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An open reading frame homologous with genes of non-
proton-pumping NADH dehydrogenases was identified in the
genome of Neurospora crassa. The 57 kDa NADH:ubiquinone
oxidoreductase acts as internal (alternative) respiratory NADH
dehydrogenase (NDI1) in the fungal mitochondria. The precursor
polypeptide includes a pre-sequence of 31 amino acids, and the
mature enzyme comprises one FAD molecule as a prosthetic
group. It catalyses specifically the oxidation of NADH. Western
blot analysis of fungal mitochondria fractionated with digitonin
indicated that the protein is located at the inner face of the inner
membrane of the organelle (internal enzyme). The corresponding
gene was inactivated by the generation of repeat-induced point
mutations. The respiratory activity of mitochondria from the
resulting null-mutant ndil is almost fully inhibited by rotenone,

an inhibitor of the proton-pumping complex I, when matrix-
generated NADH is used as substrate. Although no effects of
the NDI1 defect on vegetative growth and sexual differentiation
were observed, the germination of both sexual and asexual ndil
mutant spores is significantly delayed. Crosses between the
ndil mutant strain and complex I-deficient mutants yielded no
viable double mutants. Our data indicate: (i) that NDI1 represents
the sole internal alternative NADH dehydrogenase of Neurospora
mitochondria; (ii) that NDI1 and complex I are functionally
complementary to each other; and (iii) that NDI1 is specially
needed during spore germination.

Key words: complex I, mutagenesis, NADH dehydrogenase,
respiratory chain.

INTRODUCTION

A main entry point for electrons into the mitochondrial respiratory
chain is provided by the NAD(P)H dehydrogenases. These
enzymes oxidize NADH and/or NADPH, transferring electrons
to ubiquinone. Two types of NAD(P)H dehydrogenases are found
in mitochondria: the proton-pumping respiratory complex I and
the non-proton-pumping alternative NADH dehydrogenases [1,2].
Complex I represents an assembly of approx. 40 polypeptide
subunits and performs the oxidation of matrix NADH, employing
FMN and iron—sulphur clusters. It couples the redox reaction with
the transfer of protons across the inner membrane, contributing
to oxidative phosphorylation. A number of specific inhibitors,
like rotenone and piericidin A, are known [3]. Existing in
almost all eukaryotes, with the remarkable exception of some
yeasts, it is reasonably well conserved in terms of composition,
structure and function. Homologous complexes are also present
in bacteria, archaea and in plant chloroplasts [4]. In contrast,
alternative NADH dehydrogenases are non-proton-pumping,
rotenone-resistant single polypeptide enzymes. These use FAD or
FMN as a prosthetic group, and work as monomers or homodimers
[1,5,6]. The enzymes show high variability in terms of their
function and catalytic properties [7,8].

Although none of these proteins had been described in animals,
up to four were proposed to exist in the inner membrane of plant
and fungal mitochondria [2]. Although the alternative NADH
dehydrogenases of plant mitochondria are not yet unequivocally
identified, two of them seem to be orientated towards the
matrix, oxidizing mitochondrial NADH (internal enzymes), and
two others face the intermembrane space, oxidizing cytosolic
NADH (external enzymes). Saccharomyces cerevisiae, which

lacks complex I, was shown to employ one internal and
two external NADH dehydrogenases [9], whereas the fungus
Yarrowia lipolytica, which has complex I, uses only one external
NADH dehydrogenase [10]. Similar proteins are present in
the cytoplasmic membrane of bacteria, called type II NADH
dehydrogenases or NDH2 [1].

It has been suggested that these enzymes work as ‘overflow
systems’ to prevent the over-reduction of electron-transport
carriers and the production of reactive oxygen species [2].
Their roles in different cell types are, however, far from being
well understood. Inactivation of their genes led to increased
glycerol production in yeast [11]; they have been implicated
in bacterial regulation [12]; and one plant enzyme was shown
to be cold-sensitive [13] and light-regulated [14]. Heterologous
alternative NADH dehydrogenases were used in mammalian
cells to complement complex I defects: a common cause of
mitochondrial disease [15].

The filamentous fungus Neurospora crassa has been suc-
cessfully employed for the study of many biological processes
[16], and seems well suited to characterize mitochondrial
NAD(P)H dehydrogenases, since it contains several of these
types of proteins [17]. The proton-pumping complex I has
been studied extensively [8,18,19]. The presence of rotenone-
insensitive NADH dehydrogenases, one internal oxidizing matrix
NADH and one external using cytosolic NADH and NADPH,
has been described over 30 years ago [20]. More recently,
we have identified an external calcium-dependent NADPH
dehydrogenase, and provided evidence for the presence of
at least one additional external dehydrogenase in N. crassa
mitochondria [21,22]. In the present study, we characterize the
internal alternative NADH dehydrogenase of the fungus.

Abbreviations used: Q2/Q6, ubiquinone-2 or -6 respectively.
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MATERIALS AND METHODS
N. crassa and bacterial manipulations

Growth and handling of N. crassa, including crosses, were
performed according to standard procedures [23]. Linear hyphal
extension rates were measured in race tubes [24]. Back-crosses
with wild-type were performed to obtain strains with opposite
mating types. Strains carrying the pCSN44-derived recombinant
vector were selected on plates containing 100 pg/ml hygromycin
B [25]. The bacterial strains DH5«a and M15 were used as hosts
for the pCSN44 and pQE31 (Qiagen) plasmids respectively.

