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Respiratory complex I (NADH:ubiquinone oxidoreductase) is a large mitochondrial inner membrane enzyme
consisting of 45 subunits and 8 iron-sulfur (Fe/S) clusters. While complex I dysfunction is the most common
reason for mitochondrial diseases, the assembly of complex I and its Fe/S cofactors remains elusive. Here, we
identify the human mitochondrial P-loop NTPase, designated hulndl, that is critically required for the
assembly of complex I. hulndl can bind an Fe/S cluster via a conserved CXXC motif in a labile fashion.
Knockdown of hulndl in HeLa cells by RNA interference technology led to strong decreases in complex I
protein and activity levels, remodeling of respiratory supercomplexes, and alteration of mitochondrial mor-
phology. In addition, hulnd1 depletion resulted in massive decreases in several subunits (NDUFS1, NDUFV1,
NDUFS3, and NDUFA13) of the peripheral arm of complex I, with the concomitant appearance of a 450-kDa
subcomplex representing part of the membrane arm. By a novel radiolabeling technique, the amount of iron
associated with complex I was also shown to reflect the dependence of this enzyme on hulnd1 for assembly.
Together, these data identify hulndl as a new assembly factor for human respiratory complex I with a possible

role in the delivery of one or more Fe/S clusters to complex I subunits.

In the mitochondria of mammalian cells, energy is harnessed
from NADH through a series of electron transfer steps, involv-
ing NADH:ubiquinone oxidoreductase (complex I) (for a re-
view, see Brandt [7]). This largest component of the respiratory
chain comprises 45 protein subunits, 7 of which are encoded by
the human mitochondrial genome. Additionally, complex I
contains stably bound cofactors, including flavin mononucle-
otide and eight iron-sulfur clusters (ISC). Assembly of this
highly composite enzyme is not well understood so far but pre-
sumably involves several ancillary proteins (30, 71). Deficien-
cies in complex I activity are the most common cause of dis-
eases of mitochondrial etiology (17, 28, 56). As approximately
50% of patients with complex I deficiencies have no mutations
in the individual subunits of complex I, it seems likely that a
number of assembly factors are relevant for disease (27). In-
deed, two assembly proteins, NDUFAF2/B17.2L (38) and
NDUFAF1/CIA30 (14, 27, 69), have already been character-
ized, and mutations in the corresponding genes have been
identified in patients with complex I disease. More recently
described complex I assembly factors with (potential) rele-
vance for disease are COORF66 (49, 50), CSORF38 (43), Ecsit
(70), C200RF7 (63), and apoptosis-inducing factor (4, 67).

Besides fulfilling roles in the molecular chaperoning of com-
plex I protein subunits, assembly factors are also expected to
be necessary for the insertion of prosthetic groups into either
monomeric complex I subunits, complex I subcomplexes, or
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the fully assembled apoenzyme. Fe/S clusters in particular are
known to require specialized and dedicated molecular machin-
ery for their synthesis and delivery to apoproteins (for a review,
see Lill and Miihlenhoff [33]). The biogenesis components and
the molecular mechanisms of Fe/S protein assembly were orig-
inally elucidated for bacteria and Saccharomyces cerevisiae. In
yeast mitochondria, 15 components of the mitochondrial ISC
assembly machinery are known to catalyze Fe/S protein mat-
uration. In brief, sulfide is generated via the desulfuration of
cysteine by the cysteine desulfurase complex Nfs1-Isd11 and
then combined with ferrous iron on the scaffold protein Isul.
The Isul-bound, labile Fe/S cluster is transferred to apopro-
teins, aided by dedicated chaperone proteins and a monothiol
glutaredoxin. Generation of extramitochondrial Fe/S proteins
requires an as yet unidentified product of the ISC biogenesis
pathway. This compound is exported from mitochondria by the
ISC export machinery, including the ABC transporter Atml
(ABCB7 in humans). Construction of cytosolic and nuclear
Fe/S proteins is then accomplished by components of the cy-
tosolic iron-sulfur protein assembly (CIA) machinery. Analo-
gous to Isul of the mitochondrial ISC pathway, the two cyto-
solic P-loop NTPase proteins, Nbp35 and Cfdl, serve as
scaffolds for the assembly of Fe/S clusters (24, 37, 48, 61). The
transfer of the assembled Fe/S clusters to apoproteins involves
the essential Fe/S protein Narl and the WD40 repeat protein
Cial (2, 3). Another recently discovered member of the CIA
machinery is the essential Fe/S protein Dre2 (79). All the ISC
and CIA proteins are highly conserved among eukaryotes,
from yeast to humans, suggesting similar mechanisms of Fe/S
protein assembly in lower and higher eukaryotes. Findings
from studies of several mammalian ISC, ISC export, and CIA
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components have supported this idea (5, 10, 44, 58, 60, 61, 65).
Small amounts of several ISC assembly machinery components
have been detected in the cytosol and nuclei of mammalian
cells (47). The extramitochondrial form of human Isul was
shown to assist Fe/S protein regeneration and/or repair.

Interestingly, an additional mitochondrial protein with se-
quence similarity to cytosolic Nbp35/Cfd1 has been identified
in eukaryotes, and the form of the protein in the obligate
respiratory yeast Yarrowia lipolytica has been characterized
previously (8). This protein, termed Ind1, for iron-sulfur pro-
tein required for NADH dehydrogenase, contains the con-
served nucleotide binding domain characteristic of this sub-
class of P-loop NTPases (known as the Mrp/NBP35 subclass
[31]). In addition, Ind1 harbors a C-terminal domain including
the conserved CXXC motif that is believed to provide the
ligands for a transiently bound Fe/S cluster (37). We recently
demonstrated that the INDI gene is present almost exclusively
in the genomes of species that retain functional complex I,
including humans (8). Deletion of the INDI gene in Y. lipoly-
tica results in a specific decrease in the levels and therefore the
activity of complex I. In the present study, we used RNA inter-
ference (RNAi)-mediated depletion of human Ind1 (hulndl) to
demonstrate the requirement of this mitochondrial Fe/S pro-
tein for complex I assembly and hence activity. This demon-
stration shows the functional conservation of Ind1 among eu-
karyotes from yeast to humans. In addition to the previous
findings with Y. lipolytica, we observed ultrastructural changes
in hulndl-depleted mitochondria, including the loss of crista
membranes, massive remodeling of the respiratory supercom-
plexes, and increased lactate production, all likely resulting
from the respiratory chain defect in hulndl-depleted cells. A
novel subcomplex consisting of parts of the membrane arm of
complex I accumulates in the absence of hulndl. Importantly,
the levels of several subunit proteins, NDUFS1, NDUFVI,
NDUFS3, and NDUFA13, in the complex I peripheral arm
hosting the eight Fe/S clusters were dramatically decreased in
hulnd1-deficient cells, indicating that this part of complex I
was not assembled. As the first two proteins of this list directly
coordinate Fe/S clusters and hulnd1 binds a labile Fe/S cluster,
the functional role of hulndl may be in Fe/S cluster incorpo-
ration into complex I subunits, reminiscent of the function of
Cfd1 and Nbp35.

MATERIALS AND METHODS

Reagents and cell lines. Antibodies against recombinant hulnd1 were raised in
rabbits (22). Antibodies against purified bovine complex I, complex III dimer
(complex IIL,), and ATP synthase o and B subunits; the chemical 2-decyl-4-
quinazolinyl amine (DQA); and bovine heart mitochondria were generous gifts
of H. Schagger (Frankfurt, Germany). The anti-complex I antibody was raised in
rabbits by Schigger’s group using purified bovine complex I as described by
Okun et al. (40). Abnova antibodies against NDUFS1 (MaxPab polyclonal) and
NDUFV1 (monoclonal) were purchased from Biozol (Eching, Germany); mono-
clonal anti-NDUFAY, anti-NDUFB6, anti-NDUFA13, and anti-NDUFS3 anti-
bodies were purchased from MitoSciences (Eugene, OR). H. Puccio kindly
supplied us with antiserum against glutamine phosphoribosylpyrophosphate
amidotransferase (GPAT). Horseradish peroxidase-conjugated goat anti-rabbit
immunoglobulin G antibodies were from Bio-Rad. Small interfering RNAs
(siRNAs) with predesigned sequences were purchased from Ambion. Phusion
DNA polymerase (Finnzymes, Espoo, Finland) was exclusively used for PCR
amplification. INSTA-blot, a polyvinylidene difluoride (PVDF) membrane con-
taining blotted proteins from various human tissues, was purchased from Merck
Biosciences. All cell culture reagents were purchased from PAA Laboratories
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(Colbe, Germany). All other reagents were obtained from Sigma, unless other-
wise noted.

