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The existence of specific respiratory supercomplexes in mitochondria of most organisms has gained much
momentum. However, its functional significance is still poorly understood. The availability of many deletion
mutants in complex I (NADH:ubiquinone oxidoreductase) of Neurospora crassa, distinctly affected in the
assembly process, offers unique opportunities to analyze the biogenesis of respiratory supercomplexes. Herein,
we describe the role of complex I in assembly of respiratory complexes and supercomplexes as suggested by
blue and colorless native polyacrylamide gel electrophoresis and mass spectrometry analyses of mildly solu-
bilized mitochondria from the wild type and eight deletion mutants. As an important refinement of the fungal
respirasome model, we found that the standard respiratory chain of N. crassa comprises putative complex I
dimers in addition to I-III-IV and III-IV supercomplexes. Three Neurospora mutants able to assemble a
complete complex I, lacking only the disrupted subunit, have respiratory supercomplexes, in particular I-III-IV
supercomplexes and complex I dimers, like the wild-type strain. Furthermore, we were able to detect the
I-III-IV supercomplexes in the nuo51 mutant with no overall enzymatic activity, representing the first example
of inactive respirasomes. In addition, III-IV supercomplexes were also present in strains lacking an assembled
complex I, namely, in four membrane arm subunit mutants as well as in the peripheral arm nuo30.4 mutant.
In membrane arm mutants, high-molecular-mass species of the 30.4-kDa peripheral arm subunit comigrating
with III-IV supercomplexes and/or the prohibitin complex were detected. The data presented herein suggest

that the biogenesis of complex I is linked with its assembly into supercomplexes.

The filamentous fungus Neurospora crassa, with a sequenced
40-Mb genome (31, 52), is an outstanding eukaryotic model for
all aspects of the biosciences, with numerous molecular genet-
ics tools available (19). So-called RIPing (repeat-induced
point mutation), which is an effective defense against dupli-
cated sequences, is commonly used to achieve gene disrup-
tion (8, 74). Overall, N. crassa has been vastly used in mi-
tochondria research, such as studies of the protein import
machinery (2, 43, 75).

The standard oxidative phosphorylation (OXPHOS) system
is composed of the four major respiratory chain complexes and
the FoF,-ATP synthase (complex V) and is responsible for
most of the cellular ATP production. Research on complex I
(NADH:ubiquinone oxidoreductase), the largest and most in-
tricate OXPHOS component, has taken on greater significance
since many human mitochondrial diseases involve structural
and functional defects of this enzyme complex (reviewed in
references 30 and 42). Contradicting the predominant view
(35), the respirasome model was introduced based on the re-
sults by blue native polyacrylamide gel electrophoresis (BN-
PAGE) of efficiently but mildly solubilized bovine heart mito-
chondria that led to the separation of high yields of
stoichiometric respiratory supercomplexes and of ATP syn-
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thase dimers (67, 68). In line with the ancient “solid-state
model” (13), this model postulates the quantitative assembly of
the I, III, and IV respiratory complexes into two different
supercomplexes, I, III,IV, and III,IV,, occurring in a 2:1 ratio.
Furthermore, the complexes I, III, and IV are present in a
1:3:6 stoichiometry (37, 68). In fact, the analysis of digitonin-
solubilized mitochondria, isolated from fresh bovine heart, by
a particular gentle colorless native PAGE (CN-PAGE), recov-
ered nearly all of the I, III, and IV complexes as supercom-
plexes and most of the ATP synthases as dimers and higher
oligomers (46, 48). Likewise, specific respiratory supercom-
plexes were detected by similar approaches in mitochondria of
various eukaryotes (15, 26, 27, 45, 47, 61, 62, 64, 71, 94, 97, 98),
including the filamentous fungus Podospora anserina (45), as
well as in bacteria (79). Recently, the first single particle struc-
tures of respiratory supercomplexes were determined (24, 39,
66), and several other important studies by the bioenergetics/
mitochondrial community have supported the respirasome
model (1, 6, 10, 18, 21, 49, 56, 62, 85, 86, 88, 96). However, the
functional significance of respiratory supercomplexes, includ-
ing their enzymatic advantages, is still poorly documented.
Since these supercomplexes represent assemblies of sequential
enzymes, substrate channeling has been proposed (67), which
is plausible in theory but difficult to prove experimentally (77).
Accumulating evidence from the investigation of mutants and
in human patients, with specific assembly defects of a single
respiratory complex, suggests that complexes III and IV are
involved to various extents in the assembly/stabilization of
complex I in mammals (1, 7, 18, 21, 56, 71). In contrast, the
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absence of complex I in mitochondria of human patients (71)
and plants (60, 62) was found not to reduce the abundance of
the other OXPHOS complexes. However, site-directed muta-
tions of the NDUFS2 (49-kDa subunit) and NDUFS4 (18-kDa
AQDQ; homologue of the 21-kDa subunit of N. crassa) genes
in human patients (85) and the gene encoding the 51-kDa
subunit homologue in Caenorhabditis elegans (32, 33) were
reported to reduce the amounts of both assembled complex I
and of complex III (85) or complex IV (32, 33), respectively.

The molecular details of complex I biogenesis are far from
elucidated. However, and in contrast to human complex I (3,
86, 91), a modular assembly pathway of the peripheral and
membrane arms has been described in N. crassa (84). This is at
least partially due to the existence of a comprehensive collec-
tion of complex I mutants in N. crassa (reviewed in references
55 and 89), which only exists because the fungus possesses
several alternative NADH dehydrogenases (12, 55, 89). To
unravel the molecular details underlying the formation of res-
piratory supercomplexes and their functional significance, we
analyzed the steady-state supramolecular organization of the
OXPHOS machinery of wild-type and eight complex I deletion
mutants of N. crassa using BN- and CN-PAGE. For the first
time, putative complex I dimers could be detected as compo-
nents of the standard respiratory chain in a filamentous fungus.
In addition, we provide evidence showing that I-III-IV super-
complexes have nonrespiratory relevance, since the inactive
complex I of nuoS51 is assembled into supercomplexes like
those found in wild-type mitochondria as well as in the nuo21
and nuo29.9 mutants. Furthermore, digitonin-stable ATP syn-
thase dimers and III-IV supercomplexes were also present in
all strains studied. In two-dimensional (2D) BN-sodium dode-
cyl sulfate (SDS) gels of complex I deletion mutants lacking a
membrane arm subunit, considerable amounts of total 30.4-
kDa subunit comigrated with III-IV supercomplexes and/or
the prohibitin complex, suggesting a putative interaction with
them or other nonidentified assembly factors.

MATERIALS AND METHODS

Strains and isolation of crude mitochondria. The wild type, 74-OR23-1A
(74A), and eight mutant strains of N. crassa (nuo 9.8, nuo11.5, nuol4, nuo20.8,
nuo2l, nuo29.9, nuo30.4, and nuo51) were investigated in this study. Crude
mitochondria of these strains were prepared as described elsewhere (93) using
slight alterations. Mycelium was grown in 1X liquid Vogel’s medium supple-
mented with 1.5% of sucrose for 16 to 18 h, whereas some mutant strains
required 20 to 24 h of growth at 26°C with shaking. The mycelium was separated
from the culture medium by filtration through a layer of cheesecloth. All steps
described afterwards were done at 4°C. The mycelia were disrupted mechanically
in a buffer containing 0.44 M sucrose, 30 mM Tris-HCI (pH 7.4), 2 mM EDTA,
and 1 mM phenylmethylsulfonyl fluoride. Then, cell debris, nuclei, and mycelia
were removed by centrifuging twice at 2,000 X g for 5 min. The pellet was
discarded, while the supernatant was centrifuged at 20,000 X g for 45 min. The
crude mitochondrial pellet obtained was suspended in the same washing buffer
and centrifuged at 31,000 X g for 20 min. Finally, the mitochondrial pellet was
suspended in the same buffer. After isolation, the crude mitochondria were
frozen as aliquots in liquid nitrogen and stored at —80°C until use.

