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Complex I deficiency is commonly associated with mitochondrial oxidative phosphorylation diseases. Mutations in nuclear
genes encoding structural subunits or assembly factors of complex I have been increasingly identified as the cause of the diseases.
One such factor, NDUFAF2, is a paralog of the NDUFA12 structural subunit of the enzyme, but the mechanism by which it ex-
erts its function remains unknown. Herein, we demonstrate that the Neurospora crassa NDUFAF2 homologue, the 13.4L pro-
tein, is a late assembly factor that associates with complex I assembly intermediates containing the membrane arm and the con-
necting part but lacking the N module of the enzyme. Furthermore, we provide evidence that dissociation of the assembly factor
is dependent on the incorporation of the putative regulatory module composed of the subunits of 13.4 (NDUFA12), 18.4
(NDUFS6), and 21 (NDUFS4) kDa. Our results demonstrate that the 13.4L protein is a complex I assembly factor functionally
conserved from fungi to mammals.

Mitochondrial complex I (NADH:ubiquinone oxidoreduc-
tase, EC 1.6.5.3) is an L-shaped structure embedded in the

inner mitochondrial membrane that transfers electrons from
NADH to ubiquinone coupled to the translocation of protons to
the intermembrane space (1). In mammals, it is composed of 45
dissimilar polypeptides encoded by both the mitochondrial and
the nuclear DNA (2) These proteins, together with an FMN mol-
ecule and eight iron sulfur clusters, are organized in three func-
tional modules: (i) the N module, responsible for the binding and
oxidation of NADH; (ii) the Q module, the final acceptor of the
complex, which transfers the electrons to ubiquinone; and (iii) the
P module, involved in proton translocation by a conformational-
driven mechanism (1). The N and Q modules are located in the
peripheral arm protruding into the matrix and comprise all
known cofactors, while the P module forms the membrane part of
the enzyme and contains all the mitochondrial DNA (mtDNA)-
encoded subunits.

In the membrane, complex I is usually associated with complex
III and IV in supramolecular structures called supercomplexes,
whose biosynthesis remain unsolved (3). These supercomplexes
are regarded as relevant for reducing the diffusion distance of the
substrates, improving electron transfer, reducing the formation of
reactive oxygen species, and stabilizing the individual respiratory
complexes (3–6).

Complex I dysfunction is the most frequent oxidative phos-
phorylation (OXPHOS) disorder in humans where defects in en-
zyme function and/or assembly have been associated with the de-
velopment of clinically heterogeneous diseases (7). To date,
mutations in at least 20 subunit genes and nine genes encoding
assembly factors have been described, with a myriad of affected
patients still waiting for a genetic diagnosis (for reviews, see refer-
ences 8 and 9).

Given its huge complexity, the assembly of complex I is a mul-
tistep process, in which different subunits combine into assembly
intermediates that subsequently join together to form the mature
and functional enzyme (10). This process is aided by several as-
sembly factors, proteins that do not belong to the mature enzyme
but rather associate with assembly intermediates during biogene-
sis of complex I (11).

In recent years, several models for complex I assembly have
being proposed, all of which imply that assembly intermediates
join to form the holo-complex in a sequential pathway. However,
some controversy exists regarding assembly subcomplexes be-
tween the different model systems (12, 13).

The fungus Neurospora crassa has been an important model
system, providing remarkable insight into complex I assembly.
The Neurospora enzyme is composed of 43 different polypeptides
(14), all of them displaying homologues in the mammalian com-
plex (15). The characterization of mutant strains harboring dis-
rupted complex I genes led to the outline of an assembly model, in
which three membrane arm intermediates are assembled inde-
pendently, two of them combining to originate the large mem-
brane arm intermediate that joins with the small intermediate
forming the membrane arm. The peripheral domain can be as-
sembled separately and upon combination with the membrane
domain produces a mature enzyme (16). However, intermediates
of assembly lacking part of the N module (nuo24 and nuo51) have
been described (17, 18), demonstrating that the membrane arm
can associate with an “incomplete” hydrophilic domain (17).

A slightly different pathway was described for mammalian
complex I assembly in which peripheral and membrane subunits
associate in the early steps of assembly. The most recent model
proposes that an early assembly intermediate is anchored to the
membrane prior to its extension by addition of membrane and
peripheral subunits (12). A peripheral subcomplex containing
some of the core subunits expands by incorporation of a small
membrane complex holding ND1, thus forming a 400-kDa inter-
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mediate. This associates with a 460-kDa membrane complex con-
taining ND2, ND3, ND4L, and ND6 and then with another mem-
brane subcomplex containing ND4 and ND5, leading to an 830-
kDa intermediate. With the addition of the N module and some
remaining subunits, mature complex I is subsequently fully as-
sembled (10). In parallel to this de novo synthesis of complex I,
Lazarou and colleagues proposed a regeneration process in which
the exchange of preexisting subunits with newly imported ones
could maintain complex I homeostasis (19).

Assembly factors are associated with all of these assembly in-
termediates, although the precise function of most of them re-
mains elusive. One such assembly factor, NDUFAF2, was found to
be associated with the 830-kDa intermediate, which accumulates
in patients who are mitochondrion deficient in some nucleus-
located complex I genes, namely, NDUFV1 (20), NDUFS4 (21),
and NDUFS6 (22). This intermediate is a stalled subassembly,
since import of the missing subunit restores complex I assembly,
and furthermore, the 830-kDa intermediate is present in small
amounts in control cells (19), whereas most of the NDUFAF2
protein is found as a monomer (20). The absence of NDUFAF2
due to null mutations does not entirely prevent assembly or activ-
ity of complex I, although it leads to the development of a progres-
sive encephalopathy (20, 23).

