Curr Genet (1995) 29: 10-17

© Springer-Verlag 1995

ORIGINAL PAPER

Michael Massow
Hanns Weiss

Regina Schneider -
Thomas Lisowsky -

Different respiratory-defective phenotypes of Neurospora crassa and
Saccharomyces cerevisiae after inactivation of the gene encoding the

mitochondrial acyl carrier protein

Received: 4 May/8 June 1995

Abstract The nuclear genes (acp-1, ACPI) encoding the
mitochondrial acyl carrier protein were disrupted in
Neurospora crassa and Saccharomyces cerevisiae. In N.
crassa acp-1 is a peripheral subunit of the respiratory
NADH :ubiquinone oxidoreductase (complex I). S.
cerevisiae lacks complex I and its ACP1 appears to be
located in the mitochondrial matrix. The loss of acp-1
in N. crassa causes two biochemical lesions. Firstly, the
peripheral part of complex I is not assembled, and the
membrane part is not properly assembled. The respir-
atory ubiquinol:cytochrome ¢ oxidoreductase (com-
plex III) and cytochrome ¢ oxidase (complex IV) are
made in normal amounts. Secondly, the lysophos-
pholipid content of mitochondrial membranes is
increased four-fold. In S. cerevisiae, the loss of ACP1
leads to a pleiotropic respiratory deficient phenotype.
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Introduction

The mechanism of fatty acid synthesis is the same in all
organisms, whereas the enzymes involved are organ-
ized in different structural forms. In the cytoplasm of
vertebrates a type-I fatty acid synthase (FAS)is present,
which consists of one large multifunctional polypeptide
in which different domains carry the catalytic activities
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(Smith 1994). The type-1 FAS of fungi consists of two
polypeptides carrying five and three functional do-
mains, respectively (Kottig et al. 1991). In contrast, in
bacteria (and in chloroplasts of plants) fatty acids are
synthesized by distinct enzymes which together are
called FAS type II. The growing acyl chain is attached
via a phosphopantetheine group to an acyl carrier
protein (ACP), which is a central domain in the
FAS type I, whereas the ACP of the FAS type IT is a
distinct small polypeptide (Slabas and Fawcett 1992;
Magnuson et al. 1993). Bacterial ACPs are involved not
only in fatty acid synthesis but also in the synthesis of
polyketides (Hopwood and Sherman 1990) and peptide
antibiotics (Lipmann 1980), in the acylation of toxins
(Issartel et al. 1991), and in the signalling for the nodu-
lation of legumes by rhizobia (Géttfert 1993).

Recently, an ACP which is closely related to the
ACP of the bacterial FAS type II has been found in
the mitochondria of Neurospora crassa (Brody and
Mikolajczyk 1988; Sackmann et al. 1991), bovine heart
(Runswick et al. 1991) and Arabidopsis thaliana
(Shintani and Ohlrogge 1994). The gene for
a mitochondrial ACP (ACP]I) has also been located on
chromosome XI of Saccharomyces cerevisige (Chéret et
al. 1993). In N. crassa and bovine heart the mitochon-
drial ACP is tightly associated with the peripheral part
of complex I, while S. cerevisiae does not possess a com-
plex I (de Vries and Grivell 1988). In yeast a nuclear
gene, CEM ], has been identified which encodes a pro-
tein homologous to the P-ketoacyl ACP synthases
(condensing enzymes of the FAS type II). Inactivation
of this gene leads to a respiratory deficient mutant
(Harington et al. 1993). An extragenic repressor able to
restore respiration in the mutant was found. The sup-
pressor is predicted to encode a cytoplasmic long-chain
fatty acid CoA ligase that has aquired a mitochondrial
import sequence by a point mutation. The relocation of
some of the enzyme from the cytosol to the mitochon-
drion results in its suppressor activity (Harington et al.
1994).



There is experimental evidence that the mitochondrial
ACP might be involved in a de novo fatty acid synthesis.
Mikolajezyk and Brody (1990) reported that, after in-
corporation of [**C]-malonate in N. crassa mitochon-
dria, labeled hexanoic, caprylic and myristic acid can be
released from the mitochondrial ACP by alkaline hy-
drolysis. Zensen et al. (1992) analyzed the acyl groups
bound to the N. crassa mitochondrial ACP by gas-liquid
chromatography and found the saturated Cg to Cig
fatty acids, as well as oleic acid, to be present. Runswick
et al. (1991) recorded a mass difference of 302 Da be-
tween the acylated and deacylated mitochondrial ACP
of bovine heart by means of mass spectrometry. Accord-
ing to their data the predominant proportion of the
ACP is esterified with only one definite substance.

Considering the well-established transport of long-
chain fatty acids by the carnitine-translocase system
from the cytosol into the mitochondria, the question
arises why mitochondria synthesize their own fatty
acids. The phospholipids of the mitochondrial inner
membrane are imported from the endoplasmic reticulum
and the outer membrane. Cardiolipin is synthesized at the
mitochondrial inner membrane, but the acylated precur-
sors are also imported (Daum 1985; Voelker 1991).