Electrophoretic techniques. Digitonin and n-dodecylmaltoside (DDM) were
of a high-purity grade from Calbiochem Merck Biosciences GmbH, and Triton
X-100 of high-purity grade was purchased from Roche Diagnostics GmbH.

Mitochondria were thawed on ice and centrifuged at 10,000 X g for 5 min. The
pellet was suspended in the solubilization buffer containing 50 mM NaCl, 50 mM
imidazole-HCI (pH 7.0), 10% glycerol, and 5 mM 6-aminocaproic acid (final
concentration). Mitochondria from N. crassa strains were solubilized with digi-
tonin using a detergent/protein ratio of 3.5 g/g or with Triton X-100 or DDM
using a detergent/protein ratio of 1.5 to 3 g/g at a final detergent concentration
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of 1% by adding a freshly prepared 10% detergent solution. The samples were
incubated for 30 min on ice followed by centrifugation at 20,800 X g for 10 min.
Each lane was loaded with the extract from mitochondria containing 150 pg (for
in-gel activity), 300 pg (for 2D SDS-PAGE), or 400 pg (for 2D BN-PAGE) of
protein before solubilization which was assessed by Bradford assay. For BN-
PAGE and CN-PAGE, linear 3 to 13% gradient gels overlaid with a 3% stacking
gel were used in a Hoefer SE 600 system (18 by 16 by 0.15 cm?®) (40, 69, 72).
CN-PAGE was performed according to the methods of Schégger et al. (72),
omitting Coomassie blue dye in the cathode buffer and without the addition of
detergent in the gel (46, 61). The apparent molecular masses of the OXPHOS
complexes and their supercomplexes were calibrated to digitonin-solubilized
bovine heart mitochondria (67) applied to the same first-dimension BN gel as
earlier described (45, 47, 64). The supercomplexes were assigned according to
their subunit compositions and apparent molecular masses. Lanes from the
first-dimension BN-PAGE or CN-PAGE were then excised and used for a
second-dimension 13% SDS-PAGE (64) or, alternatively, for a second-dimen-
sion 3 to 20% BN-PAGE with the addition of 0.02% (wt/vol) DDM to the
cathode buffer (67). Strips used for second-dimension SDS-PAGE were incu-
bated in a solution containing 1% SDS and 1% mercaptoethanol for 2 h at room
temperature. The first-dimension gels and 2D BN gels were Coomassie blue
R-250 stained, whereas the 2D SDS gels were stained with silver nitrate (64) or
SYPRO Ruby (Bio-Rad), respectively.

In-gel activity assays were performed as described elsewhere (45, 47, 48) using
the addition of potassium cyanide as specific inhibitor to detect stained bands
specific for complex IV, as well as comparative deamino-NADH dehydrogenase
in-gel activity specific for complex I in parallel BN gels.

In-gel digestion, MALDI-TOF-MS, and bioinformatics. Proteins were excised
from second-dimension SDS gels and subjected to in-gel digestion by overnight
trypsin (Promega) incubation at 37°C. Desalination was achieved using p-C18
Zip-Tips (Millipore) by peptide elution from the tips onto a matrix-assisted laser
desorption ionization (MALDI) sample target using 5 mg/ml 4-hydroxycinnamic
acid in 50% acetonitrile-0.1% trifluoroacetic acid. Peptide samples were ana-
lyzed by MALDI-time of flight mass spectrometry (MALDI-TOF-MS) peptide
mass fingerprint analysis (Applied Biosystems Voyager-DE PRO) as described
elsewhere (64, 65).

The peptide mass lists were matched against the fungi database subset from
the NCBInr database using the MASCOT search engine (www.matrixscience
.com). The search included one possible missing cleavage site as well as possible
methionine oxidation and cysteine derivatization by acrylamide (Cys-S-B-propi-
onamide) with a maximal MS error tolerance of 30 to 90 ppm. The probability
score calculated by the software was set to be higher than 58 (P < 0.05) as the
criterion for correct identification. Furthermore, the spot position and its appar-
ent mass in the second-dimension gel had to be in line with the calculated
physical data of the protein found in the database and literature search. Predic-
tion of transmembrane domains was according to the TMHMM program (http:
/lwww.cbs.dtu.dk/servicess TMHMM-2.0/), and the molar mass, pI, and the grand
average of hydropathicity (GRAVY) were calculated using the Protparam tool
(us.expasy.org/tools/protparam.html) as described elsewhere (64).

Western blotting technique. After 2D BN-SDS-PAGE, proteins were electro-
transferred onto a polyvinylidene difluoride membrane, purchased from Bio-
Rad, using the semidry method. The Whatman paper was soaked in blotting
buffer (anode, 300 mM Tris, 100 mM Tricine, pH ~8.7; cathode, 300 mM
6-aminocaproic acid, 30 mM Tris, 0.05% SDS, pH ~9.2). The membranes were
preincubated in methanol and then in anode blotting buffer, and the gels were
washed in cathode blotting buffer. 2D SDS gels were blotted for 2 h at maximal
settings of 400 mA and 25 V. After transfer, membranes were treated according
to the methods of Towbin et al. (83) and incubated overnight with polyclonal
antibodies against the 30.4-, 20.8-, 14-, 11.5-, and 9.8-kDa subunits of N. crassa
complex I. Proteins were detected with alkaline phosphatase-conjugated second-
ary antibodies.

RESULTS

Supramolecular organization of N. crassa wild-type respira-
tory chain complexes. To analyze the role of complex I in the
supramolecular organization of the OXPHOS system in N.
crassa, proteins from crude wild-type mitochondria were solu-
bilized with 3.5 g digitonin/g protein and further separated
using 2D BN-SDS-PAGE and BN/BN-PAGE. These analyses
revealed characteristic subunit patterns of protein complexes
and the individual complexes that form the supercomplexes,
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FIG. 1. Respiratory supercomplexes and ATP synthase dimers in N. crassa wild-type mitochondria. (A and B) Digitonin-solubilized crude
mitochondria were analyzed by BN-PAGE (A) and CN-PAGE (B) in the first dimension. In both panels, results are shown for in-gel activity of
COX (upper panels) and subsequent 2D SDS-PAGE (silver stained) to resolve the subunits of all OXPHOS complexes and their supercomplexes
(middle panels) and 2D BN-PAGE (Coomassie stained) with 0.02% DDM in the cathode buffer to dissociate the OXPHOS supercomplexes into
their individual complexes (lower panels). For mass calibration, digitonin-solubilized bovine heart mitochondria were used: individual complexes
I to V (130 to 1,000 kDa) and supercomplexes a to e (I,IILIV,; 1,500 to 2,300 kDa). Additionally, 31 subunits of all five OXPHOS complexes
separated in 2D BN-SDS-PAGE (A) were verified by MALDI-MS, which are marked in detail in Fig. 2 for the sake of clarity. The OXPHOS
supercomplexes were assigned according to their subunit compositions and apparent molecular masses. Besides ATP synthase monomers and
dimers (V, and V), the individual respiratory complexes I to IV as well as the respiratory supercomplexes LIILIV,, L[IIL, LIV, ILIV,, TILIV,,
and IV, are indicated. Additionally, a subunit of complex IV (spot 43; Table 1) in the 2D SDS-PAGE (A) as well as the separated complex IV
monomers, complex III dimers, and complex I monomers, which constitute the supercomplexes 1V,, IILIV, IILIV,, [;IV,, and LIILIV, in the
2D BN-PAGE (A and B) are marked by arrowheads. Note that supercomplexes 1,1V, and III,IV, have very similar apparent masses. Similarly,
the mobility of dimeric complex IV (IV,) is only slightly higher than that of complex III.

respectively (Fig. 1A) in line with in-gel activity staining of BN I-IV interaction, has only been previously found in bovine heart
gels like that of cytochrome ¢ oxidase (Fig. 1A; see also below). mitochondria by native electrophoresis (46, 48, 67). The two larg-
In addition, 31 subunits of all five OXPHOS complexes in 2D est I-III-IV supercomplexes had mobilities similar to that of the
BN-SDS gels were identified by MALDI-TOF-MS (Fig. 2; ketoglutarate dehydrogenase complex (~2,800 kDa) (Fig. 2; Ta-
Table 1), corroborating the assignment of OXPHOS com- ble 1), suggesting compositions like I, IILIV, .. Comparable su-
plexes and supercomplexes as described below. percomplexes with molecular masses up to 3,300 kDa were also