A better understanding of the specific involvement of
NDUFAF2 in complex I assembly will provide important insights
into its mechanism of action while identifying specific stages of
assembly not previously uncovered. For these purposes, we inves-
tigated the effects of disruption of the N. crassa homologue of
NDUFAF2 (13.4L) and of its paralog protein, the 13.4-kDa com-
plex I subunit (NDUFA12), in complex I assembly and function.
Moreover, we characterized the 13.4L-containing structures in
specific complex I mutants and propose a model for the final steps
of complex I assembly. Herein, we show that N. crassa 13.4L is
associated with assembly intermediates of complex I that contain
both nucleus- and mtDNA-encoded subunits and are able to form
supercomplexes through association with dimeric complex III.

MATERIALS AND METHODS
Strains and plasmids. Manipulation of N. crassa wild type strains 74-
OR23-1A and 74-OR8-1a as well as of the complex I mutant strains
nuo9.8 (24), nuo12.3 (25), nuo14 (14), nuo21 (26), nuo21.3a (27),
nuo21.3c (28), nuo24 (17), nuo51 (18), and nuo78 (29) was performed
according to standard procedures (30). The nuo13.4 (FGSC 13054a and
FGSC 13055A), nuo18.4 (FGSC 15972a), and 13.4L (FGSC 11150a) mu-
tant strains were obtained from the FGSC. The plasmid vectors pCRII-
TOPO (Invitrogen) and pQE-31 (Qiagen) were used for intermediate
cloning and protein expression in the bacterial systems DH5� and M15,
respectively.

Molecular cloning and protein expression. The 13.4L C-terminal en-
coding region was amplified from genomic DNA by PCR using primers
5=-CTGCAGCTCGACCTAGCTGGCAATGCC-3= and 5=-CTGC AGGG
AAGCATCTAAATCACCCCTTC-3= that generated the restriction sites
for PstI (in bold). The amplified 745-bp fragment was cloned in pCRII-
TOPO, sequenced, excised with PstI, and subcloned into pQE-31 for pro-
tein expression. The cDNA encoding the 13.4-kDa protein was amplified
from the N. crassa Sachs library by PCR using primers 5=-GAGCTCAAT
GAACTATATCGGCGACACC-3= and 5=-GAGCTCTTAG TGTCTAGG
AGCAGCAACAGG-3= that introduced the restriction sites for SacI (in
bold). The amplified 361-bp fragment was cloned in pCRII-TOPO, se-
quenced, excised with SacI, and subcloned in pQE-31 for protein expres-
sion. Bacterial strains containing pQE-31 recombinant plasmids were
subsequently induced with IPTG in order to express the fungal proteins.

In this way, the 13.4-kDa polypeptide and a 26.5-kDa polypeptide were
separately expressed as fusion proteins containing 17 and 24 extra resi-
dues at the N terminus, respectively, including a six-histidine tag. The
fusion proteins were purified in nickel columns and used to immunize
rabbits and raise specific polyclonal antisera against the polypeptides as
previously described (31).

Electrophoretic techniques. Crude mitochondria (32) were thawed
on ice and centrifuged at 10,000 � g for 10 min. The pellet was suspended
in solubilization buffer containing 50 mM NaCl, 50 mM imidazole-HCl
(pH 7.0), 1 mM EDTA, 2 mM phenylmethylsulfonyl fluoride (PMSF),
and 5 mM 6-aminocaproic acid. Mitochondria were solubilized with dig-
itonin (DIG) using a detergent/protein ratio of 4 g/g. The samples were
incubated 15 min on ice followed by centrifugation at 10,000 � g for 30
min, and each lane was loaded with mitochondria extracts containing 150
�g of protein prior to solubilization. For blue native (BN) PAGE, different
linear gradient gels overlaid with a 3% stacking gel were used. Lanes from
the first dimension BN PAGE were subsequently excised and resolved in a
second-dimension 12% SDS-PAGE upon incubation in a 1% SDS–1%
�-mercaptoethanol solution for 2 h at room temperature (33). In-gel
activity assays were performed as described elsewhere (34).

Oxygen consumption and enzymatic activities. Oxygen uptake in
mitochondria was measured polarographically at 25°C with a Clark-type
oxygen electrode (Hansatech) in a total volume of 1 ml. The assays were
started by the addition of 1 mM NADH to a mitochondrial suspension
(0.1 to 1 mg) in 0.3 M sucrose, 10 mM potassium phosphate (pH 7.2), 5
mM MgCl2, 1 mM EGTA, 10 mM KCl, 4 �M carbonyl cyanide m-chlo-
rophenylhydrazone, 0.02% (wt/vol) bovine serum albumin (BSA), which
had been incubated with 20 �g/ml alamethicin for 2 min. Rotenone and
antimycin A were added to final concentrations of 15 �M and 0.2 �g/ml,
respectively.

NADH:hexaammineruthenium III (HAR) reductase activity was
measured photometrically (ε340 � 6.22 mM�1 cm�1) in 50 mM Tris HCl,
pH 8.0, in the presence of 1 mM KCN, 120 �M NADH, and 2 mM HAR.