Generation of antibodies

Plasmid pND-K (see below) was digested with Xhol, which cuts
in the vector and within the ndi-1 gene. The resulting 1.3 kb gene
fragment was cloned into the Sall site of the pQE31 expression
vector. This leads to expression of the C-terminal 448 amino acid
residues of NDI1 fused to a Hisg tag. The recombinant protein was
induced, purified (following the protocol of Qiagen) and used to
generate rabbit polyclonal antisera [26]. Antisera against subunits
of complex I were used as obtained previously [27], and antisera
against the mitochondrial processing peptidase and cytochrome ¢
haem lyase were kindly donated by Dr Walter Neupert (Institute
of Physiological Chemistry, University of Munich, Germany).

Mutant isolation

The ndi-1 gene was obtained from N. crassa genomic DNA by
PCR. Two primers were designed: the sense primer anneals in the
region corresponding to the N-terminus of the mature protein
(5-CGGTACCTCCACCGTGAAGTTCAACAGC-3) and the
anti-sense primer anneals 123 bp downstream of the stop codon
(5-GCCGGTACCTTCTATTTGATCC-3'). The italicized bases
were altered from the N. crassa sequence, and the underlined
bases indicate Kpnl restriction sites. After amplification, the
1751 bp fragment was purified, digested with Kpnl and
cloned into the pCSN44 vector, creating plasmid pND-K. This
recombinant vector was used for transformation of N. crassa
74-ORS8-1a spheroplasts [28]. Genomic DNA was isolated from
transformants [29] and analysed by Southern blotting [30] to
identify strains with single copy integration. The Xhol gene
fragment of 1.3 kb, described above, was labelled with the Gene
Images kit (Amersham Biosciences) and used as a probe. One
transformant carrying a duplication of the ndi-1 gene was crossed
with strain 74-OR23-1A in order to obtain mutants by repeat-
induced point mutations, as described previously [31]. Random
progeny from the cross were germinated and their mitochondrial
proteins were analysed by Western blotting with the antiserum
against NDI1, leading to the identification of mutant ndil.

Oxygen consumption

Preparation of N. crassa mitochondria has been described
previously [22]. Respiration was measured polarographically at
25 °C with a Hansatech oxygen electrode in a total volume of 1 ml.
Assays contained 0.3 M sucrose, 10 mM potassium phosphate,
pH7.2,5 mM MgCl,, 1 mM EGTA, 10 mM KCl, 4 uM carbonyl
cyanide m-chlorophenylhydrazone and 0.02% (w/v) BSA.
Rotenone and antimycin were added to final concentrations of
20 uM and 0.2 pg/ml respectively. The integrity of mitochondria
was assessed by measuring the activities of cytochrome ¢ oxidase
(EC 1.9.3.1) and malate dehydrogenase (EC 1.1.1.37) in the
absence and presence of Triton X-100 [22].
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Protein purification

Mitochondrial membranes of N. crassa strain nuo51 were isolated
[32] and stirred for 20 min in 20 mM Tris/HCI, pH 7.5, containing
1 mMEDTA, 100 mM NaCl, 0.2 % (v/v) Triton X-100 and 1 mM
PMSEF at a protein concentration of 7.5 mg/ml on ice. Membranes
were sedimented for 60 min at 250000 g. The supernatant was
dialysed against 20 mM Tris/HCI, pH 7.5, containing 1 mM
EDTA, 0.05% (v/v) Triton X-100 and 0.5 mM PMSF, and
subjected to anion-exchange chromatography (DEAE-Sepharose;
Pharmacia). Proteins were eluted by a salt gradient from 0O
to 250 mM NaCl in the dialysis buffer. Fractions with high
NADH:ubiquinone-2 (Q2) oxidoreductase activity were pooled
and subjected to Blue Sepharose chromatography (Pharmacia). A
gradient from 0.1 to 1.5 M NaCl in dialysis buffer was used to
elute the proteins. Fractions with high NADH:Q2 oxidoreductase
activity were pooled again, concentrated 60-fold by ultrafiltration
and loaded on to an Ultrogel AcA 44 (Serva) gel-filtration column
in 20 mM Mops/KOH, pH 6.5, containing 100 mM NaCl, | mM
EDTA and 0.05 % (v/v) Triton X-100. Eluted NADH:Q?2 activity
was applied to cation-exchange chromatography (Servacel CM-
52; Serva) in the same buffer using a gradient from 0.1 to 0.25 M
NaCl.

Miscellaneous

Standard protocols were used for PCR and general cloning
procedures [30]. PAGE [33], blotting, incubation of blots
with antisera and detection of alkaline phosphatase—secondary
antibody conjugates [26,28], protein determination [34], digitonin
fractionation of mitochondria [35] and alkaline extractions [29]
have all been described previously. Flavin was determined
fluorimetrically [36], and FAD was identified by reversed-
phase chromatography [37]. Redox activities were measured
in 20 mM Mops/KOH containing 200 mM KCI, 1 mM EDTA,
5 uM antimycin and 0.05 % Triton X-100. NADH:Q2 activity
was routinely determined as NADH oxidation at 340 nm using
100 uM NADH and 100 uM Q2. For Edman degradation, the
isolated protein was subjected to SDS/PAGE, blotted on to a
PVDF membrane and sequenced on an Applied Biosystems
477A-pulse liquid-protein sequencer [38].

