table 10.
Amino-Acid Sequence Homology of Several
Cytochrome ¢ Proteins to Cyt-12-1 and

Cyt-12%* Proteins of N.crassa
Amino acid sequence of the N-terminus of cytochrome c
proteins from various species. The missense mutation of
cyt-12-1 (position 10) encodes an asparatic acid instead of a
glycine residue, which is observed in that position of 84
cytochrome c proteins in the Spring (1989) version of the

Microgenie Data Bank.TM



Pogition 1 2 3 4 ) © 1 8 9 10 11 12 13 14 15
Human, Chimpanzee NH3 gly asp val glu lys gly lys lys ile phe val
Horse, Pig NH3 gly asp val glu lys gly lys lys ile phe val
Rabbit, Mouse NH3 gly asp val glu lys gly lys lys val phe val
Snapping Turtle NH3 gly asp val glu lys gly lys lys ile phe val
Chicken, Turkey NH3 gly asp ile glu lys gly 1lys lys ile phe val
Common Snail NH3 gly glx ala glx lys gly lys lys ile phe thr
Sunflower NH3 glu ala pro ala gly asp pro thr thr gly ala lys ile phe lys
Spinach NH3 glu ala pro ala gly asn lys asp val gly ala gly ile phe 1lys
Wheat NH3 glu ala pro pro gly asn pro asp ala gly ala gly ile phe lys
Maize NH3 glu ala pro pro gly asn pro lys ala gly glu lys ile phe 1lys
Tomato, Potatoe NH3 glu ala pro pro gly asn pro lys ala gly glu lys ile phe lys
Cotton, Castor bean NH3 glx ala pro pro gly asx val lys ala gly glu lys ile phe 1lys
Cynthia Moth NH3 gly val pro ala gly asn ala glu asn gly lys lys ile phe val
Fruitfly, Hornfly NH3 gly val pro ala gly asp val glu lys gly lys lys leu phe val
Schizosaccharomyces NH3 pro tyr ala pro gly asp glu lys lys gly ala ser leu phe 1lys
Iso-1 Baker's Yeast NH3 glu phe lys ala gly ser ala lys lys gly ala thr leu phe lys
Iso-2 Baker's Yeast NH3 gly phe lys pro gly ser ala lys lys gly ala thr leu phe lys
N.crassa (wildtype) NH3 gly phe
Cvt-12-1 (NCNB82) NH3 qgly phe




Figures
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Figure 1.
Electron Transport Chain of Neurospora

Mitochondria
(References: Jackson and Lightbown, 1958; Lambowitz
and Slayman, 1971; Stryer, 1975; Bertrand et al., 1976;
Tzagoloff, 1982)
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Figure 2.
Cytochrome Spectra of N.crassa Strains
Cytochrome spectra of Neurospora crassa strains used
in this study NCN10 (wild-type), NCN104 (cyc-1-~1) ,and NCN82

(cyt-12-1) . Cultures were grown at 25°C.
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Figure 3.
Import of Cytochrome c in Neurospora crassa

Apocytochrome c is encoded by a nuclear gene,
translated on free polysomes, and released into the cytosol
as a soluble protein. Apocytochrome c has the ability to
spontaneously insert into the mitochondrial outer membrane,
where it binds with high affinity to a specific receptor. It
is thought that the enzyme cytochrome ¢ heme lyase (CCHL) is
the apocytochrome c receptor and attachs the heme group to
partially inserted apocytochrome c. It is believed that the
refolding of cytochrome c after heme attachment drives the
translocation of the protein across the outer membrane into

the intermembrane space.
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Figure 4.
Partial Restriction Map of pSVS50
The partial resriction endonuclease map of the vector
pSV50 is shown (adapted from Vollmer and Yanofsky, 1986). The
arrows indicate the orientations. of the ampicillin resistant
(ApR) and the benomyl-resistant beta-tubulin (BnR) genes. COS

= cohesive site region of lambda phage.
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Figure 5. .
Cloning of the N.crassa Cyc-1t by Sib-

Selection
Isolation of the c¢osmid pSV50-5324 from a wild-type
(74A) Neurospora crassa library by sib selection that rescues

the cyc—1-1 mutant strain.
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Figure 6.

Agarose Gel of pSV50-4333, pSV50-5324, and

pSP8 Digested With Various Restriction Enzymes

Cosmid pSv50-5324, pSV50-43§3 or plasmid pSP8 DNAs were

cut with different restriction endonucleases and
electrophoresed in a 0.8% agarose gel. Lanes A and V contain
lkb ladder marker DNA (BRL, Inc.). Lane B: pSV50-5324
digested with HindIII, PstI, and SalI, Lane C: pSV50~-4333 cut
with HindIII, PstI, and SalI, Lane D: pSP8 digested with
HindIII, PstI, and Sall, Lane E: pUC19 cut with HindIII,
PstI, and Sall, Lane F: pSV50-5324 digested with HindIII and
PstI, Lane G: pSV50-4333 digested with HindIII and PstI, Lane
H: pSP8 digested with HindIII and PstI, Lane I: pUC19
digested with HindIII and PstI, Lane J: PSV50-5324 cut with
EcoRI and Sall, Lane K: pSV50-4333 digested with EcoRI and
Sall, Lane L: pSV50-5324 digested with Sall, Lane M: pSV50-
4333 digested with Sall, Lane N: pSV50-5324 cut with PstI,
Lane O: pSV50-4333 cut with PstI, Lane P: pSV50-5324 cut with
HindIII, Lane Q: pSV50-4333 cut with HindIII, Lane R: pSV50-
5324 digested with EcoRI, Lane S: pSV50-4333 digested with
EcoRI, Lane T: pSV50-5324 cut with BamHI, Lane U: pSV50-4333
cut with BamHI. Note that the standard fragments are
kilobases in length except for the 506/516 bands, which are

base pairs in length.
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Figure 7.
Partial Restriction Map of the plasmid clones

pSP8 and pDBl
The recombinant pUC19 clone pSP8 contains the cyt-12+
gene. Plasmid pDBl contains the cyt-12-1 gene. The arrows
indicate the 5' to 3' directions and extent of the ampicillin

resistant (ApR) and the cytochrome c genes.
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Figure 8.
Cytochrome Spectra of Heterokaryons

Cytochrome spectra of NCN10 (wild-type), NCN82
(cyt-12-1), NCN104 (cyc-1-1), and a heterokaryon (cyc-1-1/
cyt-12-1) .
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Figure 9.
Cytochrome Spectra of Transformants

Cytochrome spectra of cyc-1-1 and cyt-12-1 transformants.
Spectrum 1: cyt-12-]1 transformed with pSPS§, Spectrum 2:
cyt-12-1 transformed with pSV50-4333, Spectrum 3: cyt—-12-1
transformed with pSV50-5324, Spectrum 4: cyt-12-1, Spectrum
5: cyc-1-1 transformed with pSP8! Spectrum 6: cyc-1-1
transformed with pSvV50-4333, Spectrum 7: cyc-1-1 transformed

with pSv50-5324, Spectrum 8: cyc-1-1,
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Figure 10.
Southern Blot Identifying pSV50-5324
as Carrying the cyt-12% gene

Southern analysis of pSV50j4333, pSV50-5324, pUC19, and
PSP8 DNA digested with several restriction enzymes. The DNA
from an agarose gel (Figure 6) was blotted onto biodyne
membrane and probed with 32p-labelled 3.9 kb HindIII-PstI
fragment that rescues the mutant strain cyt-12-1. Lanes
B to U of Figure 10 correspond with the Lanes B to U
of Figure 6. The marker used is the 1 kb ladder marker

(BRL, Inc.).
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Figure 11.