In order to understand the function of the mitochon-
drial ACP and the significance of its association with
the respiratory complex [, we disrupted the acp-1 and
ACPI genes in N. crassa and S. cerevisiae, respectively.
The N. crassa acp-1 mutant is defective in the assembly
of complex I while the other respiratory complexes are
made in normal amounts. The mitochondria of the
mutant contain an unusually high amount of lysophos-
pholipids. The S. cerevisiae Aacp! mutant shows
a pleiotropic respiratory defect lacking the respiratory
complexes while having a normal pattern of mitochon-
drial phospholipids. Two possible roles of the
mitochondrial ACP will be discussed.

Materials and methods

Isolation and disruption of the acp-1 gene in N. crassa. [a->2P]
labelled cDNA of acp-1 (formerly called ncnuol2) was used as
a probe for secreening the genomic AJ1 library of N. crassa (Orbach
et al. 1986; Sackman et al. 1991). A 7-kb EcoRI fragment containing
the entire acp-1 gene and flanking sequences of 4.3 kb in a 5'-
direction and 1.5kb in a 3-direction was isolated from a recom-
binant clone and inserted into pT7T3 19U (Pharmacia). A 1.6-kb
fragment including the N-terminal and most of the coding region of
the acp-/ gene was deleted with Apal and Ncol. A 2.0-kb Apal/Ncol
fragment from pCSN43 (Staben et al. 1989) containing the bacterial
gene for hygromycin B phosphotransferase flanked by the A.
nidulans TrpC promotor and terminator was inserted as a selection
marker. A linear 7.5-kb Sphl/BgIIl fragment was used for trans-
formation of N. crassa. Heterocaryotic transformants were selected
for hygromycin B resistance and then crossed with the parental
strain to obtain homocaryotic transformants. For Southern-blot
analysis genomic DNA of transformants was isolated, digested with
Pstl and probed with a 800-bp Clal/Xbal fragment (see Fig. 1).
Standard recombinant techniques were performed according to
Sambrook et al. (1989).
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Disruption of the ACPI gene in S. cerevisiae. S. cerevisiae strain
JRY-675 [MATa, his4-519, Aleu2, ura3-52] (Lisowsky 1993) was
used for transformation. A 1889-bp DNA fragment with the ACP]
gene and flanking DNA was amplified from genomic DNA by the
polymerase chain reaction (PCR). The primers scacpn (5-GCAT-
GTACGTGTTCAGCAGCGACCTCG-3) and scacpc (5-GAT-
GTGCTTGATCTTGTTAAACGACAG-3') were used (see Fig. 2).
For the construction of the deletion-insertion vector the PCR prod-
uct was digested with Spel and Pstl and inserted in Xbal/PstI-cut
pT7T3 18U to give pSCACP. A 448-bp Styl fragment was deleted
and the protruding ends were blunted. The Smal/Hpal fragment of
the plasmid YEp351, containing the LEU2 gene, was inserted (Hill
et al. 1986) (Fig. 2). Transformation of E. coli (Hanahan 1983) and S.
cerevisiae (Soni et al. 1993) was performed as described. The disrup-
tant obtained was transformed with the ACPI! gene as an
EcoRI/BamHI fragment of pSCACP inserted in EcoRl/BamHI-cut
YCp50 (a centromeric plasmid with a URA3 marker, Rose et al.
1987). Complete or minimal media with the appropriate supple-
ments containing glucose (2%), glycerol (3%) or galactose (3% ) were
as described (Sherman et al. 1986).

Labelling of N. crassa with [**C] panthothenate. The double-mutant
N. crassa nuo49/pan-1 was constructed from strain pan-14 (Fungal
Genetics Stock Center 4063) and strain nuo49 (unpublished, see
below) according to Davis and de Serres (1970). Labelling with
[**C]-pantothenate was performed as described (Zensen et al. 1592).

Determination of mitochondrial respiratory activities, cytochrome
contents, subunit composition of complex I and iron-sulphur clusters.
The following procedures are described elsewhere: large and small
scale preparation of N. crassa mitochondria {(Weiss et al. 1970; Nehls
et al. 1992), isolation of S. cerevisiae mitochondria (Rickwood et al.
1990), determination of mitochondrial respiratory activity and cyto-
chrome content (Weiss et al. 1970), analysis of complex-I subunits by
sucrose gradient centrifugation and immunoprecipitation (Nehls et
al. 1992; Fecke et al. 1994), determination of iron-sulphur clusters of
complex I by means of electron paramagnetic resonance spectro-
scopy (Wang et al. 1991).

Analysis of mitochondrial phospholipids. Mitochondrial lipids were
extracted by the method of Folch et al. (1957) using chloroform/
methanol (2:1, v/v). Phospholipids were separated by thin-layer
chromatography on silica-gel 60 plates (Merck), which were first
developed in chloroform/methanol/25% ammonia (75:35:5, v/v)
and then in chloroform/acetone/methanol/acetic acid/water
(60:20:10:10:4, v/v). The lipids were visualized by iodine vapour and
scraped out for phosphorous analysis (Rouser et al. 1966; McClare
1971). Phospholipids were also separated by high-performance
liquid chromatography (Nissen and Kreysel 1983) using a prepacked
Nucleosil 100 column (diameter of particles 7 pm, 250.4 mm) with
a Nucleosil 50 pre-column (5 pm, 30.4 mm; Macherey and Nagel).
Phospholipids were detected by their absorption at 203 nm. Samples
of 2040 ul of the lipid extract containing 2-4 mg/ml lipid were
injected. A gradient from 12 to 75% acetonitrile/water (80:20, v/v)
was applied for separation. The flow-rate was 1 ml/min. Quantitat-
ive analysis of phosphorous was performed as described above using
samples dried under nitrogen. Phospholipid standards were pur-
chased from Sigma.