HeLa cells were maintained in Dulbecco’s modified Eagle medium containing
4.5 g/liter glucose and supplemented with 7.5% fetal calf serum, 1 mM glutamine,
and 1% penicillin-streptomycin.

Plasmids. All relevant oligonucleotide sequences are listed in Table 1. A
c¢DNA clone of the hulndl gene (NUBPL; RefSeq accession no. NM_025152) in
pCMV-Sport6 was obtained from Geneservice. The protein encoded by this
vector did not contain the first 7 amino acid residues. We therefore employed
PCR amplification (with oligonucleotide set 1) to add the appropriate nucleo-
tides, along with BglII and Sall restriction sites for subcloning of the hulnd1 gene
into pEGFP-N3 (Clontech) to generate a mammalian expression vector
(pPEGFP-IND1) encoding full-length hulnd1 fused to enhanced green fluores-
cent protein (EGFP) at the C terminus. For the expression of N-terminally
His-tagged recombinant hulnd1 in Escherichia coli, we amplified a portion of the
hulndl gene from the commercially obtained vector by PCR using oligonucle-
otide set 2. The construct lacks the first 51 codons (i.e., the putative mitochon-
drial targeting sequence) and contains BamHI and Pstl restriction sites for
cloning into pETDuet-1 (Novagen). Constructs for vector-based RNAi were
generated by using oligonucleotides 3 to 5, based on the three short hairpin RNA
sequences acquired from Ambion, and by cloning these oligonucleotides into
pSUPERIOR.puro (OligoEngine) using BgIIT and HindIII restriction sites. The
first and third RNA targets (oligonucleotides 3 and 5) elicited strong knockdown
of hulnd1 (data not shown). The sequence of oligonucleotide 3 was used for all
subsequent experiments (and all of the results presented in this paper). A rescue
construct that renders transcripts resistant to RNAi was generated by a single
PCR amplification protocol using overlapping, mismatched primers (oligonucle-
otide set 6) to linearly amplify the entire pEGFP-IND1 vector with silent mu-
tations in the RNAi-targeted regions, yielding vector smIND1 (80). The latter
construct was further mutated using oligonucleotide set 7 to yield an RNAi-
resistant transcript (vector smIND1CC) that would generate a version of hulndl
with both of the conserved cysteine residues, at positions 244 and 247, changed
to alanine residues. For microscopic subcellular localization experiments, we
cotransfected cells with a vector that encodes a stable version of Dicosoma sp.
red fluorescent protein preceded by the presequence of subunit VIII of cyto-
chrome ¢ oxidase (pDsRed2-Mito; Clontech).

Purification and chemical reconstitution of recombinant hulndl. hulnd1 was
produced in E. coli according to a procedure described previously (37) and
purified anaerobically by nickel-nitrilotriacetic acid affinity chromatography. The
protein was immediately desalted on a PD-10 column and subsequently chemi-
cally reconstituted (37). UV-visible spectra were recorded using a V-550 spec-
trophotometer (Jasco Instruments).

Transfection. After human HeLa cells were harvested by trypsinization and
washed in electroporation buffer (21 mM HEPES, pH 7.15, 137 mM NaCl, 5 mM
KCl, 0.7 mM sodium phosphate, 6 mM glucose), 4 X 10° cells (for 75-cm? culture
flasks) or 8 X 10° cells (for 175-cm? flasks) were resuspended in 550 pl electro-
poration buffer supplemented with 25 pg RNAi vector and 5 pg rescue vector.
Transfection was performed using an EASYJect+ electroporator (Equibio) set
to 250 V/1,500 wF and a pulse of 25 to 30 ms. After electroporation, cells were
immediately transferred into growth medium supplemented with 25 to 30%
HeLa cell-conditioned medium. The cells were retransfected every third day and
assayed 3 days after the third transfection (i.e., on day 9) unless otherwise
indicated. Since the rescue vector encodes a hulnd1-EGFP fusion protein, we
were able to monitor the transfection efficiency by flow cytometry with a
FACScan instrument (Becton Dickinson) and found it to be consistently around
90% (60).

Microscopy. After transfection, cells were seeded onto coverslips in 24-well
plates and incubated under standard culture conditions. After 3 days, the sam-
ples were washed three times in phosphate-buffered saline (PBS), incubated for
20 min in 4% paraformaldehyde in PBS, washed again in PBS, and mounted onto
microscope slides. Microscopy was performed with a Leica TCS SP2 AOBS
confocal microscope. Samples prepared for and visualized by transmission elec-
tron microscopy were processed and examined as described previously (15).

BN-PAGE, hrCNE, and analysis of native PAGE-resolved complexes. Sample
preparation and blue native polyacrylamide gel electrophoresis (BN-PAGE)
were performed as described by Wittig et al. (73). Briefly, washed HeLa cell
pellets were resuspended in 10 volumes of BN mitobuffer (83.3 mM sucrose, 6.7
mM sodium phosphate, pH 7.0), homogenized in a motorized Dounce homog-
enizer (40 passes at 2,000 rpm), and aliquoted into microcentrifuge tubes (~20
mg [wet weight] of cells/tube). Crude mitochondrial fractions were pelleted by
centrifugation of the homogenates for 10 min at 13,000 X g at 4°C and flash
frozen in liquid nitrogen until further use. Mitochondrion-enriched sediment was
suspended in 35 wl BN solubilization buffer (50 mM NaCl, 50 mM imidazole, 2
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TABLE 1. Oligonucleotides used in this study
Oligonucleotide Sequence” Purpose(s) or description
Set 1 To add region encoding first 7 amino acid
residues, remove stop codon, and add
BglII and Sall restriction sites for
cloning into pEGFP-N3
Forward TATAGATCTACCATGGGGATTTGGCAGCGTCTGCTGCTTTTTGGT
GGGGTGTCG
Reverse TATGTCGACTTCTGAAGGTGATGGCAATCTTCTTAC
Set 2 To remove putative mitochondrial
localization sequence and add BamHI
and Pstl restriction sites for cloning
into pETDuet-1
Forward ATGGTAGGATCCGTCCCGAGGACTTCCAAAGC
Reverse ATGGTACTGCAGTCATTCTGAAGGTGATGGC
3 5'-GCAGAAACCGATAGAAGGT-3' hulndl siRNA 1
4 5'-GGCCTTATGGTAATGTCGG-3' hulndl siRNA 2
5 5'-GGTTCACAAAACTTTGATG-3' hulndl siRNA 3
Set 6 To generate smIND1 by site-directed
mutagenesis
Forward CAAAaCAaAAgCCaATtGAgGGaGTTAAACAAGTTATAGTTGTGGCT
Reverse TAACtCCcTCaATtGGcTTITGITTTGGCAGTCCTCGGGACATGATT
Set 7 To generate smIND1CC by site-directed
mutagenesis
Forward CCAGgcgCCAAAAgcTAAACACAAAACTCATATTTTTGG
Reverse TGTTTAgcTTTTGGcgcCTGGAAAACACTCATGTTTTGG

“ Bases corresponding to mutations are in lowercase.

mM 6-aminocaproic acid, 1 mM EDTA, pH 7.0) and then solubilized by the
addition of 20% digitonin (dissolved in water at 95°C) to a final concentration of
3.3% with immediate mixing by pipetting. The samples were clarified by centrif-
ugation (15 min at 100,000 X g and 4°C), and the protein content was determined
by the method of Bradford. Equal amounts (150 to 300 wg) of protein were
supplemented with 10 ul BN loading buffer (5% Coomassie blue G250 in 0.5 M
6-aminocaproic acid) and up to 5% glycerol, and samples were resolved on a
nondenaturing, Tricine-acrylamide gradient (4 to 13% polyacrylamide) gel as
described previously (52). The sizes of BN-PAGE-resolved proteins were esti-
mated by resolving digitonin- or dodecyl-B-p-maltoside-solubilized bovine heart
mitochondria as molecular mass markers as described previously. High-resolu-
tion clear native PAGE (hrCNE) was performed identically to BN-PAGE except
that hrCNE cathode buffer (50 mM tricine, 7.5 mM imidazole, 0.02% dodecyl-
B-p-maltoside, 0.05% deoxycholate [pH ~7.0; no pH adjustment]) was used
instead of the BN cathode buffers and a solution of 0.01% Ponceau S with 5%
glycerol was used as the sample buffer (75).