RESULTS
Identification and localization of NDI1

To identify genes coding for mitochondrial NAD(P)H dehydro-
genases, we performed a BLAST search of the genomic
database of the Neurospora Sequencing Project at the
Whitehead Institute/MIT Center for Genome Research (www-
genome.wi.mit.edu). The previously characterized alternative
NADPH dehydrogenase NDE1 [22] was used as the query
sequence. Among other homologues, contig 3.8 (assembly version
3) contains the ndi-1 gene. It encodes a precursor polypeptide of
538 amino acid residues with a predicted mass of 59922 Da
(Figure 1). An in-frame stop codon is present 12 nt before
the presumed initiation ATG codon. The coding sequence is
interrupted by a single 77 bp intron at position 112 after the
translation start codon. The deduced primary structure of the pro-
tein includes an N-terminal mitochondrial-targeting sequence not
present in the mature enzyme (see below). Two consensus motifs
for a dinucleotide-binding BaB-fold are identified as binding
sites for the ADP portion of NADH and FAD respectively [3].
Figure 2 displays an alignment of NDI1 with the sequences of
alternative NADH dehydrogenases from different organisms. The
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Figure 1

1- MASITRFARTSSSSLOVSTRSAPLALTARNFSTVKFNNKDRKERVVILGSGWAGYSFAK

61~ DLDPEKYERIFISPRSYFVFTPLLASTAVGTLEFRTVLEPIRRLDYGIGFHQGWAQDID
121- FANKTIRVEANANADSASKAVVPIGQGGQLNQASARGALFDVPYDKLVIACGAYSQTFG
181- IEGVREHANFLRDVGDARRIRLRVLSLFELCAYPKGVDNLTDEDRANLLHFAIVGGGPT
241- GIEYASELHDLIHDDLSKMYPDLLKFVRITVYDVSPKVLPMFDQALSKYAMDAFKRQKI
301- EIRTQHNIERVRPADGKLGSEYGELKLKIKQYGDKEVGAGLVVWSTGLMANPLIKQLAS
361- DKFAVPISPEDRAEARRPKAKLATDARTGGILVDEHFRVRIETQTTDAAKGSEIVPTSS
421- SNSLLRDVFVLGDAAVIESQRTLPKTAQVAAQQATYLAKVLNKANEGVIDVKDAPGEFKF
481 - RNWGVMTYLGSWKAIHQGPRDELRGWAAWVLWRSAYLAKSMSWRNRFLVPIYWLVSWVF

541- GRGISRF

Deduced primary structure of the NDI1 precursor polypeptide

The cleavable mitochondrial targeting sequence, as well as invariant three-G residues within conserved dinucleotide-binding motifs, are shown underlined.
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Figure 2

MLRTYRVARASGLATAPRTLTLTSTTATRHLFTLPKSLQLRRPEKLSLISQRQLSGRPLP

MIRQSLMKTVWANSSRFSLQSKSGLVKYAKNRSFHAARNLLEDKKYV
MLPRLGFARTARSIHRFKMTQIS---KPFFHSTE---VGKPG
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SVSEDEYF -~ - =~ ===
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QIRNKIIQNLELSCLP----TTS] PLLNEDLTLH
RIRRTVIDCFEKSVIP----GLS ?¥VYEDLVKI

DVHOR
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PESILFT
SDHFINMK
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KTLMSRIPEQTN-RRGLLINDKLEL
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Alignment of sequences of alternative NADH dehydrogenases

ncNDI1
ncNDEL
stNDB
scNDEL
ScNDE2
scNDI
SENDA

ncNDI1
ncNDEL
StNDB
ScNDEL
scNDE2
scNDI
stNDA

ncNDI1
ncNDEL
StNDB
SCNDEL
scNDE2
scNDI
StNDA

ncNDIL
ncNDEL
StNDB
scNDE1
SCNDE2
$cNDI
StNDA

ncNDI1
ncNDEL
sStNDB
scNDEL
scNDE2
SCNDI
stNDA

RPKAKLATDARTGGILVDEHFRVRIETQTTDAAKGSEIVET;
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ISRF 538
LMRY 673
SSRI 577
S8I 560
sgv 545
FFKCGL 513
ISRI 495

Identical amino acid residues present in at least four of the proteins from N. crassa (nc), S. cerevisiae (sc) and Solanum tuberosum (st) are shown on a grey background. Amino acid regions containing
the three-G residues within conserved dinucleotide-binding motifs are shown underlined. Accession numbers of the sequences shown are NCU00153.1, CAB41986, CAB52797, CAA87359,
CAA98651, S26704 and CAB52796 for ncNDI1, ncNDE1, stNDB, scNDE1, scNDE2, scNDI and stNDA respectively.

© 2003 Biochemical Society



1008 M. Duarte and others

% DIG

0.025
0.05
0.075
0.125
0.15

0.1
0.2
03
0.5

= =

MPP - e o e e e = e e —— =

NDIt -

CCHL—H«._.. R VT S S —

Figure 3 Protease accessibility upon digitonin solubilization of
mitochondria

Mitochondria (100 1g) were solubilized with different concentrations of digitonin (DIG), treated
with proteinase K (except the first lane) and analysed by Western blotting with antisera against
NDI1, the mitochondrial processing peptidase (MPP) and the cytochrome ¢ haem lyase (CCHL).
The control experiment (C) was performed in the presence of Triton X-100.

sequences are highly conserved around the nucleotide-binding
motifs. Insertions that correspond to calcium-binding motifs of
NDEI1 [21] and NDB [14] are evident.