Results
Isolation and disruption of the acp-1 gene in N. crassa
A 7-kb fragment containing the acp-1 gene was isolated

from a genomic N. crassa library using the cDNA of
acp-1 as a probe (Sackmann et al. 1991). To determine
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the position of the coding regions, we sequenced 3.1 kb
of this fragment. The acp-1 gene contains three introns
of 589, 219, and 156 bp. The length of the first intron is
highly uncommon for filamentous fungi (Bruchez et al.
1993). The transformation vector designed to replace
the acp-1 gene in N. crassa is shown in Fig. 1. A 1.6-kb
fragment, including the N-terminal and most of the
coding region of the gene, was replaced by the bacterial
gene for hygromycin B phosphotransferase flanked by
the A. nidulans TrpC promoter and TrpC terminator,
A linear 7.5-kb fragment was used for transformation.
Heterocaryotic transformants were selected for hygro-
mycin B resistance and then crossed with the parental
strain to obtain homocaryotic mutants. The result of
the gene disruption was investigated by Southern-blot
analysis (data not shown). Genomic DNA was isolated,
digested with PstI and probed with a 800-bp Clal/Xbal
fragment. In mutants in which the acp-/ gene was
replaced by the defective copy, the 3.6-kb PstI fragment
of the wild-type is missing while a fragment of 3.0 kb
length was found due to an additional PstI site. For
Western-blot analysis mitochondrial protein of the mu-
tant and the wild-type was separated by SDS/PAGE,
blotted and probed with an antiserum against the acp-
1. No band corresponding to, acp-1 was found with the
mutant, whereas the band was detected with the wild-
type (data not shown).

Disruption of the ACPI gene in S. cerevisiae

The one-step procedure described by Rothstein (1991)
was applied. The ACP] gene and flanking DNA
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Fig.1a, b Construction of the vector used for disruption of the acp-I
gene in N. crassa. a a genomic 7-kb EcoRI fragment containing the
acp-1 gene with exons (black) and introns (white) and flanking
sequences was isolated. b this fragment was inserted in pT7T3 19U.
A 1.6-kb stretch of the gene was deleted by using Apal and Ncol.
A 2.0-kb Apal/Ncol fragment of pCSN43 (grey) was inserted into the
deletion gap. A linear Sphl/Bgill fragment was used for transforma-
tion. The direction of transcription is indicated by arrows

regions were amplified by PCR and the product was
used for vector construction (Fig. 2). The ACPI pre-
sequence and the N-terminal half of the mature protein
were deleted. Leucine prototrophs were selected,
genomic DNA was isolated, digested, and probed for
replacement of the gene (data not shown). For re-
introduction of the ACPI gene into in the mutant
Aacpl, we inserted a BamHI/EcoRI fragment from
pSCACP (see Fig. 2) into BamHI/EcoRI-cut YCp30.
No respiratory competent transformants were produ-
ced because the mutant has become rho~ or rho®. The
transformant was outcrossed to the. wild-type and
sporulated, the presence of the deletion of the ACPI
gene was confirmed by PCR. As expected, the introduc-
tion of the wild-type ACP! gene present on a cen-
tromeric plasmid restores the wild-type phenotype.

Growth impediments, mitochondrial cytochrome
contents and respiratory activity of the ACP mutants
of N. crassa and S. cerevisiae

The N. crassa acp-1 mutant grows at one-half the rate
of the wild-type in minimal medium with 2% sucrose at
25°C when inoculated with the same number of
conidia. The mitochondrial cytochrome content of
the mutant and its respiratory activity with
pyruvate/malate and succinate were comparable to
those of the wild-type (see Weiss et al. 1970).
Pyruvate/malate respiration, however, was insensitive
to piericidin A, a specific inhibitor of complex I, but
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Fig. 2 Construction of the vector used for disruption of the ACPI
gene in S. cerevisize. a a 1.9-kb yeast DNA wild-type fragment
(white) with the ACPI gene (black) was amplified by PCR. b a
Pstl/Spel fragment was cloned into pT7T3 18U to give pSCACP.
A 448-bp Styl fragment was deleted, and the protruding ends of the
remaining plasmid were blunted. The Smal/Hpal fragment of plas-
mid YEp351 containing the LEU2 gene was inserted. Transforma-

tion was carried out with a Hpal/Sacl fragment. The direction of
transcription is indicated by arrows
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sensitive to antimycin A and KCN, inhibitors of the
complexes III and IV. In the mutant, electrons are
transferred from mitochondrial NADH by means of
the alternative NADH:ubiquinone oxidoreductase, the
ubiquinol:cytochrome ¢ oxidoreductase (complex 11I)
and the cytochrome ¢ oxidase (complex IV). Thus the
alteration in the respiratory chain of the acp-I mutant
corresponds to the alteration found in other N. crassa
complex I-mutants (Nehls et al. 1992; Fecke et al. 1994).