Agarose Gel of pSV50-4333 and pSV50-5324

Dige:sred With Various Restriction Endonucleases

Cosmid (pSV50-4333 and pSV50-5324) DNA was digested with

different restriction endonucleases and electrophoresed in a
0.8% agarose gel. Lane A contains pSV50-5324 cut with Sall,
Lane B: pSV50-4333 digested with SalIl, Lane C: pSV50-5324 cut
with PstI, Lane D: pSV50-4333 digested with PstI, Lane E:
pSV50-5324 cut with HindIII, Lane F: pSV50-4333 digested with
HindIII, Lane G: pSV50-5324 cut with EcoRI, Lane H: pSV50-
5324 digested with BamHI, Lane I: pSV50-4333 cut with EcoRI,
Lane J: pSV50-4333 digested witﬂ BamHI, Lane K: 1 kb ladder

marker DNA (BRL, Inc.)
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Figure 12.
Southern Blot of Cosmid DNA Digested
with Different Restriction Enzymes

Southern analysis of cosmid pSV50-4333 and pSV50-5324 DNA
cut with various restriction enzymes (Figure 11), blotted
onto biodyne membrane, probed with 32P-labelled 1.8 kb
HindIII-Sall fragment, stripped, and reprobed with 32p-
labelled 2.1 kb SalI~PstI fragment as probes (Figures 12A and

12B, respectively).
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Figure 13.
Partial Restriction Maps of the Cosmids,
pSV50-4333 and pSV50-~5324
Partial restriction maps 6f pSV50-4333 and pSV50-5324
shows that the different restriction patterns observed
between the two cosmids (Fig.6) is due to the different
location of the vector pSVS5S0 relative to the cyt-12% gene.
The location of the cyt-12+ and cyc—-1+ gene was determined
later by DNA sequence analysis. The heavy lines represent
the coding regions and the thin lines represent the non-

coding regions.
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Figure 14.
DNA Sequencing Strategy and Partial Restriction
Map of the Cyt-12% gene

The arrows indicate the extent and direction of

sequences. Cyt-12% fragments from the 3.9 kb HindIII-PstI
insert of pSP8, were sub-cloned .into M13 phage vectors for
DNA sequencing. DNA sequence analysis revealed that the

HindIII and the PstI sites are located 5' and 3,

respectively, in relation to the cyt-12* gene.
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Figuia 15.
Complete Sequence of the Cyt-12% Gene

The first nucleotide of the coding sequence is
designated as +1. The single underlined region represents
the nucleotides that are conserved surrounding the
ATG codon in Neurospora nuclear genes. The double underlined
sequences refer to the 5' and 3' intron-exon splice sites.
The triple underlined regions are splicing signal
sequences for lariat formation that are conserved in fungal
genes. The cyt-12-1 mutant allele contains two single
nucleotide changes at positions ~363 (4; deletion of a G

residue) and at 579 (m; G is replaced by an A residue).



. . . . . -339
CTCGAGATTGCGAATGCCACATGGGATTGGCTGGAQGGCGTTGCCAGCGAGTGGTTGCCA

. . . . M -279
GCTGTGAGCACATTGAGGACTAAAA&A&AGTTGGATCAAGATCCTCAGCGTGTTGCGGTG

. . ] [ . °2|9
TTCAGCCAGCCAGCTTTCTGGAGACAGCGAGCGCGGACGCCGGGGGGAGGCTGGCTTGCA
. i . . . -159
TGGAT7GCACGCTGCAATACTGACTGGCGCCGTGTGGCCGGGATCCCGTCACTTTCCACT
. [ 4 . . -99
CTTGGTTTGCAACTTTTTTGTTCCTACTATTTCTTACGCCTCACCGGAGCTTTTTCTTCC
. . ] . ¢ '39
TCTCCCTTTCCCCTTTCCTGTTCTCAGTCATCTCAACTTCCAGTATTCCCTATACACCTT
".

L4 . . o 22
TGCGGTTTTAACGCTTCCTCATAAACCAATCAGTCAAAATGGGCTTCTCTGCCGGTATGT
etGlyPheSeraA]a=—-=

. . . . . 82
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L] . . [ . '42
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[ ) . . . 202
TTGAGCCATTGGGTGTTCGCAATGTCCACATG&?TTGAAGAAGAGGCTACCACCCCTCGG
. . ] . . 62
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. L] . L d 322
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P . . 3 . 382
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. . . . . 442
TGCCCTACGACATACTTCCCTCACCACCATCTACCAGATCTCCAGCCATCAAGGTCTTGG

. ) . b 502
TCCTGGACACCACGACCAC&ACAGTCGAGGCCGAGACTACCGAGATAATATCAGAATGAT
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. a . . , . 622
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. . . ® L4 682
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L] Y L ] * '] 742
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. . * . . 802
GAGAACACTCTCTTCGAGTACCTCGAGAACCCCAAGAAGTACATCCCTGGTACCAAGATG
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. . . L] [ ] 862
GCCTTCGGTGGTCTCAAGAAGGACAAGGACAGGAACGACATCATCACGTACGTCATGCGE
AlaPheGlyGlyleulystysAspLysAspArgAsnaspllelleTh

* [ [ . . 922
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m— -
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Figure 16.
Southern Blot of Cyt-12-1 DNA Digested with
Various Restriction Enzymes
Southern analysis of N.crassa cyt-12-1 genomic DNA
cut with the restriction endonucleases BamHI, EcoRI, HindIII,
or HindIII and PstI. The probe was 32P-labelled 3.9 kb
HindIII-PstI fragment, isolated from pPSP8. The marker used

is lambda digested with HindIII and the fragment lengths are

in kilobases.






152

Figure 17.

Partial Restriction Map and DNA Sequencing

Strategy of the Cyt-12-1 Mutant Allele

The arrows indicate the direction and extent of

sequence from obtained by annealing various primers to the
three phage clones containing either the 0.93 kb
BamHI-HindIII, 3 kb BamHI-PstI, and 1.8 kb SalI-HindIII
fragments from cyt-12-1, respectively. Four cytochrome ¢
specific primers were synthesized (cytcl, cytc2, cytc3, and
cytc4) and were used to obtain cyt-12-1 sequence. The arrows
specified by the numbers is sequence determined from the use
of the specific primers. The asterisk indicates where the
cyt-12-1 missense mutation is located in the cytochrome c¢
gene. The heavy lines represent the exons of the cytochrome

Cc gene, while the light lines represent the intervening

sequences.
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Figure 18. .
The Cyt-12-1 Missense Mutation