Immunoprecipitation. Mitochondria (1 to 2 mg) were resuspended
in 30 mM Tris HCl (pH 7.5), 300 mM NaCl, and 1 mM PMSF and solu-
bilized with 4 g digitonin (DIG)/g protein for 30 min on ice. Insoluble
material was discarded in a preclearing step by centrifugation at 10,000 �
g for 30 min. The supernatant was then incubated with specific antiserum
overnight at 4°C in an orbital shaker. Antibody-antigen complexes were
captured by incubation with protein A-Sepharose beads (Sigma-Aldrich)
for 1 h at 4°C and recovered by centrifugation. Following six washings
with 30 mM Tris HCl (pH 7.5), 300 mM NaCl, and 0.1% Triton X-100 and
four with 30 mM Tris HCl (pH 7.5), the immunoprecipitates were ana-
lyzed by SDS-PAGE.

Miscellaneous techniques. PCR and general cloning procedures were
carried out according to standard protocols (35). The techniques used for
protein determination (36), SDS-PAGE (37), blotting and incubation of
blots with antisera (38), detection of anti-rabbit alkaline phosphatase-
conjugated secondary antibodies (39), sucrose-gradient centrifugation
analysis of detergent-solubilized mitochondrial proteins (27), and car-
bonate extraction (40) have been described and were performed accord-
ingly.

RESULTS
Identification of the fungal NDUFAF2 homologue. In silico anal-
ysis of the N. crassa genomic database (Neurospora Sequencing
Project) led to the identification of the gene (NCU00278.5) en-
coding the 13.4L protein, which is a homologue of the described
mammalian complex I assembly chaperone NDUFAF2 (20) and a
paralog of the 13.4-kDa structural subunit of complex I (14). The
single-copy gene is located on linkage group III of the fungal ge-
nome and comprises 2 exons. The corresponding polypeptide,
predicted to be mitochondrial according to Mitoprot software
(41), has 271 amino acid residues with a molecular mass of 30,408
Da and an isoelectric point of 9.69. Alignment of both Neurospora
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proteins revealed that they are 23% identical and 33% similar (Fig.
1), whereas a multiple sequence alignment revealed that the fungal
13.4L protein is not highly homologous to its mammalian equiv-
alents.

13.4L strongly interacts with the mitochondrial membrane. To
determine the mitochondrial localization of the 13.4-kDa subunit
and 13.4L, we raised specific antibodies against each of the pro-
teins. They recognized proteins with apparent molecular masses
of approximately 14 kDa and 35 kDa, respectively, in mitochon-

drial extracts from the wild-type strain that were absent in mito-
chondria from the corresponding knockout mutants (Fig. 2A).

The steady-state levels of both proteins were subsequently an-
alyzed in N. crassa mutants bearing different complex I assembly
phenotypes (Table 1). As depicted in Fig. 2A, the levels of the
13.4-kDa subunit are decreased in complex I mutants with a dis-
turbed membrane arm (nuo9.8 and nuo14) and are almost unde-
tectable in the nuo21.3c mutant, which lacks the peripheral arm.
In mutants that assemble an almost intact complex I (such as

FIG 1 13.4L is the paralog of the 13.4-kDa structural subunit of complex I. Identical amino acid residues are shown on a gray background. Accession numbers
are XP_961049 and XP_957749 for the 13.4-kDa subunit and 13.4L, respectively.

FIG 2 The 13.4L protein is a mitochondrial protein that strongly interacts with the membrane. (A) Steady-state levels of the 13.4-kDa subunit of complex I and
the paralog 13.4L in several N. crassa strains determined by Western blotting. (B) The 13.4-kDa subunit of complex I is a peripheral arm component.
Mitochondria from the wild-type (wt) and nuo12.3 strains were centrifuged in sucrose gradients (7.5 to 25%) upon digitonin solubilization. Fractions (labeled
1 to 11 from top to bottom) from the gradients were collected and analyzed by Western blotting with individual antisera against the complex I subunits 21.3c,
18.4, and 13.4 kDa, as well as against the complex III CORE II subunit. (C) Membrane localization of the 13.4L protein. Mitochondria (T) were incubated under
alkaline conditions and resolved by centrifugation into supernatant (S) and pellet (P) fractions and subsequently analyzed by Western blotting. Mitochondria
from the wild type (wt) (M) were also sonicated and separated into membrane structures (SMP) and soluble fraction (S).
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nuo21 and nuo21.3a), the 13.4-kDa subunit is present in wild-
type amounts. Upon sucrose gradient analysis of mitochondrial
proteins, we also observed that the 13.4-kDa subunit sediments
with peripheral arm subunits in the complex I mutant nuo12.3
(25), which accumulates the peripheral intermediate (Fig. 2B).

Overall, our results clearly demonstrate that the 13.4-kDa pro-
tein is part of the peripheral arm of complex I from N. crassa
consistent with its localization in the mammalian enzyme (43).

In contrast, steady-state levels of the 13.4L protein (Fig. 2A)
remain similar upon complex I disruption, suggesting that this
protein is not a structural component of the mature enzyme.

We next addressed the localization of the 13.4L protein
through alkaline extraction of mitochondria from different Neu-
rospora strains. As illustrated in Fig. 2C, the 13.4L protein was
found to be distributed between the pellet and supernatant frac-
tions in all the tested strains, although more abundant in the pellet
of the wild type. As controls, we analyzed the behavior of the
Rieske iron sulfur protein (RIS-complex III) (44) and the 20.8-
kDa subunit of complex I (45). As shown, the RIS protein was
solubilized by the alkaline treatment whereas the 20.8-kDa pro-
tein remained in the pellet fraction, in accordance with previous
reports (46). Moreover, we also separated mitochondria into mi-
tochondrial membranes and soluble fraction by sonication and
verified that the 13.4L was found mainly in the membranes with
only a small portion in the supernatant (Fig. 2C). Taken together,
our results suggest that the hydrophilic protein 13.4L strongly
interacts with the mitochondrial membrane.