Complex I activity was determined in-gel as described previously (75). Briefly,
BN-PAGE gels were immersed in a solution of 5 mM Tris-HCI, pH 7.4, con-
taining 2.5 mg/ml nitrotetrazolium blue chloride (Roth GmbH) and 150 pM
NADH and incubated until visible bands appeared (10 to 30 min). The gels were
then fixed in 50% methanol-10% acetic acid (which also removes residual blue
dye from the gel).

Immunostaining of native gels was accomplished by soaking the gels in three
volumes of 2 blotting buffer (300 mM Tris, 100 mM acetic acid) supplemented
with 1% sodium dodecyl sulfate (SDS) for 20 min, with the gels being turned over
every 5 min. The gels were next sandwiched between two glass plates and
incubated for 1 h at room temperature (75) and then blotted onto PVDF
membranes with a semidry blotting apparatus using 1X blotting buffer for 18 to
24 h at 0.5 mA/cm? (maximum of 15 V). The PVDF membranes were blocked
using PBS supplemented with 0.5% Tween 20 and washed or probed using PBS
plus 0.1% Tween 20.

For further resolution, native gel strips were used for two-dimensional (2D)
Tricine-SDS-PAGE (52, 73). Briefly, lanes were excised from native gels and
incubated for 30 min in 1% SDS. The gel strips were laid horizontally over 10%
polyacrylamide-SDS-Tricine gels, according to the formulation and running con-

ditions described previously, with a cathode (top) buffer consisting of 0.1 M Tris,
0.1 M Tricine, and 0.1% SDS (the pH was not adjusted) (53) and an anode buffer
of 0.2 M Tris-HCI, pH 8.9. 2D gels analyzed by immunoblotting were handled
identically to native gels except that the 1-h incubation between glass plates was
omitted.

For *Fe-labeling experiments, 1 LM >*Fe-labeled transferrin was prepared as
described previously (35) and added to the incubation medium after the third
transfection and the cells were grown for another 3 days. Cells were harvested
and subjected to BN-PAGE as detailed above. The gels were dried on a gel dryer
and subjected to phosphorimaging using a Fuji FLA-3000 instrument (Fujifilm).

Measurement of complex I activity by spectrophotometry. Solubilized, mito-
chondrion-enriched samples were generated using the same procedure used for
native electrophoresis. Thirty to 50 pg of protein was added to a cuvette con-
taining CI reaction buffer (20 mM sodium MOPS [morpholinepropanesulfonic
acid], pH 7.4, 50 mM NaCl, 2.5 mg/ml bovine serum albumin, 2 mM KCN, 60 pM
decylubiquinone, and 100 uM deamino-NADH), and the mixture was gently
stirred with a plastic stirring spatula. An identical sample additionally containing
a 27 pM concentration of the specific complex I inhibitor DQA (25, 39) was
prepared in parallel. Complex I activity was assessed by determining the rate
differences in absorption changes at 340 nm (i.e., the rate of oxidation of
deamino-NADH) between inhibited and noninhibited samples.

Assessment of lactate production. Culture media from transfected cells were
diluted 20-fold in water, and 11-pl aliquots of the dilutions were loaded onto a
96-well UV-visible microtiter plate. To each sample, 238 .l of lactate assay buffer
(112 mM glycylglycine, pH 10.0, 225 mM glutamate, 3.2 mg/ml NAD*, 40 U/ml
glutamate-pyruvate transaminase) was added, and the plate was preanalyzed by
using an Infinite 200 plate reader (Tecan) measuring at 340 nm. Once a stable
reading was achieved, 3 pl of a 5,500 U/ml lactate dehydrogenase (LDH) solu-
tion was added to each well and the absorption at 340 nm (i.e., the reduction of
NAD™) was monitored until a plateau was reached. The amount of lactate
present in the sample was evaluated by comparing the difference in absorption
immediately before the addition of LDH and after the plateau in absorption was
reached to a standard curve generated with standard calcium lactate solutions.
This value was then normalized with respect to the total number of cells in the
culture flask from which the medium was extracted.
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FIG. 1. hulndl is a mitochondrial Fe/S protein. (A) HeLa cells cotransfected with constructs encoding a hulnd1-EGFP fusion protein and a
mitochondrion-targeted Dicosoma sp. red protein (dsRed-mito) show virtually complete colocalization of the two fluorescent labels. (B) HeLa cells
were permeabilized by digitonin treatment. The total cell lysate (L) was fractionated into crude mitochondria (M) and the cytosolic fraction (C) by
centrifugation at 15,000 X g. Immunostaining of the samples with antibodies raised against hulnd1 revealed a specific band in the mitochondrial
fraction that represents endogenous hulndl, while a cross-reacting (nonspecific [NS]) protein band with greater electrophoretic mobility was
present in the cytosol and cell lysate. Immunostaining of the same membranes for alpha-tubulin (localized in the cytosol) and mitochondrial
aconitase (mAco; localized in the mitochondria) was used to verify the purity of the fractions. (C) UV-visible spectrum of chemically reconstituted,
recombinant hulndl. The protein was produced in E. coli as a truncated version which does not include the predicted mitochondrial presequence
but contains an N-terminal His, tag. The purified protein was chemically reconstituted under anaerobic conditions with sulfide and ferrous iron.
The resulting UV-visible spectrum of 26 uM protein contained a dithionite-sensitive (2 mM) absorption shoulder at approximately 400 nm, which

is indicative of a [4Fe-4S] cluster.

Common biochemical and molecular biological methods. Previously described
methods were used for harvesting and fractionating HeLa cells with digitonin (5,
12) and measurements of the catalytic activities of aconitase (12), succinate
dehydrogenase (SDH) using the dichlorophenolindophenol (DCIP) method (23,
60), cytochrome ¢ oxidase (66), and citrate synthase (CS) and LDH (5, 26, 59).
Cross contamination of mitochondrial and cytosolic fractions was evaluated by
comparing the CS and LDH activities of the two fractions. On average, less than
9% of the specific LDH activity was present in the mitochondrial preparations
and less than 0.4% of the specific CS activity was present in the cytosolic
fractions. All data shown are representative of at least three separate experi-
ments. Where included, error bars represent standard deviations.