The nucleotide difference observed in the coding
between the wild~type cytochrome c gene apd cyt-12-1. The
affected codon of cyt-12-1 encodes an asparatic acid (GAT)

instead of the wild-type glycine (GGT).
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Figure 19,
Cloning and Partial Restriction Maps of
PBEN1 and pBEN2
The 2.58 kb SalI-Sall fragment of pSVS50, containing
the benomyl resistant beta-tubulin gene, was cloned into
Sall digested pUC19. The two different clones were
designated pBENl1 and pBEN2. The arrows indicate the

orientations of the ampicillin resistant gene (ApR) and the

benomyl resistant form of the beta-<t=:iulin gene (BnR),



ECORI ECOR!
HINDI

cos

SALI

ECORI

AMHI
saLt e 1Y ecori

puUCIS®

HINDII
PSTI

ECORI
BAMHI

BAMHI 7

HINDIN® / » HINOI
PSTI PSTI

SALI



158

Figure 20.
Northern Blot of Wild-type and Cyt-12-1
N.crassa RNA

Northern analysis of wild-type (NCN10) and cyt-12-1
RNA by A) 32p-labelled cytochrome ¢ cDNA and by B)
32p-labelled 2.58 kb SalI-Sall fragment containing the
benomyl-resistant beta-tubulin gene. Lanes A, B, and C
contain total RNA (37ug, 50ig, and 36ug, respectively)
isolated from 3 different NCN10 (wild-type) RNA preparations.
Lanes D, E, and F contain total RNA (30ug, 44ug, and 48ug,
respectively) isolated from three different cyt-12-1 total
RNA preparations. Lanes G and H contain poly (A+) RNA
isolated from separate cyt-12-1 total RNA preparations (2.4ug
and 2.9Ug, respectively). Lanes I and J contain poly (At)
enriched RNA (2.1Ug and 2.2Ug, respectively) from separate
wild-type RNA isolates. The marker used during
electrophoresis was the 9.5 kb single-stranded RNA ladder

(BRL, Inc.).
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Figure 21.
Immunoprecipitation of Wild-type (NCN10)
Apocytochrome c¢
Rabbit reticulocyte in vitro translation reactions were
programed with wild-type (NCN10) poly (A%) RNA, using
35s-methionine as the labelled amino acid. The in vitro
translation products were electrophoresed on a 10% SDS
discontinuous polyacrylamide gel. The lane was sliced
into 1.1 mm gel slic»s. Slice zero corresponds to the bottom
of the PAGE gel, whici is backwards to normal convention.
The gel slices were processed according to Materials and

Methods. The counts per minute of 35S for each individual gel

slice is plotted on Figure 21.
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Figure 22.
Immunoprecipitation of Cyt-12-1 (NCN82)
Apocytochrome ¢
Rabbit reticulocyte in vitro translation reactions were
programed with cyt-12-1 poly (A%) RNA, using
35s-methionine as the labelled amino acid. The in vitro
translation products were electrophoresed on a 10% SDS
discontinuous polyacrylamide gel. The lane was sliced into
1.1 mm gel slices. Slice zero corresponds to the bottom of
the PAGE gel, which is backwards to normal convention. The
gel slices were processed according to Materials and Methods.

The counts per minute of 35S for each individual gel slice is

plotted.
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Figure 23.
Flourogram of Holocytochrome ¢
Immunoprecipitates From Cyt-12-1 and
Wild-type N.crassa Strains
Holocytochrome c was immuncprecipitated from in vivo
labelled cyt-12-1 and wild-type (NCN10) strains. Cyt-12-1
cultures were labelled with 3H-Leucine, while wild—-type
cells were labelled with 35S-Methionine. Lane A contains
holocytochrome ¢ immunoprecipitates from cyt-12-1, Lanes
B and C contain slightly different amounts of holocytochrome
¢ immunoprecipitates from the wild-type strain. The protein

standard used during electrophoresis is in kdal {Bio-Rad,

Inc.). The time of exposure of the flourogram was 30 hours.
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Figure 24.

Holocytochrome ¢ Immunoprecipitation

Analysis of Cyt-12-1 and Wild-type

Mitochondria

Cyt-12-1 and wild-type (NCN10) cultures were differ-~

entially labelled with 3H-Leucine and 35S-Methionine,
respectively. Cyt-12-1 and wild-type mitochondria were
mixed and holocytochrome c was immunoprecipitated by
using specific antisera. The co-immunoprecipitates were
electrophoresed on a 10% SDS discontinuous polyacrylamide
gel. The lane was sliced into 1.1 mm gel slices and
processed according to Material§ and Methods. Slice zero
corresponds to the bottom of the gel (i.e. high molecular
weight). The cpm of 35S and 3H were determined and the counts
of eachvisotope were plotted. The plot ratics reflect the
fact that the cpm of solubilized cyt-12-1 mitochondria was
approximately 2.5 fold more than the cpm of solubilized wild-

type mitochondria used for the co-immunoprecipitation.



SULFUR 35 COUNTS/MIN[o—0]

—4200
@

(~3000 |

!

S
=

— =
S~
(/2]
[
4
b=’

1800
0
=

- b
F
[+
-

—600

0

| U | { {
30 40 50 60 70

GEL SLICE



Bibliography

Akins, R.A. and Lambowitz, A.M. (1985) General method for
cloning Neurospora crassa nuclear genes by complementation
of mutants., Mol.Cell.Biol. 5:2272-2278.

Akins, R.A.and Lambowitz,A.M.(1987) A protein requiring fro
splicing group in trans in Neurospora Mitochondria is
Mitochondrial tyrosyl-tRNA Synthetase of a derivative
thereof. Cell 50:331-344.

Arcangioli, B., and Lescure, B. (1985). Identification of
proteins involved inthe regulation of yeast iso-l-cytochrome
¢ expression by oxygen. EMBO. 4:2627-2633.

Ashida, T., Tanaka, N., Yamane, T., Tsukihara, T., Kakudo, M.
(1973). J. Biochem. 73:463-465.

Ashida, T., Ueki, T., Tsukihara, T., Sugihara, A., Takano,
T., and Kakudo, M. (1973). J. Biochem. 73:463-465,

Ballance, D.J. (19286). Seguences impérted for gene expression
in filamentous fungi. Yeast. 2:229-236.

Barr, P.J.,Thayer, R.M., Laybourn, P., Najarian, R.C.,
Seela, F., and Tolan, D.R. (1986). 7-Deaza-2’-Deoxyguanosine
-5’ -Triphosphate: Enhanced resolution in M13 dideoxy
sequencing BioTechniques 4:428-432.

Basile, G., DiBello, C., and Teniuchi, H. (1980). J. Biol.
Chem. 255:7181~7191.

Berkout, T.A., Reitveld, A. and de Kruijff, B. (1987).
Preferential lipid association and mode of penetration of
apocytochrome ¢ in mixed model membranes as monitored by
tryptophanyl floresence gquencing using brominated
phospholipids. Biochim.Biophys.Acta. 897:1-4

Bertrand, H. and Pittenger,T.H. (1972). Isolation and
classification of extranuclear mutants of Neurospora crassa.
Genetics 71:521-533

Bertrand, H. Szakacs, N.A., Nargang, F.E., Zagozeski, C.A.,
Collins, R.A. and Harrigan, J.C. (1976). The function of
mitochondrial genes in Neurospora crassa. Can.J,Genet.Cytol.
18:397-409.

Bertrand, H., and Werner, S. (1977). Deficiency of subunit

two of cytochrome oxidase in the [mi-3 ] cyoplasmic mutant of
Neurospora crassa. Eur.J.Biochem. 79:599-606.

168



169

Bertrand, H., Nargang, F.E., Collins, R.A. and Zagozeski,
C.A. (1977). Nuclear cytochrome-deficient mutants of
Neurospora crassa: Isolation, characteristics and genetic
mepping. Molec.Gen.Genet. 153:247-257.