In line with results from mammalian, plant, and P. anserina observed in 2D BN-SDS gels of digitonin-solubilized mitochon-
mitochondria (4548, 67, 68), large amounts of large respiratory dria isolated from fresh bovine heart (40, 46, 48). About half of

supercomplexes comprising complexes I, III, and IV (I,IV,, the total ATP synthase was recovered as dimers (V,), as for
LIIL, and LIILIV,) as well as the smaller ones (IILIV, and digitonin-solubilized Podospora wild-type mitochondria (45). An-
IIL,IV,) were found (Fig. 1). The supercomplex I,IV, has essen- other observation was the reduced mobility of individual dimeric
tially the same apparent mass as dimeric ATP synthase (V,, complex IIT (III,) migrating nearly at the same position as mo-

~1,250 kDa), whereas the supercomplex IILIV, runs slightly nomeric ATP synthase with an apparent molecular mass of ~600
faster. The small supercomplex I,IV;, indicating a direct complex kDa, confirming the results described for Podospora (45). This is
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FIG. 2. Identification of proteins in a representative 2D BN-SDS
gel of digitonin-solubilized N. crassa wild-type crude mitochondria.
The same gel as displayed in Fig. 1A is shown. The proteins identified
by MALDI-TOF-MS peptide mass fingerprint are labeled by circles
and numbers in different colors indicating their function, as follows:
OXPHOS, complex I (light blue); complex II (red); complex III (pink);
complex IV (yellow); complex V (green); tricarboxylic acid cycle and
glycolysis (white); lipid metabolism (light green); amino acid metabo-
lism and urea cycle (orange); chaperones (violet); transport and carrier
proteins (dark blue); other proteins (brown). The identified proteins
are listed by their numbers in Table 1. All proteins described in the text
are highlighted by arrows. The other markings correspond to Fig. 1A
and were done as described in the legend of Fig. 1.

probably due to boundary lipids (45), known to be important for
the stability and function of complex III (51). Similarly, the mo-
bilities of individual monomeric complex IV (IV,) and its dimers
(IV,) were slightly reduced compared to those of bovine heart,
likewise due to tightly bound lipids (73), apparently removed by
solubilization with Triton X-100 and DDM (see below).

Although at a slightly reduced resolution, the proportion of
preserved supercomplexes could be enhanced with the gentler
CN-PAGE method (Fig. 1B) as seen in other organisms (45,
46, 48).

Identification of protein complexes from wild-type mito-
chondria by MALDI-TOF-MS. Overall, 2D BN-SDS-PAGE of
mitochondrial detergent extracts followed by MALDI-
TOF-MS enables a mitoproteome analysis of protein com-
plexes (11, 40, 46, 64). Importantly, the simultaneous separa-
tion of various protein complexes (11, 40, 46, 64), particularly
if most of the complexes are already known, mutually supports
their physiological significance, arguing against artificial aggre-
gation (64).

Through MALDI-TOF-MS analysis, 67 different proteins
were identified, among which 31 subunits are components of
the five OXPHOS complexes, in either individual complexes or
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supercomplexes. Interestingly, a protein spot that could only
be detected as a subunit of the ATP synthase dimer but not of
the monomer was identified as subunit g (Fig. 2, spot 35),
which is also known to be dimer specific in yeast (4). This
suggests a close structural relationship between yeast and fil-
amentous fungal ATP synthase dimerization.

The 36 non-OXPHOS proteins identified represent a variety
of functions, such as metabolic pathways, chaperones, and
transporters, of which most are constituents of known com-
plexes. Two such examples are the pyruvate dehydrogenase
complex (~8,000 to 10,000 kDa) and the ketoglutarate dehy-
drogenase complex (~2,800 kDa), both mitochondrial mul-
tienzyme assemblies, as well as their subcomplexes, which have
also been identified in mammalian mitochondria (40, 64, 69).
The mitochondrial import receptor Tom40 (Fig. 2, spot 42)
was also identified as a subunit of the TOM holo or core
complex (2, 63, 75, 76, 82) and found to comigrate with mo-
nomeric complex IV and heterooligomeric NAD " -dependent
isocitrate dehydrogenase (Fig. 2, spots 40 and 41). Tom40 is
the main component of the TOM complex and essential for
viability of N. crassa (2, 82).

In the chaperone category we found the heat shock protein
60 (Hspo60) (Fig. 2, spot 36), which is required for the assembly
of proteins into oligomeric complexes and for the stabilization
of preexisting proteins under stress conditions (14, 41). The
apparent mass in the first dimension was ~650 kDa, suggesting
a tetradecameric assembly built by two stacked rings of seven
monomers each, in contrast to the mammalian Hsp60 complex,
which displays an apparent size of ~420 kDa in BN gels (64).
Another group of chaperones are the highly conserved prohib-
itins, which stabilize newly synthesized subunits of mitochon-
drial respiratory chain complexes (9, 57). The prohibitin com-
plex (apparent mass of 1,200 kDa), comprising the two
homologues Phb1 (Fig. 2, spot 8) and Phb2 (Fig. 2, spot 7), was
detected as it has been for yeast (57), plant (38), nematode (5),
and mammalian (57, 64) mitochondria. Additionally, we also
observed that =50% of the prohibitins migrated as an even
heavier complex with a molecular mass greater than 2,500 kDa.
This large complex was visualized in BN gels of digitonin-
solubilized yeast mitochondria and assigned as a supercomplex
of the prohibitin complex with the m-AAA protease (81),
which was previously detected by coimmunoprecipitation and
gel filtration analysis (78). In fact, the only Neurospora homo-
logue of the two yeast m-AAA protease subunits, MAP-1 (44),
was found comigrating with this heavier prohibitin complex
(Fig. 2, spot 2) and displayed the same band shape, which
strongly suggests that this low-mobility species is a prohibitin/
MAP-1 supercomplex.