Disruption of the ACP! gene in S. cerevisiae resulted
in the mutant Aacp! which is unable to grow on non-
fermentable substrates. The mitochondrial cytochrome
content of the mutant was decreased to undetectably
low amounts (Fig. 3). S. cerevisiae thus responds to the
loss of ACP1 with a pleiotropic respiratory deficient
phenotype.

Disturbed assembly of complex I in the acp-1 mutant of
N. crassa

To investigate the assembly of complex T in the acp-1
mutant of N. crassa, hyphae were radioactively labelled
with [3°S]-methionine. Mitochondria were isolated,
solubilized with Triton X-100 and subjected to sucrose-
gradient centrifugation in the presence of Triton X-100.
Radioactivity immunoprecipitated by means of an
antiserum raised against the total complex-I protein,
was measured across the gradient, as well as the
NADH /ferricyanide reductase activity, an- artificial
electron transfer activity of the NADH dehydrogenase
part of complex I (Fig. 4a). In the control experiment,
performed with the N. crassa wild-type, the radioactive
complex I protein and the NADH/ferricyanide reduc-
tase activity co-sedimented as a single peak between the
third and the fourth quarter of the gradient (Fig. 4b;

T T
550 600

Wavelength (nm)

500 650

Fig. 3 Difference spectra of dithionite-reduced minus air-oxidized
mitochondria of S. cerevisiae wild-type (upper curve) and mutant
Aacpl (lower curve). The spectra were performed with a mitochon-
drial suspension containing 5 mg/ml of protein using a Perkin Elmer
Lambda 2 spectrophotometer
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Fig. d4a—c Sucrose-gradient centrifugation of triton-solubilized
mitochondria from the N. crassa wild-type and the acp-I mutant
labetled with [33S] methionine. a distribution of NADH/ferricyan-
ide reductase activity across the gradient, (@) wild-type; (O) mutant
acp-1; b, ¢ radioactively labeled polypeptides immuoprecipitated by
means of an antiserum raised against the entire complex [: b the
wild-type and ¢ the mutant acp-7

see also Nehls et al. 1992). With the acp-I mutant
neither such a distinct radioactivity peak nor a peak of
the NADH/ferricyanide reductase was found
(Fig. 4a,c). SDS/PAGE of the immunoprecipitated
protein followed by autoradiography did not show any
of the peripheral subunits of complex I to be present.
The membrane intrinsic subunits were found to sedi-
ment faster through the gradient than expected for
a properly assembled membrane part of the complex
(Fig. 4; see also Tuschen et al. 1990; Schmidt et al. 1991;
Nehls et al. 1992; Schulte and Weiss 1995). We
also searched for an iron-sulphur cluster in the acp-/
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mutant by electron paramagnetic resonance-spectro-
scopy of mitochondrial membranes. No signal of com-
plex-I clusters could be found (data not shown; see also
Wang et al. 1991; Nehls et al. 1992; Fecke et al. 1994).

Increased mitochondrial lysophospholipid contents in
the acp-1 mutant of N. crassa but normal content in the
mutant Aacpl of S. cerevisiae

The phospholipid composition of mitochondrial
membranes was analyzed by high-performance liquid
chromatography and thin-layer chromatography
(Fig. 5; Table 1). In the N. crassa wild-type and the
acp-1 mutant, all major classes of phospholipids were
found to be present in nearly comparable amounts. The
main difference between the wild-type and the mutant
is the lysophospholipid content, being four-times high-
er in the mutant than in the wild-type.

To ensure that this high lysophospholipid content
is caused by the loss of acp-1 rather than by complex I,
we analyzed other complex-I mutants of N. crassa
(Table 1). In the mutant nuo51, the gene of the 51-kDa
peripheral subunit carrying binding sites for NADH,
FMN and iron-sulphur cluster N-3 was disrupted.
Complex I is almost completely assembled in this mu-
tant but lacks the 51-kDa subunit and therefore is
enzymatically inactive (Fecke et al. 1994). In mutant
nuo49, the gene of the 49-kDa peripheral subunit is
disrupted (for the primary structure of this subunit see
Preis et al. 1990). The mutant lacks the whole peri-
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Fig. 5a, b Analysis of mitochondrial phospholipids from the
N. crassa wild-type and the acp-I mutant by high-performance
liquid chromatography. a wild-type and b N. crassa mutant acp-1.
PC phosphatidylcholine; PE phosphatidylethanolamine; PG phos-
phatidylglycerol; CL cardiolipin; P! phosphatidylinositol; PS phos-
phatidylserine; LPC lysophosphatidylcholine; LPE lysophos-
phatidylethanolamine