Complex I assembly and function is independent of the pres-
ence of 13.4L. The mammalian homologue of the 13.4L protein
has been suggested to be a complex I assembly factor, although its
specific function remains unknown (20). To uncover its func-
tional relevance, we set out to characterize the knockout mutants
13.4L and nuo13.4, obtained from the Fungal Genetics Stock Cen-
tre (FGSC) (47), in terms of steady-state levels of complex I sub-
units. Protein levels of the tested complex I subunits were un-
changed between the wild type and the mutant strains (Fig. 3).
Furthermore, several subunits from either the peripheral domain
or the membrane arm were analyzed, and the results implied that
disruption of either of these proteins does not dramatically inter-
fere with complex I proteins. To assess whether the 13.4-kDa and
the 13.4L proteins could be compensating for one another, given

their homology, we produced a double mutant strain devoid of
both the 13.4-kDa and the 13.4L proteins (nuo13.4�L), which did
not display significantly altered steady-state levels of complex I
subunits (Fig. 3).

We next analyzed mitochondria from the single and double
mutants by BN PAGE and observed that all the mutant strains
displayed complex I bands, similar to those of the wild-type strain
(Fig. 4A, B, and C). Moreover, the patterns of complexes and
supercomplexes within the respiratory chain were comparable in
all strains, indicating that neither the 13.4-kDa nor the 13.4L pro-
tein is required for the assembly of the respiratory chain.

To ascertain the function of the 13.4L protein in N. crassa, we
examined its distribution in mitochondrial proteins from a group
of complex I mutant strains, which assembled an almost intact

TABLE 1 Proteins and corresponding N. crassa mutant strains employed

Subunit and strain
Protein in Homo
sapiens Property(ies)

Assembly and
intermediatea Activity Reference

78 kDa; nuo78 NDUFS1 N4, N5, N1b No; a No 29
51 kDa; nuo51 NDUFV1 N3, NADH, FMN Yes No 18
24 kDa; nuo24 NDUFV2 N1a Yes No 17
21.3a kDa; nuo21.3a NDUFA7 Yes Yes 27
21.3c kDa; nuo21.3c NDUFS8 N6a, N6b No; MA No 28
21 kDa; nuo21 NDUFS4 Phosphorylation Yes Yes 26
20.8 kDa; nuo20.8 NDUFA8 No; PA, small No 42
18.4 kDa; nuo18.4 NDUFS6 Zinc binding Yes Yes This work
14 kDa; nuo14 NDUFA13 Proapoptotic No; PA, small No 14
13.4 kDa; nuo13.4 NDUFA12 Nitrosylated Yes Yes This work
12.3 kDa; nuo12.3 NDUFB10 No; PA, large No 25
9.8 kDa; nuo9.8 NDUFA1 No; PA, small No 24
13.4L; 13.4L NDUFAF2 Assembly factor Yes Yes This work
a a, intermediate that contains the P and Q modules of complex I; PA, peripheral arm intermediate; MA, membrane arm intermediate; small, small intermediate of the membrane
arm; large, large intermediate of the membrane arm.

FIG 3 Steady-state levels of complex I subunits in the 13.4L and the
nuo13.4�L mutants determined by Western blotting. Subunits 20.9, 20.8, 14,
12.3, and 9.8 kDa are components of the membrane arm whereas subunits 78,
51, 30.4, 29.9, 21.3a, 21.3c, 21, 18.4, 13.4, and 10.5 kDa are present in the
peripheral domain of the enzyme.
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enzyme, using nondenaturing gels (Fig. 4D and E). Complex I and
its supercomplex I1III2 were identified by NADH:NBT (nitroblue
tetrazolium) reductase in-gel activity (Fig. 4D) and the presence of
the 13.4L protein was evaluated through Western blot analysis
(Fig. 4E). The anti-13.4L antibody did not recognize the holoen-
zyme in the wild type but specifically recognized high-molecular-
weight complexes in several complex I mutants, such as nuo13.4,
nuo21, and nuo51 (Fig. 4E). We observed that this protein asso-
ciates with different structures in different complex I mutants that
do not correlate with active or inactive complex I. Moreover, com-
plex I mutants which accumulate only early assembly intermedi-
ates do not display these 13.4L-containing high-molecular-weight
complexes (data not shown). Overall, our data provide evidence
that the N. crassa 13.4L protein is involved in a late step of complex
I assembly, as previously described for mammals (20), conveying
a conserved role for the protein from fungi to humans.

To assess the effects of nuo-13.4 and 13.4L deletions in oxida-
tive phosphorylation, we measured rates of oxygen consumption
by wild-type and mutant intact mitochondria, namely, through
NADH oxidation in the presence of the hydrophobic peptide al-
amethicin (Table 2). Oxygen consumption by wild-type mito-
chondria was inhibited around 64% with rotenone, indicating

that NADH enters the mitochondria and is oxidized by complex I.
Likewise, NADH oxidation was inhibited upon addition of rote-
none to mitochondria of the single and double mutants, confirm-
ing the presence of functional complex I in all the mutant strains.
However, the percentage of rotenone inhibition was lower in the
mutants, although both the nuo13.4 and the double mutant pre-
sented slightly increased NADH oxidase activity. We observed a
clear decrease in complex I activity in the double mutant as deter-
mined by rotenone sensitive NADH oxidation (Table 2). The
amount of complex I was further evaluated by measuring NADH:
HAR(III) reductase activity in nuo13.4�L mitochondria, which
exhibited a decreased amount of complex I, consistent with the
observed decreased complex I activity. This decrease in complex I
was not observed through BN PAGE analysis of the double mutant
(Fig. 4), probably due to the lower sensitivity of the method com-
pared to that of enzymatic assays. Antimycin A completely
blocked the respiratory activities, indicating the exclusive use of
the canonical respiratory chain by all strains.