Bertrand, H. and Collins, R.A. (1978). a regulatory system
controlling the production of cytochrome aa3 in Neurospora
crassa. Molec.Gen.Genet. 166:1-13.

Bertrand, H. (1980). Biogenesis of cytochrome ¢ oxidase in
Neurospora crassa: Interactions between mitochondrial and
nuclear regulatory structural genes, p.325-332. In Kroon,
A.M. and Saccone, C. (ed), The Organization and Expression of
the Mitochondrial Genome, Elsevier/North-Holland Bimedical
Press, Amsterdam.

Bertrand, ¥ and Pittenger, T.H. (1969). Cytoplasmic mutants
sellecte:’ :row. continuously growing cultures of Neurospora
crassa. Guonor.cs. 61:643-659.

Birnboim, H.C. and Doly, J. (1979). A rapid alkaline
extraction procedure for screening recombinant plasmid DNA.
Nucleic Acids Res. 7: 1513-1523.

Bolivar, F., Rodriguez, R.L.., Green, P.J., Betiach, M.C.,
Heynecker, H.L., Boyer, H.W., Crosa, J.H. and Jalkow, S.
(1977) . Construction and characteristics of uew cloning
vehicles II. A multipurpose cloning system. Gene 2:95-113.

Bohni, P, Daum, G. and Schatz, G. (1983). Import of proteins
into mitochondria. Partial purification of a matriv-located
protease incvolved in the cleavage of mitochondrial precursor
peptides. J.Bio.Chem. 258:4937-4943.

Bolivar, F. {(1978). Construction and characterization of new
cloning vehicles: TII. Derivatives of plasmid pBR322 carrying
unique EcoRI sites for selection of EcoRI generated
recombinant. DNA molecules. Gene 4:121-136

Boss, J.M., Gillam, $. Zitomex, R.S. and Smith, M. (1981).
Sequence of yeast iso-l-cytochrome ¢ mRNA. J.Biol.Chem
256:12958-12961.

Bradford, M.M. (1976). Anal. Biochem. 72:248-254,

Breitenberger, C.A. and RajBhandary, U.L. (1985). Some
highlights of mitochondrial research based on analysis of
Neurospora crassa mitochondrial DNA, Trends Biochem.Sci.
10:478-483

Cerdan, M.E. and Zitomer, R.S. (1988) Oxygen-dependant
upstream activation sites of Saccharomyces cerevisiae



170

Cytochrome c genes are related froms of the same sequence.
Mol. Cell. Biol. 8(6):2275-2279.

Chance, B. and Hess, B. (1959). J.Biol.Chem. 234:2404-2412.

Clavilier, L., Pere-Aubert, G., Somlo, M., and Slonimski, P.
(1976). Biochimie. 58:155-172.

Dale, R.M.K., McClure, B.A., and Houchins, J.P. (1985). a
rapid single-stranded cloning stategy for producing a
sequential series of overlapping clones for use in DNA
sequencing: application to sequencing the corn mitochondrial
185 rDNA. Plasmid 13:31-40.

Davis, B.D. and Mingioli, E.S. (1950) . Mutants of Escherichia
coli requiring methionine of vitamin B12. J.Bacteriol. 60:17-

28.

Davis, R.H. and de Serres, F.J. (1970). Genetic and
microbiological research techniques for Neurospora crassa.
Method Einzymol. 17A:79-143.

DelLange, R.J., Glazer, A.N. and Smith, E.L. (1969). J. Biol.
Chem. 244:1385-1388.

DePierre, J.W. and Ernster, L. (1977) Anu. Rev. Biochenm.
46:201-262.

Diacumakos, E.G., Garnjobst, L.and Tatum, E.L. (1965). A
cytoplasmic character in : The role of nuclei and
mitochondria. J.Cell.Biol. 26:427-443.

Dickerson, R.E., Takano, T., Eisenberg, D., Kallai, 0.B.,
Samson, L., Cooper, A., and Mangoliash, E. (1971). J. Biol.
Chem. 246:12511-1535.

Douglas, M.G., McCammon, M.T. and Vassaroti, A. (1986).
Targeting proteins into mitochondria. Microbiol.Rev. 50:155~
178.

Downie, J.A., Stewart, J.W., Brockman, N., Shweingrubey,
A.M., and Sherman, F. (1977a) J. Mol. Biol. 1.3:369-384,

Downie, J.A., Stewart, J.W., and Sherman, F. (1977b). J. Mol.
Biol. 117:369-386.

Drygas, M., Lambowitz, A., and Nargang, F. (1989). Cluning
and analysig of the Neurospora crassa gene for cytochrome ¢
heme lyase. J. Biol. Chem. 264(30) :17897~-17906.



171

Dumont, M.E., Ernest, J.F. Hampsey, D.M. and Sherman, F.
(1987). Identification and sequence of the gene encoding
cytochrome ¢ heme lyase in the yeast Saccharomyces
cerevisiae. EMBO J. 6:235-241.

Dumont, M.E., Ernest, J.F. and Shermnan, F. (1988). Coupling
of heme attachment to import of cytochrome c into veast
mitochondria. J.Biol.Chem. 263:15928-15937.

Ephrussi, B. and Hottinguer, H. (1951). Cytoplasmic
constituents of heredity: On and unstable cell state in
yeast. Cold Spring Harbor Symp. Quant.Biol., 16:75-85.

Estabrook, R.W. (1961). J.Biol. Chem. 236:3051-3057.

Feinburg, A.P. and Vogelstein, B. (1983). A technique for
radiolabeling DNA restriction endonuclease fragments to high
specific activity. Anal.Biochem. 132:6-13.

Feinburg, A.P. and Vogelstein, B. (1984). Addendum: “A
technique for radiolabeling DNA restricion endonuclease
fragments to high activity.” Anal.Biochem. 137:266-267.

Forsburg, S.L. and Guarente, L. (1988). Mutational analysis
of upstream activation sequence 2 of the CYCl gene of
Saccharomyces cerevisiae:a HAP2-HAP3-responsive site. Mol.
Cell. Biol. 8(2) :647-654.

Fourney, R.M., Miyakoshi, J., Day III, R.S., and Paterson,
M.C. (1988). Northern blotting: efficient RNA staining and
transfer. Focus. 10(1) :5-7.

Garnjobst, L., Wilson, J.F., and, Tatum, E.L. (1965). Studies
on a cytoplasmic character in Neurospora crassa. J. Cell.
Biol. 26:413-426.

Gasser, S.M., Oshashi, A., Daum, G., Bohni, P.C., Gibson,J.,
Reid, G.A., Yonetani, T. and Schatz, G. (1982b). Imported
mitochondrial proteins cytochrome by and c¢; are processed in
two steps. Proc.Natl.Acad.Sci.U.S.A. 79:267-271.

Guarente, L., Lalonde, B., Gifford, P. and Alani, E. (1984).
Distincthy reculated tandem upstream activation sites mediate
catobolite repression of the CYCl gene of S.cerevisiae. Cell.
36:503-511.

Guarente, L. and Mason, T. (1983). Heme regulates
transcription of the CYCl gene of S.cerevisiae via an
upstream activation site. Cell. 32: 1279-1286.