Table 1 Mitochondrial phospolipid composition of the N. crassa
wild-type, the acp-I mutant and N. crassa mutants lacking other
complex-I subunits, the S. cerevisiae wild-type and the dacp! mu-
tant. N. c. N. crassa; S. c. S. cerevisiae; PC phosphatidylcholine; PE
phosphatidylethanolamine; CL cardiolipin; P! phosphatidylinositol;
PS phosphatidylserine; LPC lysophosphatidylcholine; LPE ly-
sophosphatidylethanolamine. The nomenclature of the mutants is
explained in the text. The data are the average of six determinations
both with thin-layer chromatography and high-performance liquid
chromatography followed by phosphate determination

Strain (Mol %)
PC PE PI CL PS LPC LPE

N. ¢. wild-type 43 30 8 7 3 2 1
N. ¢. nuo51 mutant 45 32 8 8 4 2 1
N. c. nuo2l.3 mutant 46 31 8 8 4 2 1
N. c. nuo49 mutant 45 30 7 7 2 3 1
N. ¢. acp-1 mutant 45 28 8 5 3 8 4
S. ¢. wild-type 47 29 17 5 2 1 1
S. ¢. dacpl mutant 48 19 20 2 7 1 1

pheral part of complex 1 while the membrane part is
assembled correctly together with iron-sulphur cluster
N2 (unpublished data). In the mutant nuo21.3, the gene
of the membrane-bound 21.3-kDa subunit is disrupted.
The mutant is still capable of making the complete
peripheral part of complex I together with acp-1 but
cannot assemble the membrane part of the complex
(Nehls et al. 1992). All these mutants have normal
contents of lysophospholipids (Table 1). We also
analysed the mitochondrial phospholipids in the S.
cerevisiae wild-type and the mutant dacp/. In the mu-
tant the mitochondrial contents of cardiolipin and
phosphatidylethanolamine are decreased and the con-
tents of phosphatidylserine and phosphatidylinositol
are increased. These alterations can also be observed in
other respiratory deficient per mutants (Jakovcic et al.
1971; Daum 1985). No increase in the mitochondrial
lysophospholipid content was found (Table 1). The
mutant nuo49 cannot assemble the peripheral part of
complex I, but still contains acp-1.

We generated the pantothenate auxotrophic mutant
nuo49/pan-1 which was then grown in the presence
of [*C]-pantothenate. Mitochondria were isolated,
solubilized with Triton X-100 and centrifuged on a
sucrose gradient as above. SDS/PAGE followed by
autoradiography and immunoprecipitation of fractions
of the gradient with an antiserum against the total
complex 1 showed two radioactive protein bands cor-
responding to the acylated and de-acylated forms mi-
grating with apparent molecular weights of 12000 and
18 000, respectively (data not shown).

Discussion

In this study we describe biochemical lesions caused by
the loss of mitochondrial ACP in the obligate aerobic



fungus N. crassa and in the facultative anaerobic
yeast S. cerevisiae. In N. crassa (as in bovine) acp-1
i1s a subunit of the respiratory complex I whereas
S. cerevisiae does not possess complex L.

Complex I is a most complicated assembly of some
40 different subunits. They can be categorized into 14
“minimal” subunits, of which the homologues are also
found in the simpler bacterial complex I, and the re-
maining “accessory” subunits, which are a character-
istic feature of the mitochondrial complex 1 (Walker
1992; Friedrich et al. 1993; Weidner et al. 1993; Xu et al.
1993; Leif et al. 1995); acp-1 belongs to the “accessory”
subunits. Complex-I subunits can also be subgrouped
according to their topology and assembly. The
mitochondrial complex has an L-shaped overall struc-
ture consisting of a peripheral and a membrane part
(Hofhaus et al. 1991). The peripheral part contains the
NADH dehydrogenase segment and the membrane
part the ubiquinone reduction segment. These two
parts are pre-assembled separately before they join to
form the complex (Friedrich et al. 1989; Tuschen et al.
1990; Weiss et al. 1991; Nehls et al. 1992); acp-1 is
located in the peripheral part (Sackmann et al. 1991).

So far we have disrupted the genes of four peripheral
subunits in N. crassa: the 51-kDa (NADH-binding)
subunit (Fecke et al. 1994), the 49-kDa subunit (unpub-
lished result, for sequence see Preis et al. 1990), the
40-kDa subunit (unpublished result, for sequence see
Réhlen et al. 1991) and the acp-1 (9.6-kDa) subunit.
Duarte et al. (1995) have inactivated the gene of the
29.9-kDa peripheral-part subunit. Only the loss of the
acp-1 subunit appears to affect the assembly of the
membrane part of complex 1. The loss of peripheral
subunits other than acp-1 affects the formation of the
peripheral part of complex I but leaves the membrane
part intact. These observations suggest that acp-1 may
participate in a synthetic pathway which delivers
a product that is necessary for the assembly of the
membrane part of complex I. This product must be
a specific requirement for complex I because the other
respiratory complexes are made in normal amounts in
the acp-1 mutant of N. crassa.