RESULTS

Hulnd1 is a mitochondrial protein capable of binding an
Fe/S cluster. The amino acid sequence of hulnd1 (listed in the
human genome database as “nucleotide binding protein-like”
[RefSeq accession no. NM_025152]) aligns perfectly to those
of its counterparts in other eukaryotic species (8; also data not
shown). The Ind1 proteins contain a highly conserved nucleo-
tide binding domain and a putative Fe/S binding signature. The
Tetrahymena thermophila (57), Y. lipolytica (8), Arabidopsis (9),
and murine (43) Ind1 homologues have already been shown to
localize to mitochondria. In keeping with such localization, the
sequence of hulndl1 is predicted to have a mitochondrial pre-
sequence at its N terminus. To verify that hulnd1 is in fact a
mitochondrial protein, HeLa cells were transfected with an

expression vector encoding hulndl fused to EGFP at the C
terminus. Confocal laser microscopy analysis of the cells, co-
transfected with a vector encoding mitochondrion-targeted Di-
cosoma sp. red protein, revealed mitochondrial localization of
hulndl (Fig. 1A). As an independent localization method, we
performed subcellular fractionation of HeLa cells by differen-
tial centrifugation followed by immunoblotting with antibodies
raised against recombinant hulnd1l. A band with an apparent
size of 31 kDa was present in the pellet fraction (containing
mitochondria) (Fig. 1B) and in the total cell lysate but was
undetectable in the supernatant fraction (the cytosol). This size
is consistent with processing of the mitochondrial presequence
from the full-length protein (34 kDa). A band smaller than that
for mature hulnd1 was detected in the cytosolic fraction by the
hulnd1 antibody (Fig. 1B, NS). This protein was not affected by
our RNAI treatment, explained below (data not shown), and
therefore is not related to a cytosolic variant of hulndl. To
analyze the tissue distribution of hulnd1, we probed an immu-
noblot containing various human tissue samples with anti-
hulnd1 antibodies. The analysis revealed highest expression of
the protein in liver and kidney tissues and significant levels in
small intestine and brain tissues (data not shown).

For biochemical investigation, we generated recombinant
hulndl in E. coli. Purification yielded a colorless protein that
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FIG. 2. hulnd1 depletion results in abnormal mitochondrial morphology and lactate production. (A) HeLa cells were transfected with an empty
vector (pSup) or the RNAI vector siIND1. After growth for 3 days, cells were harvested and a fraction was retransfected. This procedure was
repeated twice. Three days after each transfection with siIND1, samples (designated 1 to 3) were collected and fractionated using digitonin and
the mitochondrial fractions were analyzed by SDS-PAGE and immunostaining for hulnd1. Loading of equal amounts was verified by probing the
membrane with an antibody that recognizes the o and B subunits of ATP synthase F, (F; o/B). (B) HeLa cells were transfected as described in
the legend to panel A except that an additional sample in which cells were cotransfected with vectors siIND1 and smIND1 was generated. The
latter vector contains silent mutations which render its mRNA resistant to RNAi depletion and thus allows RNAi-resistant synthesis of hulnd1.
Three days after the third transfection, cells were fixed directly in culture dishes and examined by electron microscopy (5). Two representative
images are shown for each condition. Scale bars, 1 wm. (C) Lactate levels in culture medium conditioned for 3 days by HeLa cells transfected three
times with either the empty vector (pSup), the RNAi vector (siIND1), or the RNAIi and rescue vectors (siIND1+smIND1). Values were adjusted
with respect to the total cell number and then normalized according to the lactate level in medium from cells transfected with the empty vector

(pSup).

apparently did not contain any significant proportion of coor-
dinated metal ions. We therefore performed chemical recon-
stitution with iron and sulfide under anaerobic conditions, a
procedure which is known to elicit spontaneous Fe/S cluster
formation on potential cluster-harboring proteins (37). Spec-
trophotometric analysis of the reconstituted hulndl demon-
strated a UV-visible absorption spectrum characteristic of a
[4Fe-4S] cluster (3, 41), with an absorption shoulder around
400 nm that was decreased by 30% following dithionite reduc-
tion (Fig. 1C). Brown coloring originates from the [4Fe-4S]**
cluster charge transfer transitions. When a chemical reductant,
such as dithionite, reduces the [4Fe-4S]*" cluster to a [4Fe-
4S]'* cluster, the iron atoms become reduced and exhibit
severely diminished spectral intensity around 400 nm (41).
Reconstituted hulnd1 was silent in electron paramagnetic res-
onance analysis (data not shown), an observation which was
also made with ApbC, a bacterial member of the Nbp35/Mrp
family (6). The technical constraints of using cultured human
cells precluded us from performing immunoprecipitations of
radioiron-bound hulndl, as are commonly used in the yeast
model to show Fe/S cluster incorporation in vivo. Nonetheless,
considering both our data and the conservation of the Fe/S

binding motif in hulnd1 relative to that in Yarrowia, which we
have already shown to bind an Fe/S cluster (8), we deduce that
hulnd1 is a mitochondrial protein which can assemble a [4Fe-
4S] cluster.

Hulnd1 depletion interferes with mitochondrial morphology
and cellular respiration. To analyze the phenotypical conse-
quences of hulndl deficiency and the cellular function of
hulndl, a vector-based RNAI strategy was used to deplete
HeLa cells of endogenous hulndl. As shown in Fig. 2A, the
level of hulndl, as detected by immunostaining, was strongly
decreased in mitochondria isolated from cells repeatedly trans-
fected with the short hairpin RNA vector termed siIND1 (61).
After three transfections, corresponding to 9 days of depletion,
hulnd1 was barely detectable, while the protein pattern of the
whole-cell extract did not change (data not shown). We exam-
ined hulnd1-deficient cells by electron microscopy, since sev-
eral studies concerned with altered mitochondrial respiratory
function (20, 38, 46) and one concerned with decreased activity
of the mitochondrial ISC assembly machinery (5) report alter-
ations in mitochondrial morphology. RNAi depletion of
hulndl resulted in abnormally large mitochondria with en-
larged matrix spaces and few crista membranes, which ap-
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peared to be tightly associated in a parallel arrangement (Fig.
2B, middle panels). To assess the specificity of the siRNA
approach, RNAi-treated HeLa cells were cotransfected with
the vector smIND1, which contains silent mutations that afford
its transcript escape from RNAI. Synthesis of hulndl (as a
GFP fusion protein) from this vector fully restored normal
mitochondrial morphology (Fig. 2B, bottom panels). These
results document the specificity of our RNAi method (see also
Fig. 3) and suggest that hulnd1 function, directly or indirectly,
is important for the maintenance of normal mitochondrial
ultrastructure.

Significant depletion of mitochondrial crista membranes is
frequently observed in cells with defective oxidative phosphor-
ylation. Cells and patients with compromised oxidative phos-
phorylation rely more heavily on glycolysis for energy produc-
tion and thus accumulate pyruvate, which in turn is converted
into lactate by LDH. Hence, patients with mitochondrial dis-
eases are often afflicted by lactic acidosis. Since the growth
medium used in this study contained phenol red, we consis-
tently noticed increased acidity in the medium of cells depleted
of hulndl compared to that in the medium of mock-trans-
fected controls. In line with this observation, hulnd1-deficient
HeLa cells indeed produced approximately twofold more lac-
tate than control cells (Fig. 2C). This increased lactate content
is consistent with the idea that hulndl deficiency impaired
oxidative phosphorylation.

The major role of hulndl is in complex I assembly. To
directly examine the effects of hulnd1 depletion on the respi-
ratory complexes, we first measured complex I activity both by
a spectrophotometric enzyme activity assay (Fig. 3A) and by an
in-gel assay of complex I activity after resolution by BN-PAGE
(Fig. 3B) of digitonin-solubilized crude mitochondrial frac-
tions. The latter analysis revealed two major bands, presum-
ably consisting of supercomplexes comprising complex I-com-
plex III,-complex IV and complex I-complex III,, known as S;
and S, respectively (74). By both methods, the activity of
complex I in the RNAi-treated cells was found to be decreased
three to fourfold compared to that in vector-only controls. It is
important that the spectrophotometric assay employed here is
highly specific for complex I, revealing only DQA-sensitive
electron transfer using deamino-NADH as a substrate (25, 39).
Concurrent transfection of HeLa cells with the vector encoding
the RNAIi sequence and vector smIND1 almost completely
restored complex I activities to control values, demonstrating
the specificity of the RNAI treatment in both assay systems.