In the inner mitochondrial membrane there are two AAA
proteases, which form independent oligomeric complexes in-
volved in quality control by degrading misfolded membrane
proteins. The m-AAA protease (MAP-1) has its catalytic site
facing the matrix, whereas that of the i-AAA protease is ex-
posed to the mitochondrial intermembrane space. The activity
of the m-AAA protease is modulated by the prohibitin com-
plex, as suggested by their physical interaction (78, 81). The N.
crassa homologue of the i-AAA protease, IAP-1 (Fig. 2, spot
3), was identified for the first time in a putative supercomplex
with an apparent molecular mass of ~4,000 to 6,000 kDa,
much higher than that reported based on gel filtration (44).
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TABLE 1. Summary of proteins from 2D BN-SDS gels identified by MALDI-TOF-MS peptide mass fingerprint®
Protein function (color), Mass ™ I Mass error
complex (color), and Protein name or BLAST homology  theor. GRAVY g Accession no. Gene locus” Score  tolerance
X theor. pred. protein
protein no. (kDa) (ppm)
OXPHOS, complex I
(light blue)
12 NADH-ubiquinone oxidoreductase 81.6 6.05 0 —0.330 85083792 NCBI XP_957188 NCUO01765.2 198 30
78-kDa subunit precursor
13 NADH-ubiquinone oxidoreductase 54.0 6.26 0 —0.265 85119577 NCBI XP_965665 NCU02534.2 128 30
49-kDa subunit precursor
14 NADH-ubiquinone oxidoreductase 42.9 6.62 0 —0.445 85093948 NCBI XP_959794 NCU02373.2 202 30
40-kDa subunit precursor
15 NADH-ubiquinone oxidoreductase 30.9 5.12 0 —0.558 85105954 NCBI XP_962070 NCU05299.2 45 60
29.9-kDa subunit precursor
16 NADH-ubiquinone oxidoreductase 322 8.78 0 —0.534 85086366 NCBI XP_957689 NCU04074.2 111 30
30.4-kDa subunit precursor
17 NADH-ubiquinone oxidoreductase 213 7.77 0 —0.322 85099504 NCBI XP_960797 NCU08930.2 90 60
21.3-kDa subunit
18 Hypothetical protein, BLAST search: ~ 21.3 9.69 3 —0.213 85094628 NCBI XP_959924 NCU02280.2 86 30
NADH dehydrogenase (ubiquinone)
21.3b
19 19.3-kDa iron-sulfur subunit 250  10.02 0 —0.182 2764632 EMBL CAA04802 NCU03953.2 42 60
20 NADH dehydrogenase, 20.9-kDa 21.0 9.40 1 —0.280 3030 EMBL CAA43221 NCU01859.2 57 60
subunit
34 NADH-ubiquinone oxidoreductase 10.5 9.46 0 —0.509 2833211  Swiss-prot Q07842 NCU03156.2 51 90
10.5-kDa subunit
OXPHOS, complex IT
(red)
55 Hypothetical protein; BLAST search,  31.7 9.12 0 —0.450 85116983 NCBI XP_965152 NCU00959.2 42 30
succinate dehydrogenase iron-sulfur
protein (Aspergillus fumigatus
Af293)
56 Hypothetical protein; BLAST search, 193 1038 3 0.464 85090713 NCBI XP_958549 NCU07756.2 58 60
succinate dehydrogenase
cytochrome bsg, subunit
(A. fumigatus Af293)
57 Hypothetical protein; BLAST search,  653°  5.72 0 —0.397 85117365 NCBI XP_965239 NCU08336.2 77 30
succinate dehydrogenase
flavoprotein subunit (4. fumigatus
Af293)
OXPHOS, complex III
(pink)
24 Ubiquinol-cytochrome ¢ reductase 525 5.63 0 —0.309 127289 Swiss-prot P11913  NCU02549.2 70 30
complex core protein I
25 Ubiquinol-cytochrome ¢ reductase 47.0 8.95 0 0.053 18376040 EMBL CAD21046 NCUO03559.2 63 30
complex core protein 2 precursor
27 Hypothetical protein; BLAST search,  35.4 7.66 0 —0.305 85111062 NCBI XP_963756 NCU09816.2 106 30
cytochrome ¢, heme protein,
mitochondrial precursor
29 Hypothetical protein; BLAST search,  24.8 8.84 0 —0.065 85107305 NCBI XP_962348 NCU06606.2 64 60
ubiquinol-cytochrome ¢ reductase
iron-sulfur subunit percursor
(A. fumigatus Af293)
33 Hypothetical protein; BLAST search,  14.0 6.59 0 —0.472 85099543 NCBI XP_960807 NCU08940.2 54 60
probable ubiquinol-cytochrome ¢
reductase complex 14-kDa protein
(subunit VII)
34 Hypothetical protein; BLAST search, — 11.8 9.89 0 —0.466 85099572 NCBI XP_960814 NCU08947.2 50 30
ubiquinol-cytochrome ¢ reductase
chain VIII
OXPHOS, complex IV
(yellow)
43 cytochrome oxidase subunit 2 28.7 4.44 2 0.317 7145096 NCBI AAA31959 23 30
prepeptide
44 Hypothetical protein; BLAST search,  20.6 5.90 0 —0.551 85109713 NCBI XP_963051 NCU05689.2 59 30
cytochrome ¢ subunit Vb
(A. fumigatus Af293)
45 Cytochrome ¢ oxidase polypeptide V 18.8 9.88 1 —0.308 85110415 NCBI XP_963448 NCU05457.2 32 30
recursor
46 H)E)othetical protein; BLAST search,  16.8 5.79 0 —0.404 85100681 NCBI XP_961010 NCU06695.2 86 60
cytochrome ¢ oxidase subunit Va
(A. fumigatus Af293)
OXPHOS, complex V
(green)
ATP synthase alpha chain, 59.5 9.07 0 —0.110 85119497 NCBI XP_965645 NCU02514.2 191 30

5

mitochondrial precursor

Continued on following page
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Protein function (color),
complex (color), and Protein name or BLAST homology
protein no.

Mass
theor.
(kDa)

pl
theor.

™
pred.

GRAVY

gl
protein

Accession no.

Gene locus”

Score

Mass error
tolerance

(ppm)

23, 39 ATP synthase beta chain,
mitochondrial precursor

26 Hypothetical protein; BLAST search,
ATP synthase gamma chain,
mitochondrial precursor, putative
(A. fumigatus Af293)

28 Hypothetical protein; BLAST search,
ATP synthase subunit 4,
mitochondrial precursor
(Saccharomyces cerevisiae)

30 Probable oligomycin sensitivity-
conferring protein

31 Hypothetical protein; BLAST search,
ATP synthase D chain,
mitochondrial (4. fumigatus Af293)

32 Hypothetical protein; BLAST search,
subunit h of the F, sector
(S. cerevisiae)

35 Hypothetical protein; BLAST search,
F,F, ATP synthase g subunit,
putative (4. fumigatus Af293)

Glycolysis and TCA
cycle (white)

1, 47 Oxoglutarate dehydrogenase precursor

4 Dihydrolipoamide acetyltransferase
component of pyruvate
dehydrogenase complex,
mitochondrial precursor (PDC-E2)
(MRP3)

5 Hypothetical protein; BLAST search,
2-oxoglutarate dehydrogenase, E2
component, dihydrolipoamide
succinyltransferase (4. fumigatus
Af293)

40 Hypothetical protein; BLAST search,
probable isocitrate dehydrogenase
[NAD] subunit 1, mitochondrial
precursor

41 Hypothetical protein; BLAST search,
isocitrate dehydrogenase, NAD
dependent (4. fumigatus Af293)

49 Glycerol-3-phosphate dehydrogenase
precursor

50 Hypothetical protein; BLAST search,
fumarate hydratase, putative
(A. fumigatus Af293)

59 Hypothetical protein; BLAST search,
dihydrolipoamide dehydrogenase
(A. fumigatus Af293)

60, 70 Citrate synthase, mitochondrial

61 Hypothetical protein; BLAST search,
pyruvate dehydrogenase complex
alpha subunit (E1) putative
(A. fumigatus Af293)

63 Probable pyruvate dehydrogenase beta
chain precursor (E1) (PDBI)

67 Hypothetical protein; BLAST search,
aconitate hydratase, mitochondrial
(A. fumigatus Af293)

69 Hypothetical protein; BLAST search,
D-lactate dehydrogenase, D1d2p
(S. cerevisiae)

Lipid metabolism
(light green)
54 Hypothetical protein; BLAST search,
enoyl-coenzyme A
hydratase/isomerase family protein
(A. fumigatus Af293)
Amino acid metabolism
and urea cycle
(orange)
37 Hypothetical protein; BLAST search,
8-1-pyrroline-5-carboxylate
dehydrogenase (A4. fumigatus Af293)