Hackenbrock, C.R. abnd Hammon, K.M. (1975). J. Biol. Chemn.
250:9185-9197. )



172

Hahn, S., Pinkham, J., Wei, R. Miller, R. and Guarente, L.
(1988) . The HAP3 regulatory locus of Sacharomyces cerevisiae
encodes divergent overlapping transcripts Mol. Cell. Biol.
8(2) :655-663.

Hallermayer, G., Zimmerman, R., and Neupert, W. (1977).
Kinetic studies on the transport. of cytoplassmically
sythesized prodtiens into the mitochondria in intact cells of
Neurospora crassa. Eur. J. Biochem. 81:523-532.

Hames, B.D. and Rickwood, D. (1981) "Gel electophoresis of
proteins", IRL Press, Oxford.

Harmey, M.A. and Neupert, W. (1985). In the enzymes of
biological membranes (Martonosi, A., ed.), vol.4, pp. 431-
464. Plenum Press, New York.

Hartl, F-U., Ostermann, J., Guiard, B. and Neupert, W.
(1987) . Successive translocation into and out of the
mitochondrial matrix: targeting of proteins to the
intermembrane space by a bipartite signal peptide. Cell.
51:1027-1037.

Hartl, F.-U., Pfanner, N.,Nicholson,D.W. and
Neupert,W. (1989) . Mitochondrial protein import.
Biochim.Biophys.Acta 988:1-45.

Hase, J., Muller, U., Riezman, H.,Schatz, G. (1984). A 70-kd
protein of yeast mitochondrial outermembrane is targeted and
anchored via its extreme amino terminus EMBO J. 2:2169-2172.

Hawlitschek, G., Schneider, H., Schimidt, B., Tropschug, M.,
Hartl, F.-U. and Neupert, W. (1988). Mitochondrial protein
import: Identification of pProcessing peptidase and of PEP, a
processing enhancing protein. Cell 53:795-806.

Heller, J.and Smith, E.L.(1966). J.Biol.Chem. 241:3165-3180.

Hemmingsen, S.M., Woolford, C., vander Vies, S.M., Tilly, T.,
Dennis, T.D.,Georgopoulos, C.P., Hendrix, R.W. and Ellis,
R.J. (1988). Homologous plant and bacterial protein chaperone
oligometric protein assembly. Nature (Lond.). 333:330-334.

Hennig, B. and Neupert, W. (1981). Assembly of cytochrome c.
Apocytochrome c is bound to specific sites on mitochondria
before its conversion to holocytochrome c¢. Eur.J.Biochem.
121:203-212.

Hennig, B. and Neupert, W. (1983). Biogenesis of cytochrome c
in Neurospora crassa. Methods Enzymol. 97:203-212.

Hennig, B.,Kohler, H. and Neupert, W. (1983). Receptor sites
involved in the postranslational transport of apocytochrome ¢
into mitochondria. Proc. Natl. Sci. U.S5.4. 80:4963-4967.



173

Keng, T., Alani, E. and Guarente, L. (1986). The nine amino-
terminal residues of the delta-aminolevulimate synthase
direct beta-galactosidase into the mitochondrial matrix.
Mol.Cell.Biol. 6:355-364.

Kinnaird, J.H., Fincham, J.R.S. (1983). The complete
nucleotide sequence of the Neurospora crassa an (NaDP-
specific glutamate dehydrogenase) gene. Gene. 26:253-260.

Korb, H. and Neupert, W.(1978). Biogenesis of cytochrome c,
transfer into mitochondria and conversion to holocytochrome
¢. Eur.J.Biochem. 91:609-620.

Kreader, C.A., Langer, C.S., Heckman, J.E.(1989). A
mitochondrial protein from Neurospora crassa detected both in
ribosomes and in membrane fractions. J. Biol. Chem.
264(1):317-327.

Kuiper, M.T.R., Akins, R.A., Holtrap, M., de Vries, H.,
Lambowitz, A.M. (1988). Isolation and analysis of the
Neurospora crassa cyt—-21 gene. J. Biol. Chem. 263(6) :2840-
2847,

Lalonde, B., Archagioli, B., and Guarente, L. (1986)) A
single yeast upstream activation site UAS1 has two distinct
regions essential for its activity. Mol. Cell. Biol. 6:4640-
4696.

Lawrence, C.W., Sherman, F., Jackson, M., and Gilmore, R.A.
(1975). Genetics. 81:615-629

Lederer, F. and Simon, A.M. (1974). Neurospora crassa and
Humicola lanuginosa cytochrome c¢: More homology in the heme
region. Biochem.Biophys.Res.Commun. 56:317-323.

Lemire, E.G. and Nargang, F.E.(1986). A missense mutation in
the oxi~3 gene of the [mi-3] extranulear mutant of Neurospora
crassa. J.Biol.Chem. 261:5610-5616.

Lennox, E.S. (1955). Transduction of linked genetic
characters of the host by bacteriophage Pl. Virology. 1:190-
206.

Lewis, M-J. and Pelham, H.R.B. (1985%). Involvement of ATP in
the nuclear and nucleolar functions of the 70 kD heat shock
protein. EMBO.J., 4:3137-3143.

Mahler, H.R. and Lin, C.C. (1978). Molecular events during
the release of delta-aminolevulinate dehydratase from
catabolite repression. J. Bacterial. 135:54-61.



174

Maniatis, T., Fritsch, E.F. and Sambrook, J. (1982).
Molecular Cloning: A laboratory manual. Cold Spring Harbor
Laboratory, Cold Spring Harbor N.Y.

Mannella, C., Ribeiro, A., and Joachim, F. (1987) Cytochrome
¢ binds to lipid domains in array of mitochondrial outer
membrane channels. Biophys. J. 51:221-226.

Matner, R.R. and Sherman, F. (1982). Differential
accumulation of two-apo-iso-cytochromes c¢ in processing
mutants of yeast. J. Biol. Chem. 257(16) :9811-9821.

Matsuura, Y., Hata, Y., Yamaguchi, T., Tanaka, N. and Kakudo,
M. (1979). J. Biochem. (Tokyo) 85:729-737.

Mattoon, J.R., Lancashire, W.E., Sanders, H.K. Carcajal, E.,
Malamud, D., Brag, G.R.D. and Panek, A.D. (1979). Oxygen and
catabolite regulation of hemeprotien biosynthesis in yeast.
In biochemical and clinical aspects of oxygen, Caughy, W.J.,
ed. (New York: Academic Press) pp. 421-435,

Messing, J., Crea, R. and Seeburg, P.H. (1981). Asystem for
shotgun DNA sequencing. Nucl.Acids.Res. 9:390-321.

Messing, J., and Vieira, J. (1982). A new pair of M13 vectors
for selecting either DNA strand of doubling-digest
restriction fragments. Gene 19:269-276.

Messing, J. (1983). New M13 vectors for cloning. Methods
Enzymol. 101C:20-78.

Mitchell, M.B. and Mitchell H.K. (1952). A case of “maternal”
inheritance in Neurospora crassa. Proc.Natl.Acad.Sci.U.S.A.
38:442-~449.

Mitchell, M.B., Mitchell, H.K. and Tissieres, A. (1953.
Mendelian and non-Mendelian factors affecting the cytochrome
syst.em in Neurospora crassa. Proc. Natl. Acad. Sci. U.S.A.
39:60€-613.