We next determined the activities of some cellular Fe/S
proteins (respiratory complex II [SDH] and mitochondrial and
cytosolic aconitases) to analyze the specificity of hulnd1 deple-
tion for complex I activity. In contrast to the potent effects of
hulnd1 depletion on complex I, no significant consequences of
decreased hulndl levels on the activities of respiratory com-
plex IV (a heme- and copper-containing enzyme) or the mito-
chondrial Fe/S enzyme aconitase were observed (Fig. 3C).
Slight decreases (1.4-fold relative to control values) in SDH
and cytosolic aconitase activities were observed in hulndl-
depleted cells after three, but not after only two, transfections
with the siRNA vector. Effects on both activities were reversed
by the synthesis of hulndl from the RNAi-resistant gene. To
rule out general effects of hulnd1 depletion on cytosolic Fe/S
protein biogenesis, we also measured the levels of the Fe/S
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protein GPAT, which is rapidly degraded in the absence of a
bound Fe/S cluster, an established method for estimating the
integrity of extramitochondrial Fe/S cluster generation (34, 61,
81). The levels of GPAT were unchanged upon the depletion
of hulnd1, documenting normal cytosolic Fe/S protein biogen-
esis in hulnd1-depleted cells (Fig. 3D). Collectively, these re-
sults suggest a high degree of specificity of hulndl depletion
for complex I enzyme activity.

The level of fully assembled complex I is decreased upon
hulnd1 depletion. We next analyzed whether the decrease in
complex I activity elicited by hulnd1 knockdown can be attrib-
uted to compromised assembly of the complex. To this end, we
examined the levels of fully assembled complex I by immuno-
blotting and by separation of the samples from BN-PAGE by
second-dimension SDS-PAGE. For sample preparation, we
used digitonin, a relatively gentle detergent, yielding condi-
tions under which respiratory supercomplexes remain intact
(55). Immunodetection of complex I in blots from BN-PAGE
gels was achieved by using a polyclonal antiserum raised
against purified complex I (54). The analysis revealed a major
immunoreactive band (Fig. 4A) corresponding to the position
of the major band appearing in the complex I in-gel activity
assay. This band corresponds to a supercomplex of complexes
I, III,, and IV (S,) (Fig. 3B) (13, 55). Depletion of hulndl
resulted in a pronounced decrease of this band, which could be
restored by cotransfection with vector smIND1 for RNAi-re-
sistant production of hulndl. Consistent with these data, 2D
electrophoresis (BN-PAGE followed by SDS-PAGE) and sil-
ver staining revealed a column of protein spots corresponding
to a supercomplex comprising complexes I, III,, and IV that
strongly decreased upon hulndl knockdown (Fig. 4B, black
arrows). Immunostaining of the 2D gels with the anti-complex
I antibody reemphasized the severe decrease in assembled
complex I (Fig. 4C).

To directly examine the incorporation of iron into complex I
and other respiratory complexes, we developed a novel in vivo
method employing the radioisotope **Fe. After the third trans-
fection with the vectors as described above, Hela cells were
grown in the presence of 1 uM **Fe-transferrin for 3 days. Cell
extracts were then subjected to BN-PAGE followed by autora-
diography. This labeling procedure allowed us to directly visualize
the incorporation of **Fe into the supercomplex I-IIL-TV (Fig.
4D). The migration of this supercomplex in the gel was identical
to that of the major reactive species revealed by the in-gel activity
assay (Fig. 3B). The other respiratory complexes/supercomplexes
were identified by comparing their positions in the gel to those of
a bovine heart mitochondrion standard preparation, which was
run in a parallel lane. Bands corresponding to the positions of
complex II, the complex III dimer, and the complex IIL,-complex
IV supercomplex (all of which contain Fe/S clusters and/or heme)
were apparent. Upon RNAI treatment, the >°Fe signal of the
complex I-containing supercomplex was barely detectable (Fig.
4D), whereas no diminution of other complex III-containing as-
semblages was observed. A slight decrease in the >°Fe labeling of
complex II in hulndl-depleted cells was observed (Fig. 4D),
closely resembling the diminished enzyme activity of complex II
observed as described above (Fig. 3C). Not surprisingly, the iron
storage protein ferritin, the major site of iron delivery in tumor
cell lines, was the most prominent band in these autoradiograms.
The identity of the ferritin protein complex was verified by gel
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FIG. 3. RNAi-mediated depletion of hulndl specifically affects complex I. HeLa cells were transfected up to three times (as indicated by
numbers 1, 2, and 3) with the indicated vectors as described in the legend to Fig. 2 and further analyzed. (A) Digitonin-solubilized crude
mitochondrial fractions were assayed spectrophotometrically for complex I activity (i.e., DQA-sensitive deamino-NADH oxidation). Samples
treated with RNAI (siIND1) show a three- to fourfold decrease in complex I activity after the third transfection. This decreased activity was
recovered upon coexpression of an RNAi-resistant version of hulndl (from smIND1). Error bars for the control samples (transfected with the
empty vector pSup) reflect the standard deviations in a representative set of transfections. For the RNAi-treated samples, data from each
transfection set were normalized to the control values within that set and the normalized values from three sets of transfections were then averaged.
Error bars for these values thus represent the standard deviations across three transfection sets. (B) In-gel complex I enzymatic activity of HeLa
mitochondrial preparations after resolution of complex I by BN-PAGE. S, and S, are the supercomplexes containing complex I-complex
III,-complex IV and complex I-complex IIL,, respectively (74). (C) The indicated enzyme activities were assayed spectrophotometrically using
digitonin-solubilized mitochondrial fractions prepared identically to those used for BN-PAGE. The activities of mitochondrial enzymes were
normalized to that of CS, while those of cytosolic fractions were normalized to LDH activity. The data are shown as fractions of the control values
(i.e., those for cells transfected with the empty vector in each set of transfections). SDH, complex II; CIV, cytochrome c oxidase. (D) Total cellular
lysate samples described above were analyzed by immunostaining of the cytosolic Fe/S protein GPAT and of tubulin after SDS-PAGE.

supershift analysis using polyclonal antiferritin antibodies (data wild-type levels. Collectively, these findings show a strong defect

not shown). Shorter exposure times for the gel shown in Fig. 4D in complex I activity as the result of defective assembly under
revealed no changes in the ferritin signal. Upon the synthesis of conditions of hulnd1 depletion. As a consequence, complex I can
hulndl from the RNAi-resistant vector smIND1, the incorpora- no longer be integrated into the supercomplex with respiratory

tion of >*Fe into the various iron-containing complexes was at complexes IIT and IV.
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FIG. 4. Depletion of hulndl interferes with the assembly of complex I and leads to respiratory chain remodeling. (A) HeLa cells were
transfected up to three times (1 to 3) with the indicated vectors as described in the legend to Fig. 2. Mitochondrial preparations were solubilized
with digitonin, resolved by BN-PAGE, and immunostained with a polyclonal anti-complex I antibody (a-complex I). S, is the supercomplex
containing complex I-complex IIl,-complex IV (74). (B) BN-PAGE-resolved mitochondrial samples from triply transfected cells described in the



VoL. 29, 2009

Hulnd1 depletion results in remodeling of respiratory su-
percomplexes and the appearance of a subcomplex. The 2D gel
analyses described above indicated characteristic changes in
bands other than that for complex I, even though the majority
of the bands were unaffected (Fig. 4B and C). For instance, the
intensities of the protein spots within the complex III column
of silver-stained 2D gels exhibited behavior reciprocal to that
of complex I subunits upon RNAI treatment (Fig. 4B, white
arrowheads), suggesting that the fraction of complex III that
normally associates with complex I remains present despite the
disappearance of its supercomplex partner. This notion is fur-
ther supported by immunoblot analyses of BN-PAGE gels
probed with an antibody against complex III, (Fig. 4E). Three
major bands were observed in the blots: the topmost is in the
migratory position corresponding to the above-described sta-
ble complex I-complex III,-complex IV supercomplex species
(13, 55). The middle band does not contain any complex I
activity and migrates more slowly than the band corresponding
to the complex V monomer (~700 kDa), suggesting that this
band corresponds to the supercomplex comprising the complex
III homodimer (~490 kDa) and complex IV (~200 kDa) (55).
The lowest band matches the expected size of the complex III
homodimer. As the amount of protein in the complex I-com-
plex III,-complex IV band decreased, a reciprocal increase in
both of the lower bands was observed in cells deficient in
hulndl (Fig. 4E). In other words, the fraction of complex III
associated with complex I-complex IV decreased while that
present in the complex III, and complex III,-complex IV su-
percomplexes increased. These data indicate that the diminu-
tion of complex I assembly leads to altered interaction behav-
ior of its binding partner, complex III, even though
quantitation of the bands revealed that the overall content in
complex III did not appear to change.