55.6

323

22.8

134.1
48.6

43.8

52.0
46.1

40.9

60.8

5.10

10.58

8.19
6.23

8.76

8.10
8.49

0

0

—0.045

—0.116

—0.162

0.136

—0.503

—0.456

0.037

—0.517
—0.196

—0.332

—0.076

—0.046

—0.309

—0.153

—0.078

—0.244
—0.362

0.018

—0.335

—0.333

—0.134

—0.232

85074641

85091417

85112239

85080302

85074817

85117672

85074833

85074631
85109166

85092528

85115775

85106968

85110409

85092553

85092766

85082342
85083464

85118132

85093919

85084552

85084582

85111922

NCBI XP_963253

NCBI XP_958891

NCBI XP_964306

NCBI XP_956517

NCBI XP_965776

NCBI XP_965299

NCBI XP_965784

NCBI XP_963248
NCBI XP_962786

NCBI XP_959443

NCBI XP_964931

NCBI XP_962283

NCBI XP_963445

NCBI XP_959454

NCBI XP_959535

NCBI XP_956898
NCBI XP_957122

NCBI XP_965390

NCBI XP_959787

NCBI XP_957332

NCBI XP_957339

NCBI XP_964169

NCU05430.2

NCU09119.2

NCU00502.2

NCU01606.2

NCU00636.2

NCU03199.2

NCU00644.2

NCU05425.2
NCU07659.2

NCU02438.2

NCU00775.2

NCU07697.2

NCU05454.2

NCU10008.2

NCU02407.2

NCU01692.2
NCU06482.2

NCU03004.2

NCU02366.2

NCU06441.2

NCU06448.2

NCU03076.2

145

111

66

59

97

40

80

136
78

91

152

117

79

111

107

147
132

64

152

79

96

152

30

30

30

60

60

30

30

30
60

60

30

30

60

30

30

30
30

30

30

60

30

60

Continued on following page
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TABLE 1—Continued
Protein function (color), Mass ™ I Mass error
complex (color), and Protein name or BLAST homology  theor. GRAVY & Accession no. Gene locus” Score  tolerance
X theor. pred. protein
protein no. (kDa) (ppm)
48 Hypothetical protein; BLAST search, 1205 6.77 0 —0.228 85116528 NCBI XP_965069 NCU02475.2 66 30
glycine dehydrogenase (4. fumigatus
Af293)
51 Hypothetical protein; BLAST search, 575 9.08 0 —0.375 85095341 NCBI XP_960065 NCUO05805.2 86 30
serine hydroxymethyltransferase
(A. fumigatus Af293)
58 Hypothetical protein; BLAST search, 64.0 6.97 0 —0.208 85090149 NCBI XP_958280 NCU04579.2 60 30
mitochondrial dihydroxy acid
dehydratase (4. fumigatus Af293)
62 Hypothetical protein; BLAST search, 472 9.01 0 —0.201 85110141 NCBI XP_963283 NCUO08411.2 66 30
aspartate aminotransferase, putative
(A. fumigatus Af293)
64 Hypothetical protein; BLAST search, 1283  5.65 0 —0.168 85118469 NCBI XP_965450 NCU02677.2 125 30
carbamoyl-phosphate synthase large
subunit (4. fumigatus Af293)
66 Hypothetical protein; BLAST search, 1014 5.16 0 —0.311 85091989 NCBI XP_959172 NCU09228.2 49 60
aminopeptidase (peptide
metabolism) (4. fumigatus Af293)
71 Hypothetical protein; BLAST search, 484  9.25 0 —0.280 85116758 NCBI XP_965112 NCU02727.2 69 30
glycine cleavage system T protein
(A. fumigatus Af293)
Chaperones (violet)
7 Hypothetical protein; BLAST search, 341 9.73 0 —0.309 85113233 NCBI XP_964487 NCU03310.2 60 30
subunit Phb2p of the prohibitin
complex (S. cerevisiae)
8 Hypothetical protein; BLAST search, 303 9.07 0 —0.107 85099568 NCBI XP_960813 NCU08946.2 149 30
probable prohibitin PHB1
(A. fumigatus Af293)
36 Probable heat shock protein Hsp60 60.5  5.60 0 —0.062 85080225 NCBI XP_956500 NCU01589.2 130 30
68 Hypothetical protein (AF401236) heat 562  5.09 0 —0.389 85104522 NCBI XP_961753 NCU08693.1 49 30
shock protein 70 kDa (Coccidioides
immitis)
Transport and carrier
proteins
(dark blue)
Plasma membrane ATPase 99.9 5.03 9 0.148 85082294 NCBI XP_956886 NCU01680.2 143 30
11 H"-transporting ATPase, vacuolar, 67.1 532 0 —0.282 18376302 EMBL CAD21414 NCUO01207.2 97 30
67K chain
52 Outer mitochondrial membrane 30.0 9.02 0 —0.166 85100389 NCBI XP_960950 NCU04304.2 80 30
protein porin (VDAC)
53 ADP, ATP carrier protein (adenine 339 9.84 3 0.049 85110027 NCBI XP_963201 NCU09477.2 94 30
nucleotide translocator)
Other proteins (brown)
Hypothetical protein (AF323912) 103.0 7.21 1 —0.538 85081618 NCBI XP_956756 NCUO01479.2 77 30
matrix AAA protease MAP-1
3 Hypothetical protein (AF323913) 80.1 8.98 1 —0.242 85080016 NCBI XP_956468 NCU03359.2 60 90
intermembrane space AAA protease
IAP-1
6 h Hypothetical protein; BLAST 458  9.20 0 —0.171 85095578 NCBI XP_960112 NCU05633.2 107 30
search, Homo sapiens stomatin
(EPB72)-like 2
10 Hypothetical protein; BLAST search, 99.9 9.17 0 —0.292 85109974 NCBI XP_963176 NCU09598.2 80 60
RNA12 protein (4. fumigatus
Af293]
42 Mitochondrial import receptor subunit ~ 38.1  5.65 0 —0.201 85103565 NCBI XP_961545 NCUO01179.2 95 30
TOM40
65 Hypothetical protein; BLAST search, 1128 5.84 0 —0.398 85099301 NCBI XP_960750 NCU01272.2 108 30

pitrilysin family metalloprotease
Cyml (A. fumigatus Af293)

“ The proteins are listed according to their functions and the numbers (colors) marked in Fig. 2. The theoretical molecular masses (M,), pI, and GRAVY values were
calculated from the amino acid sequences found in the NCBInr database without including possible processing, posttranslational modifications, and cofactors. The
number of transmembrane helices (TM) was predicted by the TMHMM algorithm (http://www.cbs.dtu.dk/services/ TMHMMY/).

b From http://www.broad.mit.edu/annotation/genome/neurospora/.

¢ Mass calculated according to the N. crassa genome annotation.

Supporting its high-molecular-weight organization, we identi-
fied a comigrating protein homologous to the human stomatin-
like 2 protein (Fig. 2, spot 6), a mitochondrial inner membrane
polypeptide (16) with an apparent mass of ~1,800 kDa (64)
which is widely expressed in different mammalian tissues
(59, 92). Recently, an interaction of stomatin-like 2 protein

with mitofusin 2 in HeLa cells was found by coimmunopre-
cipitation (36). As such, and based on their mobility in
BN-PAGE, we suggest that IAP-1 and stomatin-like 2 pro-
tein form a large supercomplex in the inner membrane of N.
crassa mitochondria.

Other interesting protein complexes (Fig. 2; Table 1), of
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FIG. 3. Putative complex I dimers in wild-type mitochondria after solubilization with Triton X-100 or DDM. 2D BN-SDS-PAGE of crude
mitochondria solubilized with Triton X-100 (A) or DDM (B) at a detergent/protein ratio of 1.5 g/g. The subunits of monomeric complex I (I;) and
putative complex I dimers (I,) are marked by boxes. One subunit of the pyruvate dehydrogenase complex (PDC; spot 4 of Table 1) and two subunits
of the NAD *-dependent isocitrate dehydrogenase (IDH; spots 41 and 42 of Table 1) are indicated as in Fig. 2. (C) 2D BN/BN-PAGE of crude
mitochondria solubilized with Triton X-100 at a detergent/protein ratio of 1.5 g/g. The separated complex I monomers of individual complex I (1)

and dimeric complex I (I,) are marked by arrowheads.

which some are putative novel ones, will be described else-
where.

Putative complex I dimers in N. crassa wild-type mitochon-
dria. To complement the analysis of OXPHOS supercom-
plexes, we utilized the less-mild detergents Triton X-100 and
DDM for solubilization of wild-type mitochondria; these are
known to disrupt OXPHOS supercomplexes and other mito-
chondrial protein complexes more easily than digitonin (43, 46,
67). Interestingly, using either Triton X-100 or DDM at a
detergent/protein ratio of 1.5 g/g, minor amounts of low-mo-
bility species of complex I were observed, presumably contain-
ing no additional proteins (Fig. 3A and B), which was further
supported by 2D BN/BN-PAGE (Fig. 3C). Its apparent mo-
lecular mass (~1,900 kDa) was consistent with that of the
dimeric complex I previously detected in COX-deficient strains
of P. anserina (45). An increase of the detergent/protein ratio
to 3 g/g resulted in the dissociation of the putative complex I
dimers and the ATP synthase dimers into the respective mono-
mers (not shown). In addition, ATP synthase monomers (com-
plex V) migrate a little faster (Fig. 3A) or at the same position
as complex III (Fig. 3B) when solubilized with Triton X-100 or
DDM, respectively. Likewise, complex IV monomers migrated
with higher mobility than those obtained upon digitonin solu-
bilization (Fig. 1A, see above).