Montgomery, D.L., Hall, B.D., Gillam, S. and Smith, M,
{1978) . Identification and isolation of the yeast cytochrome
¢ gens. Cell. 14:673-680.

Montgomery, D.L., Leung, D.W.., Smith, M., Shalt, .P., Faye,
G. and Hall, B.D. (1980). Isolation and sequence of the gene
IoF i3p-2-cytochrome ¢ in Saccharomyces cerevisiae.
fFrop.Natl,Acad.Sci.U.S.A. 77:541-545,

Mulligan, R.M. Walbst, V. (1986). Gz2ne expression and
recombination inm plant mitochondrial genomes. Trends Genet.
2:263-266.



175
Nargang, F.E., Drygas, M.E., Kwong, P.L., Nicholson, D.W. and

Meupert, W. (1988). A mutant of Neurospora crassa deficient
in cytroch:zome c heme lyase activity cannot import cyt.ochrome

¢ into mitochondria. J.Biol.Chem. 263:9388~9394.

Neher, E.M., Harmey, M.A., Hennig, B., Zimmernman, R. and
Neupert, W. (1980). The organization and expression of the
mitochondrial genome (Kroon, A.M. and Saccone, C., eds) vol.
2, pp. 413-422, Elvier, Amsterdam.

Nicholson, D.W. and Neupert, W.(1989). Import of cytochrome ¢
into mitochondria requires reduced heme.
Proc.Natl.Acad.Sci.U.S.A., in press.

Nicholson, D.W. Kohler, H. and Neuyert, W. (1987a). Import of
cytochrome ¢ into mitochondria: cytochrome ¢ heme lyase.
Eur.J.Biochem,,164:147-157.

Nicholson, D.W., Stuart, R.A., Hergersberg, C. and Neupert,
W. (1987b). Import of apocytochrome ¢ into mitochondria.
Biochem.Soc.Trans., 3.

Nicholson, D.W., Hergersberg, C. and Neupert, W. (1988). Role
of cytochrome ¢ heme lyase in the import of cytochrome ¢ into
mitochondria. J.Biol.Chem. 263:19034-19042.

Nicholson, D.W., Kohler, H. and Neupert, W. (1987). Import
of cytochrome ¢ into mitochondria: Cytochrome c heme lyase.
Eur. J. Biochem. 164:147-157.

Norgard, M.V., Keem, K. and Monahan, J.J. (1978. Factors
affecting the transformation of Esherichia coli strain phi
1776 by pBR322 plasmid DNA. Gene 3:279-292.

Ochi, H., Hata, Y., Tanaka, N. and Kakudo, M. (1983). J. Mol.
Biol. 166:407-418.

Olsen, J., Hahn, S. and Guante, L. (1988). Yeast HAP2 and
HAP3 activates both bind to the CYCl upsteam activation site,
UAS2, in an interdependant manner. Cell. 51:953-961.

Orbach, M. J., Porro, E.B., and Yanofsky, C. (1986)

Cloning and characterization of the gene for B~-tublin from a
Benomyl-resistance mutant of Neurospora crassa and its use as
a dominant selectable marker. Mol. Cell. Biol. 6(7) :2452-
2461.

Paluhm, J., Orbach, M., Legerton, T., and Yanofsky, C.
(1288) . The cross-pathway control gene of Neurospora crassa,
cpc-1, encodes a protein similiar to GCN4 of yeast and the
DNA-binding domain of the oncogene v-jun-encoded protein.
P.N.A.S, 85:3728-3730.



176

Pelham, H.R.B. (1984). HSP70 accelerates the recovery of
nucleolar morphology after heat shock. EMBO J. 3:3095-3100.

Pelham, H.R.B.(1986). Speculations on the functions of the
major heat shock and glucose-regulated proteins. Cell.
46:959-961.

Pelham, H.R.B., and Jackson, R.J. (1976) . Eur.J. Biochenmn.
67:247-256.

Perkins, D.D., Radford, A., Newmeyer D. and Bjorkman, M.
(1982) . Chromosomal loci of Neurospora crassa. Microbiol.
Rev. 46:426-570.

Pfaller, R., Pfanner, N. and Neupert, W. (1989).
Mitochondrial protein import: Bypass of proteinaceous surface
receptors can occur with low specificity and efficiency.
J.Biol.Chem. 264:34-38.

Pfanner, N. and Neupert, W. (1985). Transport of proteins
into mitchondria: a potassium diffusion potential is able to
drive the import of ADP/ATP carrier. EMBO. 4(11):2819-2825.

Pfanner, N.., ¥falier, R. and Neupert, W. (1988a). How
finicky is mitochondrial protein import? Trend.Biochem.Sci.
13:165-167.

Pfeifer, K., Arcangioli, B., and Guarente, L. (1987). Yeast
HAPl activator competes with the factor RC2 for binding to
the upstream activation site UAS1 of the CYC1 gene. Cell,
49:9-18.

Pinkham, J and Guarante, L. (1985) Cloning and moleqular
analysis of the HAP2 locus: a global regulator of respiratory
genes in Saccharomyces

cerevisiae.

Pinkham, J., Olsen, J., and Guarente, L.P. (1987). Sequence
and nuclear localizarion of the Saccharomyces cerevisial HAP2
protein, a transcriptional activator. Mol. Cell. Biol.
7(2):578-585,

Pittenger, T.H. and West, D.J. (1979). Isolation and
characterization of temperature-sensitive repiratory mutants
of Neurospora crassa. Genetics 93:539-555,

Polastro, E., Schneck, A.G., Leonis, J., Kim, S., and Paik,
W.K. (1978). Int. J. Biochem. 9:795-801.

Pratje, E. and Guiard, B. (1986). One nuclear gene controls
the removal of transient pre-sequeces from yeast protiens:
one encoded by the nuclear and the other by the mitochondrial
genome. EMBO J. 5:1313-1317.



177

Pratje, E., Mannhaupt, G. Michaelis, G. and Beyreuther, K.
(1983) . EMBO. 2:1049-1054.

Reading, D. Hallberg, R.L. and Myers, A.M. (1989) .
Characterization of the yeast HSP60 gene coding for a
mitochondrial assembly factor. Nature (Lond.), 337:665-659.

Reinert, W.R., Patel, V.B., Giles, N.H. (1981) . Mol. Cell.
Biol. 1:829-835.

Reichand, E., Luck, D. (1966). Replication and inheritance of
mitochondrial DNA. Biochem. 55:1601-1609.

Reilly, C., and Sherman, F. (1965). Glucose repression »f
cytochrome a sythesis in cytochrome deficient mutants of
yeast. Biochim. Biophys. Acta. 95:640-651.

Roberts, A.N., Berlin, V., Hager, K.M., and Yanofsky, C.
(1988) . Molecular analysis of a Neurospora crassa gene
expressed during -coridiation. Mol. Cell. Biol. 8(6): 2411-
2418.

Roise, D. Horw Tomich, J.M., Richards, J.H. and
Schatz, G. (1 ically synthesized presequence of an
imported mi* otein can form an amphiphilic helix
and perturt vtificial phospholipid bilayers.
EMBO.J. *

Rothste n, F. (1979). Genes affecting the
express.: ‘n yveast: genetic mapping and
genetic 5. 94:;871-889.