The 13.4L protein interacts with complex I subunits. Given
the demonstration that 13.4L is not required for complex I assem-
bly and function although it associates with high-molecular-
weight structures in specific complex I mutants, we decided to
investigate which proteins are present in such 13.4L recognized
structures. We purified the complexes present in the wild type,
nuo13.4, and nuo51 using the antibody AS-13.4L which, as ex-
pected, immunoprecipitated the 13.4L protein in all strains.
Moreover, as depicted in Fig. 5A, a subset of complex I subunits
were coimmunoprecipitated by AS-13.4L in nuo13.4 and nuo51
but not in the wild-type strain. Likewise, the 13.4L protein was
also coimmunoprecipitated from nuo21 and nuo51 with an anti-
body against the whole complex I (Fig. 5B). The complex III
subunit COREII was not immunoprecipitated in any of the
strains (data not shown), probably due to the low stability of
the supercomplex under the experimental conditions used,
further supported by the fact that the ratio of I1III2 supercom-
plex and monomeric I1 is known to be much lower in N. crassa
than in mammalian mitochondria under the same solubiliza-
tion conditions (6). Our results indicate that the 13.4L-recog-

FIG 4 Effects of 13.4L disruption in respiratory chain organization. Mitochondrial proteins were separated in a 4-to-13% BN PAGE (A, B, and C) or 4-to-9%
BN PAGE (D and E). The gels were stained with Coomassie blue (A), stained for NADH dehydrogenase activity (B and D), or analyzed by Western blotting with
antibodies against complex I subunit 21.3c kDa (C) and the 13.4L protein (E). a and b are high-molecular-weight structures recognized by AS-13.4L.

TABLE 2 Enzymatic activities of wild-type and mutant mitochondria

Strain

Enzymatic activitya

NADH:HAR
(arbitrary units)

NADH oxidaseb

(nmol O2

min�1 mg�1)
(% rotenone
sensitivity)

Complex I
(nmol O2

min�1 mg�1)
(% of wt)

Wild type 0.434 � 0.036 146.9 � 14.0 (64) 94.0 (100)
nuo13.4 0.334 � 0.020 232.8 � 20.2 (32) 74.5 (79.2)
13.4L 0.360 � 0.034 135.6 � 14.4 (50) 67.8 (72.1)
nuo13.4�L 0.226 � 0.016 190.2 � 20.7 (21) 39.9 (42.4)
a Values are means and standard errors from at least 4 independent mitochondrial
preparations.
b Activity was measured in the presence of 20 �g/ml alamethicin. Respiratory activities
were fully sensitive to 0.4 �M antimycin A.
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nized high-molecular-weight structures are enriched in com-
plex I subunits and most certainly represent complex I
assembly intermediates.

The 13.4L protein associates with complex I assembly inter-
mediates. Having established that the 13.4L protein interacts with
complex I subunits in specific complex I mutants (Fig. 4E and 5A),
we next set out to determine whether this interaction was mutant
specific or occurred overall upon complex I disruption. A thor-
ough analysis of Fig. 4E revealed high-molecular-weight com-
plexes observed in mutants nuo13.4 and nuo21 different from
those visualized in nuo21.3a and nuo51 mutants. Mitochondria
from a plethora of complex I mutants were thus solubilized with
digitonin, resolved by BN PAGE followed by Western blotting,
and subsequently immunodecorated with antibodies against the
13.4L and the 21.3c complex I subunit. As depicted in Fig. 5C and
6A, and according to the pattern of the bands observed upon
detection with AS-13.4L, the complex I mutants can be divided
into 3 groups: group 1, encompassing mutants nuo21.3a, nuo24,
nuo51, and nuo78, in which two bands are recognized; group 2,
which includes mutants nuo13.4, nuo18.4, and nuo21 displaying
two different bands; and group 3, including mutant nuo21.3c and
those assembling early complex I intermediates, where no bands
are detected. A similar analysis, performed with specific antiserum
against the complex I subunit 21.3c, detected complex I in its
monomeric form and associated in supercomplexes in all the
strains except nuo21.3c and nuo78 (Fig. 5D). The 21.3c subunit
was also identified in the 13.4L-containing band (a) in group 1
mutants (Fig. 5D). The observed 13.4L-containing structures in
group 1 are smaller than complex I and the supercomplex I1III2,
whereas bands detected in group 2 display molecular weights sim-
ilar to those of monomeric complex I and its supercomplex with
dimeric complex III. Interestingly, all of the mutants exhibiting

association of 13.4L in high-molecular-weight structures are de-
void of peripheral arm subunits of complex I accumulating late
assembly intermediates of the enzyme. More so, mutants with
mutations in peripheral arm subunits that do not accumulate late
assembly intermediates (mutants in Q-module subunits) are de-
void of 13.4L-containing subassemblies. Overall, our results indi-
cate that 13.4L is a late assembly factor in N. crassa.