The mature NDII protein with an apparent molecular mass
of 57 kDa was identified by Western blot analysis with specific
polyclonal antisera (see Figure 3) in mitochondrial membrane
preparations, obtained by sonication of the organelles followed by
high-speed centrifugation. The protein is fully extracted by alka-
line treatment of mitochondria, as is, for example, the 30.4 kDa
subunit of complex I [39], suggesting that it is not an intrinsic
membrane protein (results not shown). To obtain a more detailed
localization of NDI1, we performed digitonin fractionations of
mitochondria. After treatment with proteinase K, the fractions
were analysed by immunoblotting with antisera against NDI1
(Figure 3). The protein is resistant to the protease both in
intact organelles and upon opening of the outer mitochondrial
membrane with low concentrations of digitonin, as can be
seen from the degradation pattern of cytochrome ¢ haem lyase,
an intermembrane space protein marker [40]. NDI1 behaves
similarly to mitochondrial processing peptidase, a matrix protein
marker [41], suggesting that it becomes accessible to the protease
only when both mitochondrial membranes are solubilized by
detergent. Taken together, these results indicate that NDII is
located in the inner mitochondrial membrane, facing the matrix
side.

The NDI1 protein was isolated from mitochondrial membranes
of N. crassa mutant nuo51 [32]. This mutant lacks an active
proton-pumping complex I, and thus provides mitochondria with
reduced background NADH dehydrogenase activity. Indicative
for NDI1, we determined the NADH:Q2 redox activity [42],
which is lower, but more specific, than NADH:ferricyanide
activity. Although NDI1 contributes only a small fraction
to the high NADH:ferricyanide redox activity of N. crassa
mitochondria, it appears to be the major enzyme providing
NADH:Q2 redox activity in nuo51 mitochondria. NDI1 was
extracted from the membranes by a low concentration of Triton
X-100, leaving most integral membrane proteins insoluble.
The enzyme was isolated by a range of chromatographic
procedures, including anion-exchange chromatography, Blue
Sepharose chromatography, gel-filtration and cation-exchange
chromatography. The final preparation showed a single band
of 57kDa on SDS/PAGE. N-terminal sequencing yielded the
sequence STVKFNNKDRKERVVILG (this sequence includes
parts of both exons, confirming the intron). Thus the first 31
amino acid residues of the precursor polypeptide are removed
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Figure 4 Single-copy transformant of the ndi-1 gene

BamHI

Genomic DNA from wild-type Neurospora (lanes 1) and transformant T10 (lanes 2) was digested
with the indicated restriction enzymes and analysed by Southern blotting using the ndi-1 gene
as a probe. The sizes of the detected bands are indicated (in kb).

after import into mitochondria, yielding a mature protein of
56611 Da. Corresponding to this molecular mass, the isolated
protein contained 0.9 mol of FAD/mol of protein.

The isolated enzyme is highly specific for the electron donor
NADH. Deamino-NADH, as well as NADPH, yielded more-
than-100-fold-lower rates. A K, value of 56 uM was determined
for NADH using Q2 as electron acceptor. Affinities for deamino-
NADH and NADPH were not determined exactly, because of
the very low activity with these substrates. The enzyme can
utilize various electron acceptors. Highest activities were obtained
with ferricyanide, yielding a maximal catalytic-centre activity
of 800 s™'. Quinones Q2 and ubiquinone-6 (Q6) yielded 3-fold-
and 20-fold-lower rates respectively. Enzymic properties were
routinely assayed using Q2 as the electron acceptor, because of
its higher specificity compared with ferricyanide.

The ndi1 mutant lacks an internal NADH dehydrogenase activity

To investigate further the specific role of NDI1, we disrupted the
corresponding gene by repeat-induced point mutations (‘RIPing’).
This unusual phenomenon introduces GC — AT transition
mutations with a certain frequency in repeated sequences in
Neurospora, when they pass through a genetic cross, leading
to gene inactivation [43]. Thus we duplicated the ndi-/ gene in
N. crassa by transforming fungal spheroplasts with plasmid pND-
K. To identify the single-copy transformant T10, genomic DNA
from 12 strains was analysed by Southern blotting using ndi-
1 gene sequences as the probe. Figure 4 shows that digestion of
wild-type DNA with Kpnl results in the detection of a 9.8 kb band.
An extra band of 1.8 kb is detected when DNA from T10 is treated
with the same enzyme, indicating that the fragment introduced in
the genome is intact. Treatment of wild-type DNA with HindIII
or BamHI results in the detection of single bands of 2.9 or 5.0 kb
respectively. The same treatments of T10 DNA result in the
detection of single extra bands of 3.9 or 5.3 kb respectively. These
results indicate that a single chromosomal gene codes for NDI1 in
N. crassa and that strain T10 has an ectopic duplicated copy of the
1.8 kb Kpnl fragment. The T10 transformant was crossed with a
wild-type strain and random ascospore progeny were germinated
and used for the isolation of mitochondria. The mitochondrial
proteins were analysed by Western blotting with antiserum against
NDII1. A mutant strain lacking the NDI1 protein was identified
(Figure 5) among 98 spores analysed. The identified mutant was
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NDI1 -

Figure 5 Mutant strain lacking the NDI1 protein

Total mitochondrial proteins (100 xcg) from wild-type (lane 1) and the ndi1 mutant (lane 2) were
analysed by Western blotting with an antiserum against the NDI1 protein.

wt ndii
malate

antimycin A

Figure 6 Matrix NADH oxidation by wild-type and ndi1 mitochondria

The initial activities were 69 and 51 nmol of O,/min per mg of protein for wild-type and mutant
mitochondria respectively. Latencies of wild-type and ndi1 mitochondria were 93% and 92% for
cytochrome ¢ oxidase (outer membrane integrity) and 96% and 93% for malate dehydrogenase
(inner membrane integrity) respectively.

hygromycin-resistant, due to the ectopically integrated plasmid
pND-K. The position of the integrated plasmid is unknown,
and thus could affect an unknown gene at the integration site.
To avoid this uncertainty, we back-crossed the mutant with wild-
type and isolated a hygromycin-sensitive ndil mutant.