Sachks, M.. : -1, H., Metsenberg, R.L., Uttam, L.,
Bhandary, ... . +7) . Cytochrome oxidase subunit V gene of

Neurospora crassa: DNA sequences, chromosomal mapping, and
evindence that the cya-4 locus specifies the structure gene
for subunit V. Mol. Cell. Biol. 9(2): 566-577.

Sanger, F., Nicklen, S. and Coulson, A.R. (1977) DNA
sequencing with chain-terminating inhibitors. Proc. Natl.
Acad. Sci. U.S.A. 74:5463-5467.

Sanger, F., Coulson, A.R., Hong, G.F., Hill, D.F.. and
Petersen, G.B. (1982). Nulceotode sequence of bacteriophage
lambda DNA. J. Mol. Biol. 152:729-773.

Schechtman, M. (1986). A moderate-scale DNA prep for
Neurospora. Fungal Genetics Newsletter 33:45,

Schwaiger, M., Herzog, V. and Neupert, W. (1987).
Characterization of translocation contact sites involved in
the import of mitochondrial proteins. J.Cell.Boil.,105:235-
246.



Appendix L

WEIGHT INCREMENTS DURING WEIGHT-LIFTING

BONE RESEARCH UNIT

10-105 CLINICAL SCIENCES BUILDING

v

EXERCISE GROUP

Lifting 3 sets of 10 reps
and finding it very easy,

then....

Do as miny reps as you
can (not more than 15)
in each set.

v

When you are able to do
12-15 reps per set,

Tncrcase the leg weight

by *t dhs,

You may nat be able to

Jdo 10 reps in cach set or

vou mav aot he able to
complete 3 sets -- do as
many 4% you ci.

AND WEIG
1

Increase the hand
weight by .5 kg or 500 ¢
{1 donut).

v

You may find this
amount of weight too
heavy to do all three set.
do what you can and
record it.

* You may niglie shie (o increase by 10 Ihs.. so try either a § or 3 b weight.

SONE RESEARCYS UNIT Viwme
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APPENDIX M e

Monthly Activity Fo IVITY FORM FOR NOVEMBER

Appesgix M

DATE WRIST AND ARM _EXERCISES
WRIST EXERCISES BICEP CURLS TRICEPS
No. No. Amt. No. No. Amt. No. No. Anmut
of Scisjof Repyd of Wi |of Sctsfof Repy of Wi lof Seis|of Reps {of Wt

AONE RESEARCH UNIT
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NAME

ACTIVITY FORM FOR JUNE

I DATE LEG PRESS COMMENT _ J
l # OF SETS/ AMOUNT
# OF REPETITIONS OF WEIGHT
BONE RESEARCH UNIT
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APPENDIX N ---eemmmmmeeeeea

Pre-exercise ‘Warm-up Routine

WARMING - UP

Warm-up exercises prior to weight-lifting

The illustratichs used in this warm.up sheet have been taken from Eit All Over, & catalogue of exerciscs. by S. Main,
G.W. Stewart and R. Bradshaw (1984), an¢ §ketching, by B. Anderson (1979).

The reason for “warming-up” prior to exercise is to prepare your body for exercise by ncreasing
heart rate and body temperature, also it helps to help lubricate joints. By doing the following set of
exercises prior to *our weight-lifting program, this will help to prevent injury such as a pulled or
strained muscle. Your warm-up should take about 10 minutes.

\

TILT

Tilt head from side to side.

g8 >em

< S

Stant... Look right, and centre...
face centre left, and centre.

ROLL
Gently press chin on chest when the head is forward.

(Y -
Rotate both shoulders... )
forward... up... back. \/

Do not rol head backward.

Rotate one shoulder.
Arms relaxed.
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‘ WARMING - MP GQm'lﬂln'thﬂuu

“13) Start... relax shoulders,
elbows, hands. SHRUG

Shrug both shoulders.
2] Hold... release.

Clagp fingers. turn palms out, stretch.

Shrug one shoulder.
Hold... release.

ums forwan‘l then bsckward
% (1) 2 Koep arms

Elbow leading...
circle arm badxw-ri

Circle alternate arms...
Appen dix M slowly backward.



Stretch alternate

arms four times...

Spread pelnis... press arms
to back... chenge arms - repeat.

Appendix M




WARMING - UP

¢ontinued...
\ Use a chair for balance.
HIP CIRCLES
N ‘*“ m
\-‘
\r
Do ankle rotations while standing. |

Rotate ankle/foot... in both directions.

**ST ROTATIONS

not bend backwards.

/

Appendix M

ﬁ -
t‘
,\

k)

X
5.&
\

Swing leg... backward and forward.

hold

lift hold...
round back

AH 2
£ gn
e

/

A
~

l.n' right.. llly low lnd

centre... to the Jeft.

knees touching...
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APPENDIX () --cococoeeeee .

Attrition

Exercise Group
Immediately after the subjects had been randomly assigned to the Exercise and Control groups, it was
determined that 3 subjects were unable to participate for the following reasons:

(1) two subjects found they were unable to fit the exercise equipment into their apartments, therefore
were unable to participate in the Exercise group.

(2) another subject traveled too frequently, approximately 4 months ber year and therefore unable to
maintain the regular exercise program.

All the the above subjects wished to rema1 in the study and therefore were placed into the Transfer
Control group.
Once the exercise program had begun one subject had to discontinue for the following réasoi:

(1) the subject developed pinpoint hemorrhaging on her arms and shoulders, this condition
progressively became worse, spreading over other parts of her body. It was later determined that
her family had a history of blood disorders. In consultation with the medical advisor for this
study she immediately discontinued the exercise program and shortly after dropped out of the
study.

tr 14

Once the study was underway two subjects in the control group "dropped out” for the following reasons:

(1) one subject felt that the dose of radiation given was unhealthy and wish to discontinue the swdy
for this reason.

(2) one disliked completing a food record so much, she stated she would drop out of the study if she
had to complete anymore. This subject remained in the study, however, she was placed into the
Transfer Control group, and no longer kept food records.

Hormene Replacement Group
Two women dropped out of the HRT group for the following reasons:

(1) one div’iked being on hormones and stopped using HRT corapletely, she was therefore unable to
stay in the study as she no longer qualified for any of the treatment groups.

(2) another subject, although allocated to the HRT group, never initiated the use of the hormones as
she decided to go the "natural route”, therefore she still qualified for the Transfer Control group.

Appendix O
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III. DNA S . M; , . .
Begular Mixes
A_mix:

40 ul 0.5 mM 4dCTP
40 ul 0.5 mM dGTP
40 ul 0.5 mM dTTP
40 ul 10X pol buffer
140 ul dH,0
1l vl 10 mM d4ATP
C mix:
4 ul 0.5 mM dCTP
40 ul 0.5 mM dGTP
40 ul 0.5 mM dTTP
40 ul 10X pol buffer
120 ul dH0
2 ul 10 mM 4dCTP
G mix:
40 ul 0.5 mM dCTP
4 ul 0.5 mM dGTP
40 ul 0.5 mM dTTP
40 ul 10X pol buffer
110 ul dH,0
4 ul 10 mM ddGTP
I mix:
40 ul 0.5 mM dCTP
40 ul 0.5 mM dGTP
4 ul 0.5 mM dTTP
40 ul 10X pol buffer
100 ul dHy0
8 ul 10 mM ddTTP



dIIP mixes:
(Sanger et al., 1982)