The assembly intermediate a identified by anti-13.4L has the
same molecular weight as the complex I intermediate accumu-
lated in nuo78 mutant (48). To confirm whether they are indeed
the same structure, we immunoprecipitated nuo78 mitochondria
with AS-13.4L, yielding the 13.4L protein as well as several com-
plex I subunits from both the peripheral arm and the membrane
arm (Fig. 6B). However, subunits belonging to the N module of
complex I (13.4-, 18.4-, 21-, 24-, 51-, and 78-kDa subunits) were
not coprecipitated with 13.4L. Moreover, antibodies against either
the 13.4-kDa or the 18.4-kDa subunit do not recognize interme-
diate a or its supercomplex with the dimer of complex III (Fig.
6C). These results indicate that the nuo78 complex I intermediate
is the smaller structure (a in Fig. 4E, 5, and 6) with which the 13.4L
assembly factor interacts and that the higher-molecular-weight
complex (molecular weight equal to that of I1) results from the
addition of other complex I subunits to this intermediate. Both of
these complexes are able to associate with fully assembled dimeric
complex III, forming the supercomplexes a1III2 and I1III2, respec-
tively (Fig. 6D).

More so, our results indicate that the 13.4L-containing inter-
mediate a present in group 1 mutants is able to incorporate com-
plex I subunits, yielding an “incomplete” complex I to which the
assembly factor is no longer bound. In group 2 mutants, however,
the 13.4L protein remains associated until the last step of the com-
plex I assembly pathway is accomplished.

FIG 5 13.4L interacts with complex I assembly intermediates. (A) Immunoprecipitation of complex I subunits with 13.4L antiserum. Immunoprecipitates were
analyzed by Western blotting with a mixture of antisera against the proteins indicated on the left (subunits 30.4, 29.9, and 21.3c kDa belong to the Q module;
subunits 20.8, 14, and 12.3 kDa are part of the P module). (B) Immunoprecipitation of the 13.4L protein by antiserum against complex I. Mitochondria from
nuo21 (a) and nuo51 (b) were separately solubilized and incubated with either an antiserum to the whole complex I (1) or an antibody to the 13.4L protein (2).
The immunoprecipitates were analyzed by Western blotting with a mixture of antisera against the proteins indicated on the left. (C and D) Association of the
13.4L to complex I assembly intermediates. Mitochondrial proteins were resolved by BN PAGE (4 to 13%) and subsequently analyzed by Western blotting with
antisera against the 13.4L protein (C) and the 21.3c kDa subunit of complex I (D).
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13.4L interaction with complex I assembly intermediates is
dependent on their membrane integration. We observed that the
13.4L protein associates with intermediates of complex I despite
the fact that the functional relevance of this interaction remained
unclear. To address this issue, we analyzed complex I-deficient
mutants with different intermediate phenotypes by one-dimen-
sional BN PAGE followed by two-dimensional (2D) BN SDS-
PAGE (Fig. 7). The lack of association between 13.4L and the
peripheral arm accumulated in nuo21.3a suggests that this assem-
bly factor associates only with complex I intermediates in a late
stage of assembly, upon joining of membrane and peripheral com-
ponents. Moreover, we suggest that the 13.4L assembly factor is
specifically recruited to complex I intermediates in group 1 mu-
tants for stabilization purposes, given that, upon further incorpo-
ration of complex I subunits yielding an almost mature enzyme,
13.4L dissociates. However, we cannot discard the possibility that
the peripheral arm accumulated in nuo21.3a results from insta-
bility of “incomplete” complex I, in which case 13.4L would not
associate with it.

Accordingly, 13.4L was not found to be associated with the
peripheral domain of complex I in the nuo20.8 mutant. However,
the double mutant nuo20.8/21.3a accumulates only an “incom-
plete” peripheral arm that was recognized by an antibody against
the 21.3c kDa subunit (subunits are designated according to their

molecular masses; subunit 21.3c kDa is the third identified
subunit with a molecular mass of 21.3 kDa) of complex I but
not by the 13.4L antibody, indicating that the assembly factor
does not associate with this “incomplete” early assembly inter-
mediate (Fig. 7).

As such, we conclude that the 13.4L assembly factor associates
only with late assembly intermediates of complex I.

The 13.4L protein associates with genuine assembly interme-
diates. Surprisingly, 13.4L could also be detected in wild type mi-
tochondria associated with high-molecular-weight structures
similar to those found in group 1 mutants under normal vegeta-
tive growth conditions, although in minute amounts (Fig. 7). We
set out to determine under which conditions these intermediates
accumulate in the wild type. We found that upon transfer to 37°C
for 3 h of a wild-type culture growing at 26°C, the accumulation of
assembly intermediates was easily detected by AS-13.4L in BN
PAGE Western blots (Fig. 8A). Furthermore, this accumulation
could be blocked by the addition of either cycloheximide or po-
tassium cyanide (Fig. 8B), suggesting that the intermediates accu-
mulate due to an accelerated growth rate that is prevented by
protein synthesis or respiratory chain inhibitors. Accordingly, the
shift in growth temperature also resulted in accumulation of as-
sembly intermediates in nuo13.4, which already displayed these

FIG 6 Intermediate a is the smallest structure containing the 13.4L protein. (A) Association of 13.4L with complex I assembly intermediates. Mitochondrial
proteins from the indicated strains were analyzed by BN PAGE (4 to 10%), and the gel was blotted and probed with an antibody against either the 13.4L protein
or the 21.3c kDa subunit of complex I. Identified complexes are indicated on the left (a is the smallest structure containing the 13.4L protein). (B) Immuno-
precipitation of complex I subunits from nuo78 with 13.4L antiserum. Mitochondria from wild-type (wt) and nuo78 strains were solubilized and incubated with
antiserum against the 13.4L protein. Immunoprecipitates were resolved by SDS-PAGE, blotted onto nitrocellulose, and subsequently incubated with a mixture
of antisera against the proteins indicated on the left. (C) Intermediate a does not contain the 18.4- or the 13.4-kDa subunit (nuo78 lane in both gels).
Mitochondrial proteins from the indicated strains were analyzed by BN PAGE (4 to 10%) followed by Western blotting with antibodies against either the
18.4-kDa or the 13.4-kDa subunit of complex I. Identified complexes are indicated on the left. (D) Complex III is fully assembled in supercomplexes I1III2 and
a1III2. Mitochondrial proteins from the indicated strains were analyzed by BN PAGE (4 to 10%), and the gel was blotted and probed with an antibody against the
complex III Rieske iron sulfur (RIS) protein.
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structures under normal growth conditions (Fig. 8A, AS-13.4L
antibody).