We further analyzed the effects of decreased hulndl by
hrCNE. This technique, first described by Wittig et al. (75), is
identical to BN-PAGE except that it employs a cathode buffer
that contains the detergents deoxycholate and dodecyl-B-D-
maltoside for solubilizing membrane protein complexes yet
lacks Coomassie brilliant blue. hrCNE separation, followed by
immunostaining, revealed two major bands (Fig. 5A, S and
NS). The depletion of hulnd1l by RNAi treatment decreased
one of the bands (S), an effect fully reversed by the synthesis of
RNAi-resistant hulndl. The lower band (NS) does not corre-
spond in position to a reactive band in a complex I in-gel
activity assay, suggesting that this band is either an inactive
subcomplex or a cross-reacting protein artifact. Interestingly,
we also observed an increase in a pair of more quickly migrat-
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ing bands in RNAi-treated cells (Fig. SA, subcomplex). These
protein complexes had higher mobility levels than the 490-kDa
bovine complex III dimer. To further verify that these bands
are related to complex I and may represent a subcomplex, we
subjected lanes from hrCNE gels to SDS-PAGE in a second
dimension, followed by immunoblotting. In the position corre-
sponding to the putative subcomplex, the Fe/S cluster binding
subunits NDUFS1 (75 kDa) and NDUFV1 (51 kDa; see also
below) were not detectable while the intensity of a smaller
complex I subunit of about 15 kDa increased (Fig. 5B, white
arrowheads). In addition, probing blots with a specific antibody
against NDUFA9 showed a decrease in this protein’s levels in
the position of the supercomplex (Fig. 5B, middle panels; see
also below). On the other hand, using antibodies against the
membrane subunit NDUFB6 revealed a shift in the presence
of this protein from the fully assembled complex to the sub-
complex (Fig. 5B, bottom panels). We conclude from these
data that in the absence of hulndl, only a subcomplex of
complex I can be assembled. This subcomplex has an approx-
imate size of 450 kDa and does not contain the peripheral arm
subunits NDUFS1, NDUFV1, NDUFA13, or NDUFA9 but
does contain the membrane arm subunit NDUFB6.

Defective assembly of the peripheral arm of complex I con-
taining the Fe/S subunits NDUFS1 and NDUFV1 upon hulnd1
depletion. To more closely examine the effects of hulndl de-
pletion on individual complex I subunits, we examined the
protein levels and compared them with the levels of the re-
spective mRNAs. Mitochondrial fractions from mock-treated,
hulndl1-depleted, or complemented cells were subjected to
SDS-PAGE and immunostaining using an antiserum raised
against purified complex I. This antiserum detects, in addition
to numerous other complex I components, the Fe/S cluster
binding subunits NDUFS1 and NDUFV1 (54) (Fig. 5B). Upon
hulndl knockdown, we noted a specific decrease in the levels
of NDUFSI1 (75 kDa) and NDUFV1 (50 kDa) (Fig. 6A). On
the contrary, several other subunits detected by the serum were
unchanged (Fig. 6A and data not shown). These results were
confirmed by probing additional, similarly prepared blots with
commercial antibodies against NDUFS1 or NDUFV1 (Fig.
6B). Northern blotting established that neither NDUFSI nor
NDUFV1 gene expression levels were affected, excluding a
transcriptional cause for the observed decrease in NDUFS1
and NDUFV1 protein levels (Fig. 6C). These data suggest a
posttranscriptional role of hulndl in the synthesis, assembly,
and/or stabilization of these two Fe/S cluster complex I subunits.

To further analyze the consequences of hulnd1 depletion for
complex I proteins and to test the specificity of the diminution

legend to panel A were run in a second dimension (SDS-PAGE) and were subsequently silver stained. Whereas levels of complex I-containing
supercomplex protein (S,; black arrows) decreased in RNAi-treated samples, the levels of complex III dimer (III,; white arrowheads) increased.
V, respiratory complex V. (C) Samples were treated as described in the legend to panel B. Instead of being silver stained, the gels were blotted
onto PVDF membranes and probed with the polyclonal antibody against complex I. The lanes corresponding to complex I subunits are indicated
by black arrows, and the positions of complex I Fe/S proteins NDUFS1 and NDUFV1 are indicated. The cross-reacting spots corresponding to
the abundant ATP synthase F, « and B subunits (white arrowheads) show the equal degrees of exposure of the two membranes. (D) *°Fe
autoradiography analysis of BN-PAGE-resolved mitochondrial samples from HeLa cells transfected three times as described in the legend to panel
A. In this experiment, growth after the third transfection was in the presence of 1 wM **Fe-transferrin. After BN-PAGE, the radioactivity was
evaluated by phosphorimaging. The positions of >*Fe binding proteins or complexes are indicated. (E) Immunostained BN-PAGE-resolved
mitochondrial preparations. Samples were probed with an antibody raised against complex III, (top) or an antibody that recognizes the a and
subunits of ATP synthase F, (bottom). The positions of respiratory complexes or supercomplexes are indicated.
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FIG. 5. Appearance of a subcomplex of complex I upon depletion
of hulnd1. (A) HeLa cells were transfected as described in the legend
to Fig. 2A. Mitochondrial preparations were resolved by hrCNE and
immunostained with the polyclonal antibody against complex I (a-
complex I). Two major immunoreactive bands are apparent near the
top of the gel (arrows); the higher of the two (specific [S]) significantly
decreased after RNAI treatment. The lower band (nonspecific [NS])
does not correspond to a positive band in an in-gel complex I activity
assay (data not shown). The amount of a subcomplex of complex I
migrating at approximately 450 kDa (bracket) is largely increased upon
the depletion of hulnd1. (B, top panels) Immunostaining of complex I
proteins in samples resolved first by hrCNE, as described in the legend
to panel A, and then by SDS-PAGE. The white arrowheads denote a
complex I subunit (approximately 15 kDa) which is present in the
450-kDa subcomplex and increases following hulndl depletion. The
subcomplex does not contain the NDUFS1 and NDUFV1 Fe/S pro-
teins. (Middle and bottom panels) Immunostaining of a 2D gel blot
(prepared as described for the top panels) with antibodies against
NDUFA9 and NDUFB6 («-NDUFA9 and a-NDUFB6). The level of
NDUPFADO in fully assembled complex I decreases upon hulndl deple-
tion, but NDUFA9 does not appear in a subcomplex under these
conditions. In contrast, NDUFBG6 is enriched in a subcomplex when
hulnd1 is depleted.

of the Fe/S protein subunits NDUFS1 and NDUFV1, we
probed immunoblots with antibodies against NDUFS3 and
NDUFA13 (GRIM-19) of the peripheral arm and NDUFA9
and NDUFB6 of the membrane arm. The levels of the periph-
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constituents of the peripheral arm of complex I. (A) HeLa cells, triply
transfected with vectors as described in the legend to Fig. 2A, were
fractionated using digitonin, and the mitochondrial fractions were re-
solved by SDS-PAGE. Immunostaining was with the polyclonal anti-
body against complex I (a-complex I) or an antibody that recognizes
the « and B subunits of ATP synthase F, (a-F; ATP synthase a+p).
(B) Blots prepared as described in the legend to panel A were probed
with antibodies against NDUFS1 («-NDUFS1), NDUFV1, NDUFAO9,
NDUFS3, NDUFA13 (GRIM-19), or NDUFB6 or an antibody that
recognizes the a and B subunits of ATP synthase F,. (C) The decreases
in NDUFS1 and NDUFV1 upon hulndl depletion are posttranscrip-
tional. mRNAs were extracted from HeLa cells transfected as de-
scribed in the legend to panel A and were analyzed by Northern
blotting using probes generated from ¢cDNA encoding NDUFS1 or
NDUPFV1 or an oligonucleotide complementary to 18S rRNA.

eral arm constituents NDUFS3 and NDUFAI13 (71) also de-
creased upon hulndl depletion (Fig. 6B). Neither NDUFS3
nor NDUFA13 contains Fe/S clusters, making it likely that the
formation of the entire peripheral arm is severely hindered in
the absence of hulnd1. It seems feasible that, as a consequence
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of the functional defect of hulndl, the Fe/S cluster-containing
subunits of the peripheral arm are not assembled, leading to
their instability and proteolytic degradation. This in turn may
lead to an assembly defect in the peripheral arm and cause the
decay of unassembled constituents of this part of complex I.