The second specific lesion caused in N. crassa by the
loss of acp-1 is the four-fold increase in mitochondrial
lysophospholipid content. Reactive oxygen species gen-
erated by the respiratory chain are known to lead to
peroxidation of polyunsaturated fatty acids in mem-
brane phospholipids. Fatty acyl hydroperoxides are
then removed by a phospholipase yielding lysophos-
pholipids (van Knijk et al. 1987; Sevanian 1991; van
Ginkel and Sevanian 1994). Repair of the phospholipids
by reacylation could occur in mitochondria, as in bac-
teria, by reacylation using ACP-bound fatty acids (Mag-
nuson et al. 1993). If they are not available, as in the
acp-1 mutant, the lysophospholipids are further de-
graded and replaced by newly imported phospholipids.
Such a mechanism could result in a higher level of
lysophospholipids in the acp-I mutant of N. crassa.
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In contrast to N. crassa, S. cerevisiae responds to the
loss of the ACP1 with a pleiotropic respiratory defi-
cient phenotype. S. cerevisiae is capable of satisfying its
energy requirements by fermentation alone. Respir-
ation is not essential for its viability. A large collection
of S. cerevisiae strains have been described which lose
their ability to utilize non-fermentable substrates as
a result of mutations in nuclear DNA. These mutations
concern genes that code for proteins which are either
directly involved in oxidative phosphorylation or else
are necessary for the expression of this activity (Tza-
goloff and Dieckmann 1990). A direct involvement of
ACP1 in oxidative phosphorylation or in the expres-
sion of this system, however, can be ruled out by the
finding that the N. crassa acp-1 mutant still contains
functional respiratory complexes (and most likely
also the ATPase-complex) since N. crassa depends
on oxidative phosphorylation. A proton-impermeable
phospholipid bilayer is essential for energy transduc-
tion via an electrochemical proton gradient across
the mitochondrial inner membrane. Lipid peroxidation
strongly reduces the molecular orientation of mem-
brane phospholipids (van Ginkel and Sevanian
1994) and thus disturbs the respiratory energy conser-
vation. If one function of ACP1 is to repair phos-
pholipids damaged by oxidation, the S. cerevisiae
mutant dacp! might repress expression of the res-
piratory activity to prevent the oxidative injury of the
membrane.

Acknowledgements We thank S. Hochstein her excellent technical
assistance. This work was supported by the Deutsche Forschun-
gsgemeinschaft, the Bundesminister fiir Forschung und Technologie
and the Fonds der Chemischen Industrie. The sequence of the
N. crassa acp-1 gene has been submitted to the EMBL Data library
under the accession number X83578.

References

Brody S, Mikolajczyk S (1988) Neurospora mitochondria contain an
acyl-carrier protein. Eur J Biochem 173:353-359

Bruchez JJP, Eberle J, Russo VEA (1993) Regulatory sequences in
the transcription of Neurospora crassa genes: CAAT box, TATA
box, introns, poly(A) tail-formation sequences. Fungal Genet
Newslett 40:89-96

Chéret G, Matteakis LC, Sor F (1993) DNA sequence analysis of the
YCN2 region of chromosome XI in Saccharomyces cerevisige.
Yeast 9:661-667

Daum G (1985) Lipids of mitochondria. Biochim Biopyhs Acta
822:1-42

Davis RH, Serres FJ (1970) Genetics and microbiological research
techniques for Neurospora crassa. Methods Enzymol 17A:
79-143

Vries S de, Grivell LA (1988) Purification and characterisation
of a rotenone-insensitive  NADH:Q6 oxidoreductase from
mitochondria of Saccharomyces cerevisiae. Eur J Biochem
176:377-384

Duarte M, Sousa R, Videira A (1995) Inactivation of genes encoding
subunits of the peripheral and membrane arms of Neurospora
mitochondrial complex I and effects on enzyme assembly.
Genetics 139:1211-1221



16

Fecke W, Sled VD, Ohnishi T, Weiss H (1994) Disruption of the
gene encoding the NADH-binding subunit of NADH:
ubiquinone oxidoreductase in Neurospora crassa. Formation of
a partially assembled enzyme without FMN and the iron-sul-
phur cluster N-3. Fur J Biochem 220:551-558

Folch I, Lees M, Sloane Stanley GH (1957) A simple method for the
isolation and purification of total lipids from animal tissues.
J Biol Chem 226:497-509

Friedrich T, Hofhaus G, Ise W, Nehls U, Schmitz B, Weiss H (1989)
A small isoform of NADH:ubiquinone oxidoreductase (complex
I) without mitochondrially encoded subunits is made in chloram-
phenicol-treated Neurospora crassa. Bur J Biochem 180:173-180

Friedrich T, Weidner U, Nehls U, Fecke W, Schneider R, Weiss
H (1993) Attempts to define distinct parts of NADH:ubiquinone
oxidoreductase (complex I). J Bioenerg Biomembr 25:331-337

Ginkel G van, Sevanian A (1994) Lipid peroxidation-induced mem-
brane structural alterations. Methods Enzymol 233:273-288

Gottfert M (1993) Regulation and function of rhizobial nodulation
genes. FEMS Microbiol Lett 104:39-64

Hanahan D (1983) Studies on transformation of Escherichia coli
with plasmids. J Mol Biol 166:557-580