Respiration of mitochondria from the ndil mutant was analysed
with an oxygen electrode. The oxidation rates of NADH and
NADPH in ndil-intact mitochondria were similar to those
of the wild-type strain (results not shown). These activities
arise from enzymes located in the outer face of the inner
mitochondrial membrane and thus acting on cytosolic substrates
(external enzymes). A marked difference between activities of
wild-type and mutant mitochondria was determined concerning
the oxidation of matrix NADH. The oxygen uptake of wild-
type mitochondria supplied with pyruvate/malate, which causes
formation of NADH in the matrix, can be inhibited by 50 %
with the complex I inhibitor rotenone (Figure 6). The remaining
rotenone-resistant activity can be attributed to one (or possibly
more) internal alternative NADH dehydrogenase(s) [44]. In
contrast, 95% of the same activity of mutant mitochondria is
inhibited by rotenone (Figure 6). All of the tested respiratory
activities are completely blocked by antimycin in both wild-
type and ndil strains. These results strongly suggest that NDI1
represents the sole internal alternative NADH dehydrogenase
responsible for the rotenone-insensitive oxidation of matrix
NADH in Neurospora mitochondria.

NDI1 plays a role in spore germination

To test the above hypothesis further, we tried to generate double
mutants between ndil and different complex I mutants displaying

Table 1 Ascospore progeny resulting from genetic crosses between the
ndi1 strain and different complex | mutants

Progeny
Cross ndi1 nuo wi ndi1, nuo Total
ndi1 x nuo21 13 3 6 3 25
ndi1 x nuo51 48 10 12 0 70
ndi1 x nuo21.3c 24 9 3 0 36

Figure 7 Delayed germination of ndi1 mutant spores

Wild-type and ndi1 ascospore progeny (resulting from wt x wt or ndi1 x ndi1 crosses
respectively) were plated on sorbose plates and incubated. The picture was taken after
3 days.

various phenotypes in terms of enzyme assembly and function.
Therefore we crossed the ndil strain with mutants nuo51 [32] and
nuo21.3c [28], both of which lack a functional enzyme, and with
mutant nuo2l [45], which carries a functional complex.
Mitochondria from ascospore progeny of the three crosses
were analysed for the presence of the relevant proteins by
immunoblotting, and the results are shown in Table 1. As
expected, double mutants seem to be viable only when some
complex I is present to compensate for the NDI1 deficiency. No
double mutant was obtained in the crosses between ndil and
nuo51 or nuo21.3c, whereas double mutants were isolated from
the cross between ndil and nuo21. As a positive control, wild-
type recombinants were recovered from all crosses. These results
support the idea that only one alternative NADH dehydrogenase
faces the mitochondrial matrix in N. crassa mitochondria.
Apparently, a complete deficiency in the oxidation of matrix
NADH prevents the viability of double mutants, at least under
the conditions used.

The NDII1 dehydrogenase is not essential for vegetative or
sexual development in N. crassa. In standard media, the growth
and ability to produce conidia of the ndil mutant and wild-
type are comparable. In addition, the linear hyphal extension
rates were measured in race tubes, varying the carbon source
and temperature conditions. No appreciable growth defects were
observed in the mutant, except for a slightly longer lag phase
when acetate was employed as the carbon source (results not
shown). Homozygous crosses between ndil mutants are fully
fertile. However, ascospores (Figure 7), as well as conidia from
ndil, germinate much more slowly than wild-type spores. It seems
that NDI1 plays a key role in the initial steps of germination of
both sexual and asexual spores of the fungus, and its absence
significantly delays the process.
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DISCUSSION

Mitochondrial NAD(P)H dehydrogenases are key enzymes of
cellular metabolism, as attested by the fact that deleting or
inactivating their genes can be a lethal event in unrelated
organisms [46,47], and protein mutations are involved in
mitochondrial disease [48]. Mammals only possess the proton-
pumping complex I. At the other extreme, plants seem to contain
up to four alternative enzymes in addition to complex I. Some
yeasts, like S. cerevisiae, only have three non-proton-pumping
alternative NADH dehydrogenases. In this respect, the respiratory
chain of N. crassa appears to be quite interesting, because it
combines the capabilities of humans and S. cerevisiae, and may
be as complex as those of plants, where calcium regulates enzyme
activity [2]. The existence of internal and external alternative
NADH dehydrogenases in the inner membrane of N. crassa
mitochondria was evidenced long ago [20]. Recently, we have
characterized an external NADPH dehydrogenase, NDE], that is
activated by calcium, in accordance with a predicted EF-hand
motif in its primary structure. We also provided evidence for the
presence of at least a second external dehydrogenase, NDE2 [22].

Searching the fungal genome with the NDE1 sequence led us
to the identification of three additional homologous coding
sequences [17]. One of them does not display obvious
characteristics of a mitochondrial protein, and it is not yet clear
if it is targeted to the organelle. Another one seems to be located
externally in the inner membrane of mitochondria, and probably
represents the predicted NDE2 protein (Patricia Carneiro,
personal communication; M. Duarte and A. Videira, unpublished
work). The third putative protein was characterized in the present
work as the internal NADH dehydrogenase called NDI1. In con-
clusion, the inner mitochondrial membrane of N. crassa contains
one internal and two external alternative NADH dehydrogenases.
A fourth cellular enzyme of this type remains to be located.