Comparative analysis of the OXPHOS system from eight
complex I mutants by in-gel activity assays after BN-PAGE.
The availability of a nearly complete set of N. crassa complex
I mutants (55, 89) offers a unique opportunity to investigate
not only the assembly process of complex I but also its role in
the formation of OXPHOS supercomplexes. We selected eight
deletion mutants (nuo9.8, nuoll.5, nuol4, nuo20.8, nuo2l,
nu029.9, nuo30.4, and nuo51), representing the whole range of
the various reported defects in complex I biogenesis. Their
mitochondrial detergent extracts were analyzed in the same
manner as those of the wild type through native gel electro-
phoresis. The mutants nuo21, nuo29.9, and nuo51 are able to
assemble an intact complex I lacking the respective peripheral
arm subunit, although the nu029.9 mutant assembles reduced

amounts (approximately 20%) of complex I (23, 28, 29, 8§7).
The fourth peripheral arm mutant used in this study, nuo30.4,
cannot assemble a peripheral arm and accumulates membrane
arm intermediates (22). The other four mutants investigated
(nu09.8, nuol1.5, nuol4, and nuo20.8) each lack a membrane
arm subunit of complex I and are able to assemble the periph-
eral arm and fragments of the membrane arm (17, 54, 55).

For direct comparison of the OXPHOS system in the wild
type and the eight mutants, their digitonin-solubilized mito-
chondrial proteins were separated by BN-PAGE and probed
for in-gel activity of NADH dehydrogenase (complex I), cyto-
chrome ¢ oxidase (complex IV), ATP hydrolase (complex V),
and succinate dehydrogenase (complex II), giving a qualitative
indication of these four OXPHOS complexes (Fig. 4). The
NADH dehydrogenase (NADH-DH) bands attributed to com-
plex I were assigned by comparative gels tested for deamino-
NADH dehydrogenase activity specific for complex I (not
shown). The specificity of cytochrome ¢ oxidase activity of
complex IV was confirmed by inhibition with cyanide in par-
allel experiments (not shown).

All nine strains contained similar amounts of complex V
(ATP synthase) in about an equal proportion (~50%) of
monomers and dimers (Fig. 4C), as well as of active complex
IV monomers (Fig. 4B) and complex II (Fig. 4D). Further-
more, in all strains two prominent low-molecular-weight bands
with NADH-DH activity were visualized which were not de-
tected in bovine heart mitochondria. Additionally, these two
bands were almost undetectable when deamino-NADH was
used instead of NADH, suggesting that they may correspond
either to alternative NADH dehydrogenases or to non-OXPHOS
enzymes (Fig. 4A). The differences in the staining intensities
are partially due to deviations in the loaded amounts.

In the wild type, the in-gel NADH-DH activity staining re-
vealed bands corresponding to individual complex I as well as
to its supercomplexes with complex III and IV, like I,1II,,
I,IV,, and [,IILIV (Fig. 4A). In addition, monomeric com-
plex IV, its dimer (IV,), and the smaller supercomplexes
IIL,IV, and III,IV,, as well as complex I supercomplexes con-
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FIG. 4. In-gel activity assays of NADH dehydrogenase, cytochrome
¢ oxidase, ATP hydrolase, and succinate dehydrogenase. BN-PAGE of
digitonin-solubilized mitochondria from bovine heart (BHM) as a con-
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taining one or more copies of complex IV, displayed cyanide-
sensitive COX activity in the wild type (Fig. 4B). The same
pattern of active supercomplexes containing complexes I
and/or IV found in the wild type was also detected in the
mutant nuo21 (Fig. 4A and B), indicating that the loss of the
21-kDa subunit does not impair the formation and stability of
III-IV and I-III-1V supercomplexes.

In contrast, the nuo51 mutant displayed no complex I
NADH-DH activity (Fig. 4A) but rather a wild-type-like pat-
tern of high-molecular-weight species with COX activity (Fig.
4B), suggesting that these active bands correspond to the
III-IV and I-III-IV supercomplexes observed in the wild-type
and mutant nuo21 strains. In fact, this mutant strain does not
possess any rotenone-sensitive NADH:ubiquinone oxidoreduc-
tase activity of complex I, due to the absence of the highly
conserved 51-kDa subunit that binds NADH (28).

The mutant nuo29.9 showed no NADH-DH activity related
to complex I, possibly due to assay sensitivity (Fig. 4A). Mo-
reso, hardly detectable high-molecular-weight COX bands at
the positions of the wild-type I-III-IV supercomplexes were
noticed, whereas the bands of the small supercomplexes
IIL,IV, and IIL,IV, were clearly identified after COX activity
staining (Fig. 4B).

Strikingly, the four membrane arm mutant strains, nuo9.8,
nuoll.5, nuol4, and nuo20.8, displayed a specific single band
with both NADH-DH and deamino-NADH-DH activities with
an apparent molecular mass of ~450 kDa that seemingly cor-
responded to the peripheral arm domain (Fig. 4A). Accord-
ingly, the NADH-DH activity 450-kDa band could not be de-
tected in either the nuo30.4 mutant or the wild-type and nuo21
strains (Fig. 4A). The four membrane arm mutants displayed
both monomeric complex IV and high-molecular-weight com-
plexes with cyanide-sensitive COX activity which corresponded
to IV, IILL,IV,, and IIL,IV, as found in the other strains and,
in addition, some weakly stained bands with an apparent mass
comparable to those of the wild-type complex I supercom-
plexes (Fig. 4D). Overall, the absence of an assembled complex
I does not influence the assembly of the other four OXPHOS
complexes.

Respiratory supercomplexes are assembled even with an
inactive complex I. We further investigated the supramolecular
organization of the OXPHOS complexes in the mutants nuo21,
nuo29.9, and nuo51 by 2D BN-SDS-PAGE. Supporting the
results obtained by the in-gel activity assays (Fig. 4), the sec-
ond-dimension gels of nuo21 (Fig. 5A) and nuo 51 (Fig. 5B)
mitochondria revealed a wild-type-like distribution of individ-
ual OXPHOS complexes and supercomplexes, in particular
IILIV,, OI,IV,, and I-III-IV supercomplexes.

trol, N. crassa wild type (wt), and eight complex I deletion mutants
(nuo9.8, nuoll.5, nuol4, nuo20.8, nuo2l, nuo29.9, nuo30.4, and
nuo51). (A) NADH dehydrogenase (purple bands), reactive bands of
wt and nuo21 corresponding to complex I are marked by red bars, and
the red box indicates the active band of the peripheral arm of complex
I from the four membrane arm mutants. (B to D) Cytochrome ¢
oxidase (brown-yellowish bands) (B), ATP hydrolase (black-white
bands) (C), and succinate dehydrogenase (purple band) (C). In all
panels, some OXPHOS complexes and supercomplexes, like a to e
(I,ITI1,IV,_4) of bovine heart mitochondria, are marked on the left side.
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FIG. 5. Wild-type-like respiratory supercomplexes in peripheral arm mutants nuo21 and nuo51. The nuo51 mutant lacking the 51-kDa subunit
forms stable respirasomes containing complexes I, III, and IV without NADH oxidase activity. Results shown are from 2D BN-SDS-PAGE of
digitonin-solubilized crude mitochondria of nuo21 (A) and nuo51 (B). The markings are according to the legend of Fig. 1. Additionally, each one
subunit of complex I (spot 12 in Table 1), complex III (spot 24 in Table 1), complex IV (spot 43 in Table 1), and complex V (spot 22 in Table 1)

are indicated as described for Fig. 2.