Harington A, Herbert CJ, Tung B, Getz GS, Slonimski PP (1993)
Identification of a new nuclear gene (CEMI) encoding a protein
homologous to a B-keto-acyl synthase which is essential for
mitochondrial respiration in Saccharomyces cerevisiage. Mol
Microbiol 9:545-555

Harington A, Schwarz E, Slonimski PP, Herbert CJ (1994) Subcellu-
lar relocation of long-chain fatty acid CoA ligase by a suppressor
mutation alleviates a respiration deficiency in Saccharomyces
cerevisiae. EMBO J 13:5531-5538

Hill JE, Myers AM, Koerner TJ, Tzagaloff A (1986) Yeast/E. coli
shuttle vectors with multiple unique restriction sites. Yeast
2:163-167

Hofhaus G, Weiss H, Leonard K (1991) Electron microscopic ana-
lysis of the peripheral and membrane parts of mitocho!!!ndrial
NADH dehydrogenase (complex I). J Mol Biol 221:1027-1043

Hopwood DA, Sherman DH (1990) Molecular genetics of polyket-
ides and its comparison to fatty acid biosynthesis. Annu Rev
Genet 24:37-66

Issartel JP, Koronakis V, Hughes C (1991) Activation of Escherichia
coli prohaemolysin to the mature toxin by acyl carrier toxin-
dependent fatty acylation. Nature 351:759-761

Jakovcic S, Getz GS, Rabinowitz M, Jakob H, Swift H (1971)
Cardiolipin content of wild-type and mutant yeasts in relation to
mitochondrial function and development. J Cell Biol 48:490-502

Knijk FIGM van, Sevanian A, Handelsmann GJ, Dratz EA (1987)
A new role of phospholipase A2: protection of membranes from
lipid peroxidation damage. Trends Biochem Sci 12:31-34

Kottig H, Rottner G, Beck KF, Schweizer M and Schweizer E (1991)
The pentafunctional FASI genes of Saccharomyces cerevisiae and
Yarrowina lipolytica are co-linear and considerably longer than
previously estimated. Mol Gen Genet 226:310-314

Leif H, Sled VD, Ohnishi T, Weiss H, Friedrich T (1995) Isolation
and characterisation of the proton-translocating NADH:
ubiquinone oxidoreductase from Escherichia coli. Eur J Biochem
230:538-548

Lipmann F (1980) Bacterial production of antibiotic polypeptides by
thiol-linked synthesis on protein templates. Adv Microb Physiol
21:227-266

Lisowsky T (1993) A high copy number of yeast y-glutamylcysteine
synthetase suppresses a nuclear mutation affecting mitochon-
drial translation. Curr Genet 23:408-413

Magnuson K, Jackowski S, Rock CE, Cronan JE (1993) Regulation
of fatty acid biosynthesis in Escherichia coli. Microbiol Rev
57:522-542

McClare CWF (1971) An accurate and convenient organic phos-
phorous assay. Anal Biochem 39:527-530

Mikolajezyk S, Brody S (1990) De novo fatty acid synthesis me-
diated by acyl-carrier protein in Neurospora crassa mitochon-
dria. Eur J Biochem 187:431-437 .

Nehls U, Friedrich T, Schmiede A, Ohnishi T, Weiss H (1992)
Characterization of assembly intermediates of NADH:
ubiquinone oxidoreductase (complex I) accumulated in Neuro-
spora crassa mitochondria by gene disruption. J Mol Biol
227:1032-1042

Nissen HP, Kreysel HW (1983) Analysis of phospholipids in human
semen by high-performance liquid chromatography. J Chro-
matogr 276:29-35

Orbach MJ, Porro EB, Yanofsky C (1986) Cloning and characterisa-
tion of the gene for f-tubulin from a benomyl-resistant mutant of
Neurospora crassa and its use as a dominant selection marker.
Mol Cell Biol 6:2452-2461

Preis D, van der Pas JC, Nehls U, Réhlen D, Sackmann U, Jahnke
U, Weiss H (1990) The 49-K subunit of NADH:ubiquinone
reductase (complex I) from Neurospora mitochondria: primary
structure of the gene and the protein. Curr Genet 18:59-64

Rickwood D, Dujon B, Darley-Usmar VM (1990) Yeast mitochon-
dria. In: Campbell I, Duffus JH (eds) Yeast — a practical
approach. IRL Press, Oxford, pp. 189-255

Roéhlen DA, Hoffmann J, van der Pas JC, Nehls U, Preis D, Sack-
mann U, Weiss H (1991) Relationship between a subunit of
NADH dehydrogenase (complex I) and a protein family includ-
ing subunits of cytochrome reductase and processing protease of
mitochondria. FEBS Lett 278:75-78

Rose MD, Novick P, Thomas JH, Botstein D, Fink GR (1987)
A Saccharomyces cerevisize genomic plasmid bank based on
a centromere-containing shuttle vector. Gene 60:237-243

Rothstein RJ (1991) One-step gene disruption in yeast. Methods
Enzymol 101:202-211

Rouser G, Siakatos AN, Fleischer S (1966) Quantitative analysis of
phospholipids by thin-layer chromatography and phosphorus
analysis of spots. Lipids 1:85-86