We have obtained convincing evidence that we have
characterized the internal NADH dehydrogenase responsible for
the rotenone-insensitive oxidation of matrix NADH. Its location
and function was concluded from an analysis of the behaviour of
the protein upon protease treatment of mitochondria fractionated
with increasing concentrations of digitonin, and from the fact that
the respiratory activity of ndil mutant mitochondria is almost
completely inhibited by rotenone. This inhibition, combined with
the failure to obtain double mutants in crosses between the ndil
strain and non-functional complex I mutants, strongly suggests
that there is a single internal alternative NADH dehydrogenase.
Following the procedure used for isolation of the internal
rotenone-insensitive NADH dehydrogenase of S. cerevisiae
[42], we isolated the mature enzyme from mitochondria. The
protein is synthesized as a precursor polypeptide containing a
mitochondrial pre-sequence of 31 amino acid residues. As for
most homologues [1,2], it contains FAD as the cofactor. Typical of
internal alternative NADH dehydrogenases in fungi, it specifically
oxidizes NADH, whereas NADPH is used poorly as substrate. Its
affinity for NADH is more than 10-fold lower than that of complex
I, supporting the assumption that it functions as an overflow valve
for excess NADH [2].

Our results also show that complex I and NDII have
complementary functions in N. crassa, as has been found to be
the case for other organisms as well. For instance, the NDII
of S. cerevisiae complemented complex I defects in mammalian
cells [15], complex I disruption in Paracoccus denitrificans
required the expression of the alternative NADH dehydrogenase
of Escherichia coli [46], and complex I disruption in Y. lipolytica
was only possible when the single external alternative NADH
dehydrogenase of this organism was targeted to the matrix side of
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the inner mitochondrial membrane [47]. The fact that complex |
[8] or ndil mutants alone are viable in N. crassa, but that double
mutants cannot be obtained, clearly suggests that the enzymes
are complementing each other. It also suggests that these
enzymes are the main proteins dealing with mitochondrial NADH
oxidation and shuttles to exchange cytosolic/matrix NADH are
either not present or not efficient in Neurospora. To our
knowledge, N. crassa is the first eukaryote identified in which,
though separately, both complex I and the internal alternative
enzyme have been inactivated.

On the other hand, it is also becoming clear that complex I
and the alternative enzymes play their own specific roles within
the cell, a conjecture that might have been anticipated from the
variety in the number and location of these proteins in different
organisms. In this respect, it was quite interesting to find that
NDI1 is involved in the efficiency of germination of both sexual
and asexual fungal spores. When the protein is inactivated by
gene disruption, germination is significantly delayed. Whether
this occurs by failure to oxidize excess NADH or by a direct
involvement of NDI1 in some specific biochemical process
remains to be investigated. Following a fire, Neurospora is usually
the first fungus to appear on burned vegetation (David Perkins,
personal communication), and thus requires a highly efficient
germination. The importance of NDII in spore germination is in
agreement with the findings that there is an increase in NAD(P)H
in the initiation of conidial germination, but coupled oxidative
phosphorylation only appears a few hours later [49].

The (proton-pumping) complex I is crucial for sexual
development in Neurospora [28,50] and in other organisms
[51,52], but its absence does not significantly influence growth
rate or spore germination in the fungus [17,19]. In contrast,
NDII is not essential for either the sexual or vegetative phases
of the fungal life cycle, but is important for the rates of spore
germination. These results indicate that, besides their capacity
for complementing each other, proton-pumping and non-proton-
pumping NADH dehydrogenases have specific cellular functions.
It has already been shown that the importance of the alternative
enzyme and of complex I in the respiratory chain of N. crassa
varies from the exponential to the stationary phase of growth
respectively [53]. It has been suggested that the higher P/O ratio
achieved with complex I may be important when the growth rate is
reduced, but using the alternative enzymes may be advantageous
during fast growth when carbon sources are abundant [7,54].
Taken as a whole, our knowledge of the function of these
enzymes is still limited, and a detailed characterization of the
specific alternative NADH dehydrogenases group of N. crassa
will contribute to our understanding of the biology of NADH
utilization in mitochondria.

We thank Ménica Rodrigues for help with rabbitimmunization, Dr Ana Melo for discussions
and Mrs Laura Pinto and Martina Roelevink for excellent technical assistance (of people
at these institutes). M. P. and U.S. acknowledge continuous support from Hanns Weiss.
This research was supported by Fundagdo para a Ciéncia e a Tecnologia from Portugal,
and the POCTI (Programa Operacional ‘Ciéncia, Tecnologia, Inovagdo’) program of QCA
Il through research grants to A. V. and a fellowship to M. D., and by grants of the Deutsche
Forschungsgemeinschaft through SFB 189 to U.S.