No changes in the levels of the membrane constituents
NDUFA9 and NDUFB6 were observed (Fig. 6B). While the
result for NDUFB6 is consistent with our 2D gel immunoblot
analysis, we noted an interesting difference regarding the lack
of NDUFADQ in the 2D gel immunoblots (Fig. 5B). Apparently,
NDUFA9 and NDUFB6 behave differently upon the depletion
of hulndl. NDUFBG6 is integrated into the 450-kDa subcom-
plex detectable by hrCNE, whereas NDUFAOY is detectable
only in intact isolated mitochondria (Fig. 5B [results obtained
using mitochondrial membranes] and 7B [results obtained us-
ing intact mitochondria]). Thus, the latter protein does not
appear to be integrated into a high-molecular-mass complex
detectable by hrCNE. We conclude from these findings that
the lack of hulndl results in an assembly defect in the periph-
eral arm of complex I but that a subcomplex containing the
membrane protein NDUFBG6 is still formed.

The twin-cysteine-residue motif is required for the function
of hulndl. Ind]l proteins contain conserved cysteine residues
(at positions 244 and 247 in hulndl) that are also present in
Cfd1/Nbp35 P-loop NTPases (37). To analyze the possibility
that these two residues are ligands for Fe/S cluster binding, we
mutated them to alanine residues in the RNAi-resistant con-
struct (smIND1) and examined whether cotransfection with
this DNA and the RNAI construct could rescue the observed
complex I defect phenotype. Whereas smIND1 was able to
restore both complex I activity (Fig. 7A and B) and levels of
fully assembled complex I (Fig. 7C and D), the rescue con-
struct encoding hulndl with mutated cysteine residues
(smIND1CC) was unable to do so. Using the C-terminal EGFP
tag fused to the vector-encoded hulndl proteins, we could
demonstrate that both the levels and the subcellular localiza-
tion patterns of the proteins were similar (Fig. 7E to G). This
finding suggests that the two conserved cysteine residues are
essential for the function of hulnd1 in the assembly of complex
I. Notably, while both the expression and localization of the
hulnd1 protein encoded by smIND1CC were comparable to
those of the protein encoded by smIND1 (Fig. 7E and F), the
stability of the double cysteine mutant protein was significantly
decreased after cell lysis. Immunoblotting of cell extracts re-
vealed decreased levels of the mutated protein. These levels
depended on the speed of preparation of the cell extracts (Fig.
7G and data not shown).

DISCUSSION

The present study establishes the mitochondrial P-loop
NTPase hulndl as a crucial component for the assembly of
human respiratory complex I. Depletion of hulndl levels by
RNAI technology strongly decreased the enzyme activity of
this largest complex of the respiratory chain, while other re-
spiratory complexes and several mitochondrial (aconitase) and
cytosolic (GPAT) Fe/S proteins were not affected. Small de-
creases in SDH and cytosolic aconitase were observed. How-
ever, in contrast to the 50 and 70% decreases in complex I
activity after two and three transfections, respectively, with the
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hulndl RNAI construct, those Fe/S proteins were hardly
changed and decreased by only 30%, respectively. While we
cannot completely rule out a role of hulndl in SDH and/or
cytosolic aconitase maturation, it is more likely that these mod-
erate effects are secondary (late) adaptations of the cells to the
chronic complex I deficiency brought on by hulndl depletion.
The apparent specificity for complex I is consistent with the
fact that most, but not all, species lacking this respiratory
complex do not have a viable copy of the gene for Ind1 in their
genomes (8). We therefore propose that the function of this
mitochondrial protein in complex I assembly is conserved in
complex I-containing lower and higher eukaryotes.

hulndl is a member of the Mrp/NBP35 subfamily of P-loop
NTPase proteins, which includes Nbp35 and Cfd1 (31). While
the latter proteins are crucial components of the CIA machin-
ery required for cytosolic and nuclear Fe/S protein maturation
(37, 61), we show here that the function of hulndl is more
specific in being dedicated to the assembly of mitochondrial
complex I. What might be its particular function in the assem-
bly process? Several lines of evidence support a function sim-
ilar to that of Cfdl and Nbp35. These proteins form a het-
erotetrameric complex which serves a scaffold function in
assembling an Fe/S cluster before its transfer to target Fe/S
proteins in the cytosol (37). Hence, our hypothesis is that
hulndl provides Fe/S clusters to complex I subunits. In this
respect, we can envision hulndl as a specialized biogenesis
factor which donates Fe/S clusters to specific apoproteins at
the final stage of Fe/S protein maturation. Another interesting
group of proteins playing a similar specialized role is yeast
Isal, Isa2, and Iba57 and the bacterial counterparts, all of
which are dedicated to the maturation of aconitase-type and
radical S-adenosylmethionine Fe/S proteins (18, 32, 64). It is
likely that future studies will reveal several more proteins apart
from the core Fe/S cluster biogenesis components that perform
specialized functions, e.g., in specifically delivering Fe/S clus-
ters to apoproteins both inside and outside mitochondria.

Similar to Cfd1 and Nbp35, Indl is able to bind a [4Fe-4S]
cluster in vitro (this work) and in vivo (8). Presumably, this
Fe/S cluster is coordinated by the two conserved cysteine res-
idues of the CXXC motif in the C-terminal domain of Ind1. As
shown here, these residues are essential for hulnd1 function in
vivo. Likewise, these two of the four conserved cysteine resi-
dues in the C-terminal domains of Cfd1 and Nbp35 are indis-
pensable for Fe/S cluster binding to these proteins and for
yeast cell viability (48; D. J. A. Netz, unpublished data). This
similarity suggests that the modes of Fe/S cluster binding to the
three proteins may be comparable. Since the CXXC motif can
provide only two (of the three to four required) ligands for
Fe/S cluster coordination, we speculate that hulndl forms a
homodimer. Consistent with this possibility, the related CXXC
motif-containing P-loop NTPase from Salmonella enterica,
ApbC, has been shown previously to be a homodimer and to
bind a [4Fe-4S] cluster, possibly in a bridged coordination (6).