Runswick MJ, Fearnley IM, Skehel JM, Walker JE (1991) Presence
of an acyl-carrier protein in NADH:ubiquinone oxidoreductase
from bovine heart mitochondria. FEBS Lett 286:121-124

Sackmann U, Zensen R, Rohlen D, Jahnke U, Weiss H (1991) The
mitochondrial acyl-carrier protein is a subunit of NADH:
ubiquinone reductase (complex I) in Neurospora crassa. Eur
J Biochem 200:463-469

Sambrook I, Fritsch EF, Maniatis T (1989) Molecular cloning:
a laboratory manual, 2nd edn. Cold Spring Harbor Laboratory,
Cold Spring Harbor, New York

Schmidt M, Wallrath J, Dérner A, Weiss H (1991) Disturbed assem-
bly of the preassembled membrane arm of NADH:ubiquinone
oxidoreductase (complex I) in citric acid-accumulating Aspergillus
niger strain B60. Appl Micobiol Biotechnol 36:667-672

Schulte U, Weiss H (1995) Generation and characterization of
NADH:ubiquinone oxidoreductase (complex I) mutants in Neur-
ospora crassa. In: Attardi G, Chomyn A (eds) Mitochondrial
genetics and biogenesis. Methods Enzymol 260:3-14

Sevanian A (1991) Lipid damage and repair. In: Davis KJ (ed)
Oxidative damage and repair: chemical, biological and medical
aspects. Pergamon Press, Oxford pp 543-549

Sherman F, Fink GR, Hicks JB (1986) Methods in yeast genetics.
Cold Spring Harbor Laboratory, Cold Spring Harbor, New York

Shintani DK, Ohlrogge JB (1994) The characterization of
a mitochondrial acyl-carrier protein isoform isolated from
Arabidopsis thaliana. Plant Physiol 104:1221-1229

Slabas AR and Fawcett T (1992) The biochemistry and molecular
biology of plant lipid biosynthesis. Plant Mol Biol 19:169-191

Smith S (1994) The animal fatty acid synthase: one gene one poly-
peptide, seven enzymes. FASEB T 8:1248-1259

Soni R, Carmichael JP, Murray JAH (1993) Parameters affecting
lithium acetate-mediated transformation of Saccharomyces
cerevisiae and development of a rapid and simplified procedure.
Curr Genet 24:455-459

Staben C, Jensen B, Singer M, Pollock J, Schechtman M, Kinsey J,
Selker E (1989) Use of a bacterial hygromycin B resistance gene
as a dominant marker in Neurospora crassa transformation.
Fungal Genet Newslett 36:79-81



Tuschen G, Sackmann U, Nehls U, Haiker H, Buse G, Weiss
H (1990) Assembly of NADH:ubiquinone reductase (complex I)
in Neurospora mitochondria; independent pathways of nuclear-
encoded and mitochondrially encoded subunits. J Mol Biol
213:845-857

Tzagoloff A, Dieckmann CL (1990) PET genes of Saccharomyces
cerevisiae. Microbiol Rev 54:211-225

Voelker DR (1991) Organelle biogenesis and intracellular lipid
transport in eukaryotes. Microbiol Rev 55:543-560

Vries S de, Grivell LA (1988) Purification and characterisation of
a rotenone-insensitive = NADH:Q6 oxidoreductase from
mitochondria of Saccharomyces cerevisae. Eur J Biochem
176:377-384

Walker JE (1992) The NADH:ubiquinone oxidoreductase
(complex 1) of respiratory chains. Quart Rev Biophys 25:
253-324

Wang D-C, Meinhardt SW, Sackmann U, Weiss H, Ohnishi
T (1991) The iron-sulphur clusters in the two related forms of
mitochondrial NADH:ubiquinone oxidoreductase made by
Neurospora crassa. Eur J Biochem 197:257-264

17

Weidner U, Geier S, Ptock A, Friedrich T, Leif H, Weiss H (1993)
The gene locus of the proton-translocating NADH:ubiquinone
oxidoreductase in Escherichia coli. Organisation of the 14 genes
and relationship between the derived proteins and subunits of
mitochondrial complex 1. J Mol Biol 233:109-122

Weiss H, von Jagow G, Klingenberg M, Biicher T (1970) Character-
ization of Neurospora crassa mitochondria prepared with
a grind-mill. Eur J Biochem 14:75-82

Weiss H, Friedrich T, Hofthaus G, Preis D (1991) The respiratory-
chain NADH dehydrogenase (complex I) of mitochondria. Eur
J Biochem 197:563-576

Xu X, Matsuno-Yagi A, Yagi T (1993) DNA sequencing of the seven
remaining structural genes of the gene cluster encoding the
energy-transducing NADH-quinone oxidoreductase of Paracoc-
cus denitrificans. Biochemistry 32:968-981

Zensen R, Husmann H, Schneider R, Friedrich T, Peine T, Weiss
H (1992) De novo synthesis and de-saturation of fatty acids at the
mitochondrial acyl-carrier protein, a subunit of NADH:
ubiquinone oxidoreductase in Neurospora crassa. FEBS Lett
310:179-182