A_mix:
20 ul 0.5 mM d4CTP
100 ul 0.5 mM dITP
20 ul 0.5 mM dTTP
20 ul 10X pol buffer
40 ul dH,0

0.25 ul 10 mM ddAaTP

C mix;

2 ul 0.5 mM dCTP
100 ul 0.5 mM dITP

20 ul 0.5 mM dTTP

20 ul 10X pol buffer
60 ul dH,0

1.5 ul 10 mM ddcCTP

G _mix:
20 ul 0.5 mM dCTPp
3 ul - 0.5 mM dITP
20 ul 0.5 mM 4ATTP
20 ul 10X pol buffer
140 ul dH,0
1.5 ul 1 mM ddGTP
I mix:
20 ul 0.5 mM dCTP
100 ul 0.5 mM dITP
2 ul 0.5 mM dTTP
20 ul 10X pol buffer
60 ul dH,0

4 ul 10 mM ddTTP
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D . Mj
(Barr et al., 1986)
A _mix:
40 ul 0.5 mM dCTP
40 ul 0.5 mM d4ITP
40 ul 0.5 mM dTTP
40 ul 10X pol buffer
140 ul dH,0
1 ul 10 mM ddATP
C mix:
4 ul 0.5 mM dCTP
40 ul 9.5 mM dITP
40 ul 0.5 mM dTTP
40 ul 10X pol buffer
120 ul dHy0
2 ul 10 mM ddCTP
G _mix:
40 ul 0.5 mM dCTP
4 ul 0.5 mM c7dGTP
40 ul 0.5 mM dTTP
40 ul 10X pol buffer
110 ul dH,0
4 ul 10 mM d4ddGTP
I _mix:
40 ul 0.5 mM dCTP
40 ul 0.5 mM c’dGTP
4 vl 0.5 mM ATTP
40 ul 10X pol buffer
110 ul dH,0
40 ul 10 mM ddGTP
Chase:
20 ul * 10 mM dATP
20 ul 10 mM dCTP
20 ul 10 mM dGTP
20 ul 10 mM dTTP
120 ul 10 dH,0
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10X PRol Buffer

0.7 ml 1M Tris-HCl, pH 8.0
142 mg MgCl,-6H,0
1l ml &£M NaCl

The solution was made up to 10 ml with water.

Rye-Formamide Mix

10 mg xylene cyanole FF (Kodak)
10 mg bromphenol blue
400 ul " 0.25 M EDTA, pH 8.0

9.5 ml deionized formamidel

1. The deionized formamide was prepared as follows: To

100 ml formamide , 10 g of mixed-bed resin (Bio~-Rad AG 501-
X8, 20-50 mesh) was added. This mixture was stirred for

30 minutes. The formamide was decanted into a clean beaker
and 10 g of mixed-bed resin was further added. After
mixing for 30 minutes, the formamide was decanted into a
Clean container. The deionized formamide was aliquoted
inte 10 ml disposable polypropylene tubes and stored at
-20°C.

40% Acrylamide
380 g acrylamide

20 g bis-acrylamide
500 ml dH0

The solution was made up to 1 1 after dissolved in the
fumehood. This solution was stored in the dark at 4°C.

i cats L Probe buffers:
50X Dephardt's

5 g ficoll
5 g polyvinylpyrrolidone
5 g BSA

This was made up to 500 ml with water and stored at -20°C.
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Hybridizati buff
fadapted from Wahl et al., 1279)

50 ml 50X Denhardt's
12.5 ml 20X SSC
25 ml 1 M NaPO4, pH 6.5
5 ml 10% SDS (w/v)
12.5 ml 10 mg/ml salmon sperm DNAl
250 ml ‘formamide (non-deionized)
145 ml dH,0

1. Salmon sperm DNA was prepared as follows: The DNA (Sigma
Type-III sodium salt) was dissolved in water at a
concentration of 10 mg/ml, on a magnetic stirrer for 2
hours at room temperature. The DNA was sheared by several
10 second intervals of sonication.

The hybridization buffer was heated for 5 minutes in a
boiling-water bath and chilled quickly on ice prior to use.
This solution was stored at -20°C.

QLB Bufferx

OLB was prepared by mixing solutions A:B:C in a ratio of
100:250:150 and stored at -20°C.

Solution O:

1.25M Tris-HC1l, pH 8.0
0.125M MgCl,

This solution was stored at 4°C.

Solution AL

1 ml solution O

18 ul Beta-mercaptoethanol

5ul 0.1 M dATP, 3 mM Tris-HC1,
pH 7.0, 0.2 mM EDTA

5ul 0.1 M dGTP, 3 mM Tris-HC1,
pH 7.0, 0.2 mM EDTA

Sul 0.1 M dTTP, 3 mM Tris-HC1,
pH 7.0, 0.2 mM EDTA

This solution was stored at -20°C.
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Solution B:
2 mM Hepes, pH 6.6

This solution was titrated with 4M NaOH and stored at 4°C.

Solution C:
90 OD units/ml Hexadeoxyribonucleotides
(P-L Biochemicals)
3 mM Tris-HC1l, pH 7.0
2 mM EDTA

This solution was stored at -20°C.

Rart A

8.2 g NaAcetate
0.29 g EDTA
40 g SDS

This was made up to 1 1 with water and the PH was adjusted

to 5.0. The solution was DEPC-treated prior to autoclaving
and stored at room temperature.

Rart B

500 ml water-saturated phenol
500 ml chloroform/iso-amyl
alcohol (24:1), (v/v)

This solution was stored at 4 C.

4_M NaAc Solution
164 g NaAcetate
1.45 g EDTA

This was made up to 500 ml with water and the pH was
adjusted to 6.0. The solution was DEPC-treated prior to
autvclaving and stored at room temperature.
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This solution is the same as hybridization buffer except
that deionized formamide and 1/2 thz amount of non-
homologous DNA are used.

10X MOPS/EDTA

0.2 M MOPS (3-(N-morpholino)
pro-panesulfonic acid

50 mM NaAcetate

10 mM EDTA

The pH of this solution adjusted to 7.0. The solution was
DEPC-treated prior to autoclaving.

Electrophoresis Sample Buffer
0.75 ml deionized formamide
0.15 ml 10X MOPS/EDTA
0.24 ml1 deionized 37% (v/v)

formaldehyde
0.1 ml DEPC-treated water
0.1 ml glycerol
8 ml 10% (w/v) bromphenol blue

Deionized 37% (v/¥) F ldehvd

This solution was prepared the same as deionized formamide
except that is was stored in a dark bottle at room
temperature.

VI, Mj 11 Solut i .
30% Acrylamide

290 g acrylamide

10 g bis-acrylamide
500 ml dH,0

After dissolved in the fumehood, this solution was made up
to 1 1 with water and stored at 4°C.



193

Salt-saturated Isopropanol

100 g NaCl
10 ml 1M Tris-HCl, pH 7.3
50 ml dHy0

500 ml isopropanol

The solution was mixed thoroughly and the phases were
allowed to separate. The upper phase was used to extract
ethidium bromide from aqueous solutions.

Prof K_ Soluti

60 mg of protease K (Sigma) was dissolved in 10 ml of
100 mM Tris-HCl, pH 7.3 r 150 mM NaCl, 1 mM EDTA. After
incubated in a 37°C water-bath for 60 minutes, 10 ml of
glycerol was added. The solution was stored at -20°c,
after the solution was mixed thoroughly.