All of the proposed Fe/S subunits of complex I, NDUFSI,
NDUFV1, NDUFV2, NDUFS7, and NDUFSS, reside in the
peripheral arm and are encoded by the nuclear genome. The
levels of several subunits of the complex I peripheral arm,
including the large Fe/S cluster-coordinating subunits
NDUFSI1 (75 kDa) and NDUFV1 (51 kDa), are greatly de-
creased in hulndl-depleted cells. This finding provides strong
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support for the direct involvement of hulnd1 in the assembly of
this part of complex I, possibly by playing a direct role in Fe/S
cluster assembly. The following scenario integrates our obser-
vations made upon the RNAi knockdown of hulndl in HeLa
cells. Upon the depletion of hulndl, one or more of the Fe/S
clusters fail to become inserted into the Fe/S cluster-coordi-
nating subunits, including NDUFS1 and NDUFV1, which are
related in amino acid sequence to the bacterial Fe/S subunits
Ngo3 and Nqol (51, 77, 78). In turn, the maturation defect of
complex I Fe/S proteins may lead to the observed failure to
assemble parts or all of the peripheral arm, thus leading to the
complex I assembly and activity defects. It is well established
that proteins with non-covalently linked metallocofactors are
not able to properly fold and/or assemble in the absence of
their cofactors and, hence, are sensitive to intracellular prote-
olysis (76). For instance, plant ferredoxin has been shown to
absolutely require Fe/S cluster incorporation for adoption of
the protein’s appropriate 3D structure (42). Furthermore, the
levels of the cytosolic Fe/S proteins IRP1 and GPAT, both of
which contain cubane Fe/S clusters, are decreased when Fe/S
cluster biogenesis is compromised (34, 61). Defective folding,
as the result of a missing Fe/S cofactor, may also explain why
hulndl with mutations in the CXXC cysteine residues (encoded
by vector smIND1CC) was less stable than the wild-type hulnd1
protein, despite its adequate level of expression (Fig. 7G).
While the peripheral arm of complex I was not assembled
upon hulnd1 depletion, a subcomplex of approximately 450
kDa was detected by hrCNE. Our results suggest that this
subcomplex does not contain NDUFS1, NDUFVI, and
NDUFADO subunits but does include the integral membrane
protein NDUFB6 (Fig. 5B) and therefore may be related to a
membrane-integrated subcomplex. Although somewhat con-
troversial, several reports suggest that, in humans, the mem-
brane arm to which some of the peripheral arm subunits are
anchored forms a subcomplex of 400 to 500 kDa from which,
together with the remainder of the peripheral arm subunits,
the fully assembled complex I is constructed (reviewed by Vo-
gel et al. [71]). Despite the similarity in molecular masses and
the absence of NDUFA9 (68), several experimental observa-
tions allow us to distinguish this complex (termed the 400/500-
kDa complex) from our 450-kDa subcomplex seen upon
hulndl depletion. First, the 400/500-kDa complex was de-
tected by BN gel electrophoresis, while the 450-kDa complex
was not visible on BN gels and could be visualized only by
hrCNE. Further, the depletion of hulndl resulted in a strong
decrease in the subunit NDUFS3, which reportedly is part of
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the 400/500-kDa complex (1, 71). Thus, we suggest that the
450-kDa subcomplex constitutes a novel entity comprising pre-
dominantly a membrane part of complex I and is distinct from
the previously described 400/500-kDa complex. Even though it
is unclear at present whether the 450-kDa subcomplex may be
a physiological complex I assembly intermediate, we note that
the subcomplex is also seen at low levels under conditions of
normal hulnd1 function (Fig. 5). Hence, the 450-kDa subcom-
plex may be a bona fide assembly intermediate rather than an
artificial assemblage forming as a result of the interference of
Fe/S cluster maturation in complex I subunits that we pro-
duced in our experimental system.

We report here abnormal mitochondrial ultrastructure in
cells depleted of hulnd1. While we cannot completely rule out
the possibility that hulnd1 has some direct role in the mainte-
nance of mitochondrial morphology, our results suggest a sim-
pler explanation in that the altered respiratory competence of
hulnd1-depleted mitochondria is causative of the morpholog-
ical changes. These findings are consistent with those of pre-
vious studies demonstrating altered mitochondrial morphology
not only in cells depleted of mitochondrial DNA (19, 62) but
more specifically also in patients with complex I deficiency (16,
36). Furthermore, it is well established that mitochondria in
cells that utilize primarily glycolysis for energy production tend
to assume the so-called orthodox conformation, in which nar-
row cristae form few intercristae junctions in a large matrix, as
opposed to a condensed state, characterized by large cristae
that make numerous junctions in each crista compartment
(11). Since hulndl-depleted HeLa cells are deficient in com-
plex I and generate more lactate than controls, it appears that
the unusual ultrastructure is best explained as a morphological
adaptation to severely decreased respiratory metabolism. No-
tably, the ultrastructural alterations described here differ char-
acteristically from those observed upon depletion of the mito-
chondrial cysteine desulfurase Nfs1 (5). In the latter case, the
general defect in cellular Fe/S protein maturation is accompa-
nied by the appearance of concentric, onion-shaped mitochon-
dria which exhibit some similarity to structures found in Dro-
sophila cells expressing the “fuzzy onion” mutant of the
mitochondrial fusion GTPase Fzol (21).

The development of a combined **Fe-radiolabeling and im-
munoprecipitation assay for yeast has allowed the in vivo in-
vestigation of Fe/S protein biogenesis (29). So far, no compa-
rable assay system to detect mammalian Fe/S proteins in a
living cell by radiolabeling methods has been reliably intro-
duced. This lack is due mainly to the fact that the added

samples were immunostained for complex I protein (C) or run in a second dimension (SDS-PAGE) and silver stained (D). The complex
I-containing supercomplex lanes are labeled S. ATP synthase F,F_ (V) served as an internal control. The samples in panels A and C were run in
the same respective gels, but irrelevant lanes were removed. a-complex I, anti-complex I antibody. (E and F) Analyses of the fluorescence of
wild-type and mutated hulnd1-EGFP fusion proteins in HeLa cells indicate that both proteins are present in situ. (E) Confocal micrographs of
HelLa cells transfected thrice with either the vector encoding the rescue mutant (smIND1), which contains silent mutations that render the mRNA
resistant to RNAI treatment, or a version of this rescue construct with C244 and C247 mutated to alanine residues (smIND1CC). (F) Flow
cytometry analysis of HeLa cells transfected as described the legend to Fig. 2A. In the panels on the left, cells were analyzed already after the first
transfection. (G) Western blot analysis of cells transfected three times with the empty vector (pSup), the hulndl RNAI construct (siIND1), the
RNAI construct together with the silent-mutation rescue construct (siIND1+smIND1), or the RNAI construct together with the C244A/C247A
mutant rescue construct (siIND1+smIND1CC). The blot was probed with anti-hulnd1 antiserum («-hulndl). Because the rescue constructs also
encode C-terminal EGFP, the rescue proteins (hulnd1-EGFP) are detected at a position of slower mobility in the gel. Note that the endogenous
level of hulndl1 is only slightly lower than the level of hulndl from the rescue mutant (smIND1).
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radioactive iron is subject to isotope dilution by the cellular
iron stores, thus resulting in low signal-to-noise ratios. Here,
we were able to evaluate the iron incorporation into several
respiratory chain complexes by performing BN-PAGE analyses
of mitochondrial preparations from HeLa cells treated with
SFe-labeled transferrin, the physiological iron source for
mammalian cells. We observed a strong decrease in *°Fe-la-
beled complex I, whereas *>Fe binding to the other complexes
was unaffected. To the best of our knowledge, this is the first
study to estimate, by autoradiography, the presence of iron in
these Fe/S proteins. Previously, electrophoresis techniques
have revealed only such abundant proteins as transferrin, he-
moglobin, and ferritin (45, 72). We anticipate this novel tech-
nique to be useful for future studies, not only for the in vivo
analysis of Fe/S cluster incorporation into respiratory chain
complexes but also into other cellular Fe/S proteins.

In conclusion, we have identified hulndl as an Fe/S protein
required for the proper assembly of complex I in humans. Our
findings are consistent with the idea that hulnd1 plays a critical
role in Fe/S cluster incorporation into the Fe/S-containing
subunits of complex I. The phenotype induced in HeLa cells by
the depletion of hulnd1 resembles that of patients with com-
plex I disease: decreased complex I catalytic activity, irregular
mitochondrial morphology, increased lactate production, and
the formation of a 450-kDa subcomplex. As approximately half
of complex I patients have no mutations in complex I subunits
or known assembly factors, it is likely that patients harboring
mutations in hulnd1 will be identified.
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