REFERENCES

1 Yagi, T. (1993) The bacterial energy-transducing NADH-quinone oxidoreductases.
Biochim. Biophys. Acta 1141, 1-17

2 Moller, I. M. (2001) Plant mitochondria and oxidative stress: electron transport, NADPH
turnover, and metabolism of reactive oxygen species. Annu. Rev. Plant Physiol. Plant Mol.
Biol. 52, 561-591

3 Walker, J. E. (1992) The NADH:ubiquinone oxidoreductase (complex I) of respiratory
chains. Q Rev. Biophys. 25, 253-324



Internal NADH dehydrogenase of Neurospora mitochondria 1011

20

21

22

23

24

25

26

27

28

29

30

Friedrich, T. and Weiss, H. (1997) Modular evolution of the respiratory NADH:ubiquinone
oxidoreductase and the origin of its modules. J. Theor. Biol. 187, 529-540

Rasmusson, A. G. and Agius, S. C. (2001) Rotenone-insensitive NAD(P)H
dehydrogenases in plants: immunodetection and distribution of native proteins in
mitochondria. Plant. Physiol. Biochem. 39, 1057-1066

Fang, J. and Beattie, D. S. (2002) Novel FMN-containing rotenone-insensitive NADH
dehydrogenase from Trypanosoma brucei mitochondria: isolation and characterization.
Biochemistry 41, 3065-3072

Kerscher, S. J. (2000) Diversity and origin of alternative NADH:ubiqguinone
oxidoreductases. Biochim. Biophys. Acta 1459, 274-283

Videira, A. and Duarte, M. (2001) On complex | and other NADH:ubiquinone reductases of
Neurospora crassa mitochondria. J. Bioenerg. Biomembr. 33, 197203

Bakker, B. M., Overkamp, K. M., van Maris, A. J., Kotter, P, Luttik, M. A., van Dijken, J. P.
and Pronk, J. T. (2001) Stoichiometry and compartmentation of NADH metabolism in
Saccharomyces cerevisiae. FEMS Microbiol. Rev. 25, 15-37

Kerscher, S. J., Okun, J. G. and Brandt, U. (1999) A single external enzyme confers
alternative NADH:ubiguinone oxidoreductase activity in Yarrowia lipolytica. J. Cell Sci.
112, 2347-2354

Overkamp, K. M., Bakker, B. M., Kotter, P, Luttik, M. A., Van Dijken, J. P. and Pronk, J. T.
(2002) Metabolic engineering of glycerol production in Saccharomyces cerevisiae. Appl.
Environ. Microbiol. 68, 2814-2821

Howitt, C. A., Udall, P. K. and Vermaas, W. F. (1999) Type 2 NADH dehydrogenases in the
cyanobacterium Synechocystis sp. strain PCC 6803 are involved in regulation rather than
respiration. J. Bacteriol. 181, 3994-4003

Svensson, A. S., Johansson, F. I, Moller, . M. and Rasmusson, A. G. (2002) Cold stress
decreases the capacity for respiratory NADH oxidation in potato leaves. FEBS Lett. 517,
79-82

Svensson, A. A. and Rasmusson, A. G. (2001) Light-dependent gene expression for
proteins in the respiratory chain of potato leaves. Plant J. 28, 73-82

Yagi, T., Seo, B. B., Di Bernardo, S., Nakamaru-0giso, E., Kao, M.C. and Matsuno-Yagi, A.
(2001) NADH dehydrogenases: from basic science to biomedicine. J. Bioenerg.
Biomembr. 33, 233-242

Davis, R. H. and Perkins, D. D. (2002) Timeline: Neurospora: a model of model microbes.
Nat. Rev. Genet. 3, 397-403

Videira, A. and Duarte, M. (2002) From NADH to ubiquinone in Neurospora
mitochondria. Biochim. Biophys. Acta 1555, 187191

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

Videira, A. (1998) Complex | from the fungus Neurospora crassa. Biochim. Biophys. Acta
1364, 89-100

Weiss, H., von Jagow, G., Klingenberg, M. and Buecher, T. (1970) Characterization of
Neurospora crassa mitochondria prepared with a grind-mill. Eur. J. Biochem. 14, 75-82
Melo, A. M., Duarte, M. and Videira, A. (1999) Primary structure and characterisation of a
64 kDa NADH dehydrogenase from the inner membrane of Neurospora crassa
mitochondria. Biochim. Biophys. Acta 1412, 282287

Melo, A. M., Duarte, M., Moller, I. M., Prokisch, H., Dolan, P. L., Pinto, L., Nelson, M. A.
and Videira, A. (2001) The external calcium-dependent NADPH dehydrogenase from
Neurospora crassa mitochondria. J. Biol. Chem. 276, 3947-3951

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

Davis, R. H. (2000) in Neurospora: Contributions of a Model Organism (Perkins, D., ed.),
Oxford University Press, NY

Staben, C., Jensen, B., Singer, M., Pollock, J., Schechtman, M., Kinsey, J. and

Selker, E. U. (1989) Use of a bacterial hygromycin B resistance gene as a dominant
marker in Neurospora crassa transformation. Fungal Genet. Newslett. 36, 79-81

Videira, A. and Werner, S. (1989) Assembly kinetics and identification of precursor
proteins of complex | from Neurospora crassa. Eur. J. Biochem. 181, 493-502

Videira, A., Tropschug, M., Wachter, E., Schneider, H. and Werner, S. (1990) Molecular
cloning of subunits of complex | from Neurospora crassa. Primary structure and

in vitro expression of a 22-kDa polypeptide. J. Biol. Chem. 265, 13060—13065

Duarte, M. and Videira, A. (2000) Respiratory chain complex | is essential for sexual
development in Neurospora and binding of iron sulfur clusters are required for enzyme
assembly. Genetics 156, 607-615

Videira, A., Azevedo, J. E., Werner, S. and Cabral, P. (1993) The 12.3 kDa subunit of
complex | from Neurospora crassa: cDNA cloning and chromosomal mapping of the
gene. Biochem. J. 291, 729-732

Sambrook, J. and Russell, D.W. (2001) Molecular cloning: a laboratory manual. Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, NY