The wild-type-like I-III-IV supercomplexes in the nuo51
mutant are the first examples of respirasomes without overall
enzymatic activity (NADH oxidase, I-III-IV) only able to oxi-
dize ubiquinol by molecular oxygen (ubiquinol oxidase, III-
IV). This finding is the first direct demonstration that the
assembly of the complexes I, III, and IV into a supercomplex
is independent of complex I activity and does not represent a
transient-like interaction required for efficient electron
transfer from complex I to III. In fact, the biogenesis of
supercomplexes is an elaborate and energy-consuming pro-
cess, and complexes III and IV of these “inactive respira-
somes” rely on alternative NADH dehydrogenases or
FADH,-linked enzymes to deliver electrons to ubiquinol to
be operable. Taken together, these results suggest that it is
conceivable that III-IV supercomplexes play a role in the
assembly/stability of complex I.

High-molecular-mass species of the 30.4-kDa subunit comi-
grating with III-IV supercomplexes and the prohibitin com-
plex in the membrane arm mutants. To achieve a sensitive
detection of any complex I species in mutants nuo9.8, nuo11.5,
nuol4, nuo20.8, nuo30.4, and nuo29.9, we used immunoblots
of 2D BN-SDS gels from digitonin-solubilized mitochondria
probed with a set of polyclonal antibodies each raised against
a particular subunit of complex I from N. crassa. We used
antibodies against the 30.4-kDa subunit of the peripheral arm
and either the 9.8-kDa, the 11.5-kDa, the 14-kDa, or the 20.8-
kDa subunits of the membrane arm. In particular, the screen-
ing for the 30.4-kDa subunit was performed due to its crucial

role in the assembly of the peripheral arm and thus of intact
complex I (22, 86, 90).

In wild-type mitochondria, the corresponding subunits of indi-
vidual complex I as well as its supercomplexes were decorated
with the four employed antibodies, indicating the presence of fully
assembled complex I (Fig. 6A, lower panel). Note that the 30.4-
kDa subunit of individual complex I was also identified by
MALDI-TOF-MS (Fig. 2 and Table 1). The only other significant
signals arose from a cross-reaction with the B-subunit of both
monomeric and dimeric ATP synthase (complex V), which could
actually be used as a helpful marker to align the blots with parallel
silver-stained 2D SDS gels (Fig. 6A to F) and 1D BN gels probed
for in-gel COX activity (Fig. 6D to F, upper panels). The corre-
sponding immunoblot of nu029.9 mitochondria (Fig. 6B, lower
panel) displayed a result similar to that of the wild type (Fig. 6A,
lower panel). This corroborates the presence of low amounts of
assembled complex I separated as individual complex I and its
supercomplexes also detected in silver-stained 2D gels (Fig. 6B,
lower panel). Notably, the signal of the 30.4-kDa subunit was
rather weak, since this protein, located in close vicinity to the
29.9-kDa subunit, is strongly reduced in the mutant nuo29.9 (87).
No subcomplexes of complex I could be immunodetected, indi-
cating that in the nuo29.9 mutant essentially all of the assembled
peripheral arm joins with the membrane arm, occurring in surplus
quantity, to form “complete” complex 1. Additionally, it is likely
that the excess hydrophobic membrane arm forms low-mobility
membrane aggregates that contribute to the immunosignals in
Fig. 6B (see below).
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FIG. 6. High-molecular-mass complexes of the 30.4-kDa subunit in complex I-deficient mutants each lacking a membrane arm subunit. (A to
F) Alignment between silver-stained 2D BN-SDS gels and corresponding immunoblots probed with antibodies against complex I subunits, as well
as corresponding 1D BN gel strips tested for COX in-gel activity from digitonin-solubilized crude mitochondria of (A) wild type (wt) (A), nuo29.9
(B), nuo30.4 (C), nuol1.5 (D), nuol4 (E), and nuo20.8 (F). The employed antibodies against the 30.4-kDa subunit of the peripheral arm and the
9.8-, 11.5-, 14-, and 20.8-kDa subunits of the membrane arm are indicated on the left side of the immunoblots. The subunits of ATP synthase
monomers (V;) and dimers (V,), complex IV dimers, and supercomplexes II1,IV, and III,IV,, as well as of complex I and its peripheral arm are
indicated by red, black, green, and white continuous vertical lines. (A and B) The subunits of supercomplexes of complex I (LIII,IV,, inclusively
1,111, and I,IV,) are marked by boxes. (D to F) The membrane arm mutants display distinct high-molecular-mass species of the 30.4-kDa subunit
which contain none of the tested membrane subunits and comigrate with supercomplexes IV,, III,IV,, and III,IV, as well as the prohibitin
complex, whose subunits (spots 7 and 8 of Table 1) are encircled. Furthermore, the 30.4-kDa subunit of the peripheral arm and at least three
distinct subcomplexes containing the 30.4-kDa subunit marked by arrows were immunodetected.

In the nuo30.4 mutant, a smear-like panel of high-molecu-
lar-mass species of the 20.8-kDa subunit was immunodetected
(Fig. 6C, lower panel), where the most intense ones were near
the top of the first-dimension gel. Such high-molecular-weight
species of membrane subunits were previously observed after
density gradient centrifugation of Triton X-100 extracts from
mitochondria of peripheral arm mutants like nuo30.4 (22), but
also from nu029.9 (87), which generates a surplus of the mem-
brane assembly intermediate (84) as mentioned above. Most
probably, the largest 20.8-kDa species represented unspecific
aggregates of partially assembled hydrophobic membrane sub-

units, as previously suggested (22, 23). However, it cannot be
ruled out that there might be assembly intermediates of the
membrane arm bound to “assembly factors” among those high-
molecular-weight species.

The 2D BN-SDS gels and the corresponding representative
immunoblots of the investigated membrane arm mutants were
remarkably consistent. In particular, the membrane arm mu-
tants nuoll.5 (Fig. 6D), nuol4 (Fig. 6E), nuo20.8 (Fig. 6F),
and nuo9.8 (not shown) revealed essentially the same pattern
for the 30.4-kDa subunit, as parts of complexes with apparent
masses from ~50 kDa to at least 1,500 kDa. The 450-kDa
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subcomplex detected by in-gel NADH-DH staining (Fig. 4A)
represented the peripheral arm, whose constituents, like the
78-kDa, 49-kDa, and 40-kDa subunits, were discernible as
weakly stained spots in the 2D BN-SDS gels (Fig. 6D to F).
The peripheral arm could also be separated by BN-PAGE of
membrane arm mutants after solubilization with DDM (53).
Due to tiny amounts of assembled peripheral arm in the mu-
tant nuo11.5, no peripheral arm could be detected in the first
report, in which we used less-sensitive approaches (55). It is
unlikely that the subcomplexes smaller than the peripheral arm
originate from the breakdown of the assembled peripheral arm
induced by the experimental conditions. In fact, their mobili-
ties correspond to assembly intermediates of the 30-kDa sub-
unit (the mammalian homologue of the 30.4-kDa subunit)
and/or the free 30-kDa subunit found in human mitochondria,
which appears to represent an early indispensable assembly
step of the peripheral arm (86, 90).

Due to the fact that the 30.4-kDa subunit was separated to
a large extent as part of high-mobility species, it is unlikely that
the distinct low-mobility species of the rather hydrophilic 30.4-
kDa subunit arose from any aberrant aggregation triggered by
the experimental conditions or in vivo. Indeed, these immu-
nosignals represent distinct high-molecular-weight complexes
which comigrated with the supercomplexes IV,, IIL,IV,, and
IIL,IV, and the prohibitin complex with apparent masses of
~550 up to ~1,250 kDa, as indicated in Fig. 6D to F. In nuo14
and nuo20.8 mutants, even larger complexes up to about 2,000
kDa of the 30.4-kDa subunit were found comigrating with
III-IV supercomplexes which display COX in-gel activity (Fig.
6E and F). Taken together, these high-molecular-weight com-
plexes seem to be assembly intermediates of the peripheral
arm which likely function in assisting the biogenesis of the
peripheral arm and/or the whole complex I. Nonetheless, the
comigration of proteins in the first-dimension BN-PAGE with
consistent band shapes in the second-dimension SDS gel is a
necessary precondition to propose an interaction between
them (46, 72) and, thus, III-IV supercomplexes and/or the
prohibitin complex, respectively, are conceivable constituents
of the various large 30.4-kDa species. If subcomplexes of com-
plex I containing the 30.4-kDa subunit were actually bound to
the supercomplexes 1V, III,IV,, and IIL,IV,, it would follow
that these subcomplexes are indeed rather small, well below
the size of the peripheral arm, since no major migration shift of
the supercomplexes III,IV, and III,IV, was recognized in the
first-dimension BN gel.