Strikingly, we also observed that oxidative stress exposure re-
sulting from the addition of hydrogen peroxide to an exponen-
tially growing culture led to accumulation of 13.4L-containing
assembly intermediates in the wild type (Fig. 8C, AS-13.4L anti-
body). We suggest that hydrogen peroxide exposure leads to the
accumulation of complex I intermediates that probably result
from damage/instability of the mature enzyme, which may be
more pronounced in the nuo13.4 mutant than in the wild-type
strain.

Additionally, we observed that nuo13.4 assembly intermedi-
ates appeared as smaller 13.4L-recognized structures upon oxida-
tive stress exposure. To assess the conversion of nuo13.4 complex

I assembly intermediates into smaller intermediates, we resolved
mitochondrial extracts from the wild type, nuo13.4, and nuo51
upon growth in the presence or absence of hydrogen peroxide by
BN PAGE. As depicted in Fig. 9A, H2O2 exposure leads to the
conversion of nuo13.4 intermediates into structures that migrate
exactly in the same position as those present in nuo51. Moreover,
exposure of nuo51 to oxidative stress does not alter the AS-13.4L
band pattern, suggesting that intermediate a is the smaller struc-
ture with which the 13.4L protein associates. The conversion of
the 13.4L-recognized intermediates from nuo13.4 was also ad-
dressed by 2D BN SDS-PAGE analysis (Fig. 9B). It is clear that
13.4L and complex I subunits appear in lower-molecular-weight
structures upon H2O2 exposure that do not contain the 78-kDa
subunit, providing further evidence that intermediate a is that
present in the nuo78 mutant.

DISCUSSION

Complex I dysfunction is a major cause of OXPHOS disorders in
humans usually associated with defects in enzyme function and/or
assembly (7). Here, we used N. crassa as a model system to inves-
tigate the functional relevance of the complex I assembly factor
13.4L (homologue of the human NDUFAF2 protein), and we pro-
vide evidence that this protein is functionally conserved from
fungi to humans. Despite the fact that we observed an association
of this assembly factor to complex I assembly intermediates that
accumulate in specific complex I mutant strains, our results indi-
cate that this late-stage assembly factor is not essential for complex
I assembly or function.

In view of our evidence, we propose a model (Fig. 9C) in which
the 13.4L protein is involved in the stabilization of a complex I
assembly intermediate, which accumulates in specific complex I
mutants, as well as during accelerated growth and upon oxidative
stress exposure. In the latter case, the stabilization of the assembly
intermediate could subsequently lead to the repair of the damaged
molecules by incorporation of newly imported peripheral arm
subunits. In this model, it can be envisaged that repair of damaged
complex I molecules can be accomplished without the need for
total substitution of the enzyme, as has been suggested for the
mammalian enzyme (19).

Our data for a cohort of complex I-deficient mutants indicates
that the smallest intermediate with which the 13.4L associates is
the one accumulated in nuo78, which lacks all the N-module com-
ponents (13.4, 18.4, 21, 21.3a, 24, 51, and 78 kDa). This structure
also accumulates in nuo21.3a, nuo24, and nuo51 but upon incor-
poration of the remaining N-module subunits leads 13.4L to dis-
sociate from the final assembled structure. A similar interaction of
the human NDUFAF2 with an 830-kDa intermediate that accu-
mulates in patients’ mitochondria deficient in some nuclear com-
plex I genes, namely, NDUFV1 (20, 21), NDUFS1 (21), NDUFS4
(21), and NDUFS6 (22), was previously described. We suggest that
intermediate a is the equivalent of this 830-kDa subcomplex,
which also lacks the N module (19, 49, 50).

Furthermore, in group 2 mutants (nuo13.4, nuo18.4, and
nuo21) the assembly factor associates with an intermediate that
has the same molecular weight as mature complex I.

These mutants do not accumulate intermediate a, and 13.4L is
probably stalled while waiting for the missing subunit. These find-
ings suggest that in these mutants the assembly factor dissociates
only upon incorporation of the 13.4-, 18.4-, and 21-kDa subunits.
Indeed, these 3 subunits are present in the “incomplete” complex

FIG 7 The 13.4L protein does not associate with the peripheral arm. Mito-
chondrial proteins were resolved in a BN PAGE and either blotted onto a
membrane (A and B) or resolved by 2D SDS-PAGE (C). The filters were
probed with antisera against the 21.3c kDa subunit of complex I (A), the 13.4L
protein (B), and the proteins indicated on the left (C). Relevant OXPHOS
complexes and supercomplexes are indicated. a, the smallest intermediate to
which the 13.4L associates; pa, the peripheral arm of complex I.
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I assembled in mutants nuo21.3a and nuo51. In contrast, a previ-
ous study by Lazarou et al. reported NDUFAF2 to be associated
only with the 830-kDa subassembly, not with the 970-kDa com-
plex I lacking NDUFS6, in patient’s mitochondria (19).