Received 2 September 2002/17 January 2003; accepted 29 January 2003
Published as BJ Immediate Publication 29 January 2003, DOI 10.1042/BJ20021374

31

32

33

35

36

37

38

39

40

4

42

43

44

45

46

47

48

49

50

51

52

53

54

Alves, P. C. and Videira, A. (1994) Disruption of the gene coding for the 21.3-kDa subunit
of the peripheral arm of complex | from Neurospora crassa. J. Biol. Chem. 269,
T777-7784

Fecke, W., Sled, V. D., Ohnishi, T. and 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-sulphur cluster
N-3. Eur. J. Biochem. 220, 551-558

Zauner, R., Christner, J., Jung, G., Borchart, U., Machleidt, W., Videira, A. and Werner, S.
(1985) Identification of the polypeptide encoded by the URF-1 gene of Neurospora crassa
mtDNA. Eur. J. Biochem. 150, 447-454

Bradford, M. M. (1976) A rapid and sensitive method for the quantification of microgram
quantities of protein using the principle of protein-dye binding. Anal. Biochem. 72,
248-254

Folsch, H., Guiard, B., Neupert, W. and Stuart, R. A. (1996) Internal targeting signal of the
BCS1 protein: a novel mechanism of import into mitochondria. EMBO J. 15, 479-487
Koziol, J. (1971) Fluorometric analysis of riboflavin and its coenzymes. Methods
Enzymol. 18, 253-285

Schulte, U., Haupt, V., Abelmann, A., Fecke, W., Brors, B., Rasmussen, T., Friedrich, T.
and Weiss, H. (1999) A reductase/isomerase subunit of mitochondrial NADH:ubiquinone
oxidoreductase (complex I) carries an NADPH and is involved in the biogenesis of the
complex. J. Mol. Biol. 292, 569-580

Matsudaira, P. (1987) Sequence from picomole quantities of proteins electroblotted onto
polyvinylidene difluoride membranes. J. Biol. Chem. 262, 10035-10038

Videira, A., Tropschug, M. and Werner, S. (1990) Primary structure and expression of a
nuclear-coded subunit of complex | homologous to proteins specified by the chloroplast
genome. Biochem. Biophys. Res. Commun. 171, 1168-1174

Lill, R., Stuart, R. A., Drygas, M. E., Nargang, F. E. and Neupert, W. (1992) Import of
cytochrome ¢ heme lyase into mitochondria: a novel pathway into the intermembrane
space. EMBO J. 11, 449-456

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

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

Selker, E. U. and Garrett, P. W. (1988) DNA sequence duplications trigger gene
inactivation in Neurospora crassa. Proc. Natl. Acad. Sci. U.S.A. 85, 68706874
Almeida, T., Duarte, M., Melo, A. M. and Videira, A. (1999) The 24-kDa iron-sulphur
subunit of complex | is required for enzyme activity. Eur. J. Biochem. 265, 86-92
Ferreirinha, F., Duarte, M., Melo, A. M. and Videira, A. (1999) Effects of disrupting the

21 kDa subunit of complex | from Neurospora crassa. Biochem. J. 342, 551-554

Finel, M. (1996) Genetic inactivation of the H+ -translocating NADH:ubiquinone
oxidoreductase of Paracoccus denitrificans is facilitated by insertion of the ndh gene from
Escherichia coli. FEBS Lett. 393, 81-85

Kerscher, S. J., Eschemann, A., Okun, P. M. and Brandt, U. (2001) External alternative
NADH:ubiquinone oxidoreductase redirected to the internal face of the mitochondrial
inner membrane rescues complex | deficiency in Yarrowia lipolytica. J. Cell Sci. 114,
3915-3921

Smeitink, J., Sengers, R., Trijbels, F. and van den Heuvel, L. (2001) Human
NADH:ubiquinone oxidoreductase. J. Biognerg. Biomembr. 33, 259-266

Schmit, J. C. and Brody, S. (1976) Biochemical genetics of Neurospora crassa conidial
germination. Bacteriol. Rev. 40, 1-41

Duarte, M., Mota, N., Pinto, L. and Videira, A. (1998) Inactivation of the gene coding for
the 30.4-kDa subunit of respiratory chain NADH dehydrogenase: is the enzyme essential
for Neurospora? Mol. Gen. Genet. 257, 368-375

Ragone, G., Caizzi, R., Moschetti, R., Barsanti, P., De Pinto, V. and Caggese, C. (1999)
The Drosophila melanogaster gene for the NADH:ubiquinone oxidoreductase acyl carrier
protein: developmental expression analysis and evidence for alternatively spliced forms.
Mol. Gen. Genet. 261, 690-697

Tsang, W. Y., Sayles, L. C., Grad, L. |, Pilgrim, D. B. and Lemire, B. D. (2001)
Mitochondrial respiratory chain deficiency in Caenorhabditis elegans results in
developmental arrest and increased lifespan. J. Biol. Chem. 276, 32240-32246
Schwitzguebel, J. P. and Palmer, J. M. (1982) Properties of mitochondria as a function of
the growth stages of Neurospora crassa. J. Bacteriol. 149, 612—-619

Pahlman, I. L., Larsson, C., Averet, N., Bunoust, 0., Boubekeur, S., Gustafsson, L. and
Rigoulet, M. (2002) Kinetic regulation of the mitochondrial glycerol-3-phosphate
dehydrogenase by the external NADH dehydrogenase in Saccharomyces cerevisiae.

J. Biol. Chem. 277, 27991-27995

© 2003 Biochemical Society