DISCUSSION

Mammalian-like respiratory I-III-IV supercomplexes and
complex I dimers in N. crassa mitochondria. Herein we report
the first extensive survey of the OXPHOS system in the N.
crassa wild type and a representative set of complex I deletion
mutants displaying a variety of complex I assembly defects. In
particular, we detected complexes I, III, and IV associated in
mammalian-like supercomplexes in both the wild type and
nuo2l, nuo29.9, and nuo51 mutants, as previously reported in
wild-type mitochondria of the fungus P. anserina (45). In ad-
dition, we could detect the digitonin-stable supercomplex
I,IV, comigrating with ATP synthase dimers (Fig. 1A), which
was not previously identified in Podospora mitochondria (45).
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This indicates a direct complex I-IV interaction, demonstrated
to occur in bovine heart mitochondria by native electrophore-
sis (48, 67) and in particular by a 2D (66) and 3D projection
map of a single particle structure of the bovine heart super-
complex [, III,IV, (66a). Furthermore, the I-III-IV supercom-
plexes (Fig. 1A) with apparent masses higher than 2,300 kDa
and up to =3,000 kDa seem to be larger fragments of a respi-
rasome network of complexes I, III, and IV, as proposed for
bovine heart (67, 68, 70, 95), and possibly composed of
LLILIVs,. Such stoichiometries could arise from the break-
down of two copies of supercomplex I, III,IV, or else from one
copy each of supercomplexes IIILIV, and IIL,IV,, which
could be connected by a direct interaction between adjacent
complex IV dimers (70, 95). Indeed, similar supercomplexes
with masses up to about 3,300 kDa have been observed in 2D
BN-SDS gels of digitonin-solubilized mitochondria isolated
from fresh bovine heart (40, 46, 48). Taken together, these
results indicate a very similar respirasome organization in fungi
and mammals. Moreover, when disrupting all I-III-IV super-
complexes upon solubilization with either Triton X-100 or
DDM, we found evidence for the existence of complex I dimers
(L) in the respiratory chain of N. crassa wild type (Fig. 3) as
well as in the nuo21, nuo29.9, and nuo51 mutants (not shown).
It is likely that small amounts of complex I dimers are also
stable upon digitonin solubilization, although their identifica-
tion may be hampered due to comigration with I-III-IV super-
complexes during BN-PAGE. In fact, complex I dimers as well
as the larger supercomplex LIII, were found in BN gels of
digitonin-solubilized mitochondria of COX-deficient Podos-
pora strains (45). It is possible that the presence of complex I
dimers occurs only when alternative respiratory enzymes are
present in the organism, hence the reason why they have not
been detected so far in mammalian mitochondria. Whereas
AOX as well as the alternative NADH dehydrogenases were
found to be constitutively expressed and active in wild-type P.
anserina (34), there is no evidence for any AOX respiration in
the wild type of N. crassa under normal growth conditions (20,
80). Therefore, we propose that the occurrence of dimeric
complex I is a general feature of the respiratory chain in N.
crassa.

III-IV supercomplexes are formed without the presence of
assembled complex I. Our results demonstrate that complex I
in N. crassa is not essential for assembly/stabilization of the
other OXPHOS complexes or for assembly/stabilization of
III-IV supercomplexes and ATP synthase dimers (Fig. 6). On
the other hand, analysis of the three mutants that assemble
complex I indicates that the biogenesis of complex I is oblig-
atorily linked with its assembly into supercomplexes. Further-
more, we demonstrated that neither the 21-kDa, 29.9-kDa, nor
51-kDa peripheral arm subunit plays a pivotal role in the phys-
ical interaction of complex I with complexes III and IV, sug-
gesting that the binding interfaces are predominantly provided
by the membrane arm, in accordance with structural data of
the bovine heart supercomplex I,IIL,IV, (66, 66a), and/or by
other peripheral arm subunits. Mitochondria of the nuo21 and
nuo51 mutants have wild-type-like amounts of assembled com-
plex I as part of supercomplexes, which results in a similar
distribution of individual complex I and its supercomplexes
(I-III-IV and 1) after solubilization with digitonin (Fig. 5) or
either Triton X-100 or DDM, respectively. Strikingly, while
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complex I in nuo2l is enzymatically active, the complex I of
nuo51 lacks the highly conserved 51-kDa subunit hosting the
NADH-binding site and has therefore no respiratory activity.
This is the first direct demonstration that the incorporation of
complex I into supercomplexes as part of a proposed supramo-
lecular network has major nonrespiratory significance and can-
not be solely related to conceivable enzymatic advantages, like
substrate channeling. Furthermore, the nuo29.9 mutant can
assemble only low amounts of complex I, about 20% of that of
the wild type (23, 87), which is nonetheless incorporated into
supercomplexes as in wild-type, nuo21, and nuo51 strains (Fig.
6B). Altogether, the results from nuo21, nuo29.9, and nuo51
imply that ITI-IV supercomplexes “trap” essentially all complex
I, even when complex I is inactive. This may occur either after
initial formation or at the early stages of complex I biogenesis,
suggesting that III-IV supercomplexes could be involved in
assembly/stabilization of complex I. The situation in COX-
deficient mutants of P. anserina possessing I-III supercom-
plexes is different from that of the nuo51 mutant (45). Indeed,
this suggests the assembly/stabilization of complex I as a key
function of complex III in Podospora, but complex III is active,
although it does not contribute to respiration (45). Evidence
for a role of either complex III or IV in the assembly of
complex I has also been described in human patients and
mammals (1, 7, 18, 21, 56, 71) as well as in bacteria (79).

III-IV supercomplexes and/or the prohibitin complex might
serve as assembly factors for complex I. Herein we have pro-
vided direct evidence that high-molecular-weight complexes
bind subcomplexes of the peripheral arm containing at least
the 30.4-kDa subunit (Fig. 6), as shown in Western blots of 2D
BN-SDS gels of digitonin-solubilized mitochondria from the
four membrane arm mutants nuo9.8, nuoll.5, nuol4, and
nuo20.8. These subcomplexes were found to be comigrating
with III-IV supercomplexes and/or the prohibitin complex,
thus pointing to them as putative candidates for interaction
partners. This is in line with the above discussion on mutants
forming complex I. In fact, an interaction of the prohibitin
complex with a subcomplex of complex I, containing at least
the 23-, 30-, and 49-kDa subunits, has been demonstrated by
coimmunoprecipitation in human cells missing mitochondria-
encoded membrane subunits, similar to what we observed in
the four membrane arm mutants (9). The prohibitin complex
(Fig. 2; Table 1) can interact with subunits of respiratory com-
plexes; thus, it probably has a chaperone-like function (9, 57).
In addition, the interaction of both the human 30-kDa (ho-
mologous to the 30.4-kDa subunit) and 49-kDa subunits has
been proposed as the first assembly step towards the peripheral
arm (86). These results were corroborated in a very recent
study which traced complex I assembly in human cell culture by
using a green fluorescent protein-tagged 30-kDa subunit (90).
The poorly understood biogenesis of complex I, the largest and
most complicated respiratory enzyme, is probably assisted by
many proteins and/or protein complexes, of which only a few
are known to date (25, 50, 58, 91). In particular, there are two
proteins that transient interact with two membrane arm inter-
mediates which are essential for assembly of the membrane
arm in N. crassa (50). Of these, a human homologue appears to
have a corresponding role in assembly/stabilization of complex
I(25,91).

In summary, the present survey demonstrates the importance
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of III-IV supercomplexes in assembly/stabilization of complex I,
highlighting the unique potential of the comprehensive set of
Neurospora complex I deletion mutants to decipher the biogenesis
of complex I.
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