Remarkably, the 3 subunits (13.4, 18.4, and 21 kDa) have been
described as a possible regulatory module, already present in com-
plex I from some proteobacteria (51). It remains to be established
whether these subunits interact with each other and form a sub-
domain within the complex. Our results indicate that they can be
incorporated independently from each other, since the mutant in
one subunit assembled the other two into complex I, although in
these mutants the 13.4L assembly factor is found associated with
the enzyme. We propose for the first time that 13.4L is involved in
the regulation/assembly/repair of this modular part of complex I
with a consequent role in the regulation of the enzyme.

Interestingly, all the 13.4L-containing intermediates are able to
form supercomplexes with the dimer of complex III, indicating
that the membrane part of the enzyme is already assembled. The
assembly of “incomplete” complex I, with or without activity, into
supercomplexes was described previously (3, 6); however, we ob-
served here that intermediate a is already able to assemble into
supercomplexes, making it the first supercomplex assembly inter-
mediate in agreement with what was proposed for human respi-
rasome biogenesis (3, 19). Indeed, Moreno-Lastres and coworkers
have proposed a model of human supercomplex biogenesis where
complex I N module is only incorporated upon complexes III and
IV association (3).

How the N module is incorporated into intermediate a is yet to
be established, although our results point to a sequential integra-
tion of the different subunits. However, we cannot discard the
possibility that some subunits associate before incorporation. For
instance, the interaction between the 24- and 51-kDa subunits was
suggested previously (17, 52). In contrast, three of the N-module
subunits (NDUFV2, NDUFV1, and NDUFA12) have been de-

scribed in their free form upon fluorescence studies (53), consis-
tent with their late incorporation into complex I.

Our results for mutant nuo21 are discordant with those de-
scribed for mitochondria from patients or mice harboring
NDUFS4 mutations. Herein, we illustrate the association of the
13.4L protein to the functional complex I present in the Neuro-
spora nuo21 mutant (26). Mitochondria from patients and mice
deficient in NDUFS4 were described as devoid of complex I activ-
ity, with accumulation of the 830-kDa intermediate associated
with the NDUFAF2 assembly factor (20, 21, 49, 50). However, it
was recently reported that the absence of NDUFS4 results in in-
creased instability of complex I leading to the accumulation of two
subcomplexes, the N module and the 830-kDa intermediate,
which has been found to be associated with two assembly factors
(49, 50). Furthermore, complex I activity was detected in different
tissues of homozygous ndufs4 mutant mice, consistent with our
results from nuo21 mutant. Given that two assembly factors have
been found to be associated with the hampered complex I present
in homozygous ndufs4 mutant mice, we would like to speculate
that our 13.4L (NDUFAF2)-containing complexes could also
contain CIA30 (NDUFAF1).

A patient suffering from Leigh syndrome caused by nonsense
mutations in NDUFA12 (nuo-13.4) and presenting isolated com-
plex I deficiency with reduced amounts of fully active enzyme was
recently described (54). Likewise, our results showed that disrup-
tion of the homologous subunit in N. crassa is compatible with the
assembly of a functional complex I that appears to be more sus-
ceptible to oxidative damage.

It was previously described that N. crassa complex I assembly
occurs through a modular pathway in which the membrane and
the peripheral domains of the enzyme assemble independently
and then join together to form the mature complex I (55). This
assembly pathway was established with assays in complex I mu-
tants where both intermediates were observed. However, this

FIG 8 Effect of temperature (A and B), and oxidative stress (B) in complex I assembly intermediates. Indicated strains were grown at 26°C for 16 h followed by
3-h incubation either at 26°C or at 37°C in the presence of 1 mg/ml cycloheximide (CHM), 1 mM KCN, 10 mM N-acetylcysteine (NAC), 10 mM H2O2 (H2O2),
or 10 mM H2O2 plus cycloheximide (CHM�H2O2). Mitochondrial extracts were analyzed by Western blotting with antibodies against the 13.4L protein, the
complex I subunit 21.3c kDa, and the COREII complex III subunit.
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pathway is not entirely compatible with the assembly pathway
proposed for human complex I, where the peripheral arm was not
detected as an assembly intermediate. For the first time, we pro-
pose that the late steps of N. crassa complex I assembly are iden-
tical to those of mammalian complex I, indicating a conserved
pathway for enzyme assembly. Accordingly, the intermediate
present in nuo78 is equivalent to a subcomplex that accumulates
in specific complex I-deficient patients (21). This intermediate
contains membrane and peripheral subunits of complex I and
indicates that also in the fungus, peripheral arm subunits can be
incorporated into membrane arm intermediates independently of
the assembly of the peripheral arm, raising the prospect of more
than one assembly pathway. Indeed, the accumulation of the pe-
ripheral domain was also observed in Chinese hamster fibroblasts
upon disruption of NDUFA1 (9.8 kDa) (56). This result suggests
that, as in N. crassa, disruption of a membrane arm subunit in
mammals could lead to the accumulation of the peripheral do-
main of complex I. The formation of this intermediate in the ab-

sence of the membrane domain can be advantageous for the sta-
bility of the peripheral arm subunits that would otherwise be
prone to degradation. In such cases, a nonphysiological assembly
pathway can be “activated” due to the presence of stalled interme-
diates.

Herein, we provide evidence that 13.4L is a complex I assembly
factor and that mitochondrial complex I biogenesis appears to be
evolutionarily conserved. Moreover, the use of N. crassa validates
it as an excellent model to characterize the assembly pathway of
complex I and the proteins involved, providing important insights
into mammalian mitochondrial complex I biogenesis.
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