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The biogenesis of cytosolic iron-sulfur (Fe-S) proteins in
mammalian cells is poorly understood. In Saccharomyces cerevi-
siae, there is a pathway dedicated to cytosolic Fe-S protein mat-
uration that involves several essential proteins. One of these is
Narl, which intriguingly is homologous to iron-only hydroge-
nases, ancient enzymes that catalyze the formation of hydrogen
gas in anaerobic bacteria. There are two orthologues of Nar1 in
mammalian cells, iron-only hydrogenase-like protein 1 (IOP1)
and IOP2 (also known as nuclear prelamin A recognition factor).
We examined IOP1 for a potential role in mammalian cytosolic
Fe-S protein biogenesis. We found that knockdown of IOP1 in both
HeLa and Hep3B cells decreases the activity of cytosolic aconitase,
an Fe-S protein, but not that of mitochondrial aconitase. Knock-
down of IOP2, in contrast, had no effect on either. The decrease in
aconitase activity upon IOP1 knockdown is rescued by expression
of a small interference RNA-resistant version of IOP1. Upon loss of
its Fe-S cluster, cytosolic aconitase is known to be converted to
iron regulatory protein 1, and consistent with this, we found
that IOP1 knockdown increases transferrin receptor 1 mRNA
levels and decreases ferritin heavy chain protein levels. IOP1
knockdown also leads to a decrease in activity of xanthine
oxidase, a distinct cytosolic Fe-S protein. Taken together,
these results provide evidence that IOP1 is involved in mam-
malian cytosolic Fe-S protein maturation.

Iron-sulfur (Fe-S) proteins play an essential role in multiple
physiologic processes, including electron transport, enzyme
catalysis, and regulation of gene expression (1). Among the
most studied of these proteins are those involved in mitochon-
drial oxidative phosphorylation, but it is clear that these pro-
teins are present in other cellular compartments, including the
cytoplasm and nucleus. The synthesis and maturation of Fe-S
proteins in eukaryotes is complex, and much of our current
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understanding of this pathway derives from studies in yeast
(2). The central elements of this pathway are as follows. The
cysteine desulfurase Nfs1 (also known as IscS) removes sul-
fur from the amino acid cysteine. This sulfur is then com-
bined with iron to form Fe-S clusters. These clusters, which
can take on many forms, including [2Fe-2S] and [4Fe-4S] clus-
ters, are then combined with apoproteins, resulting in Fe-S pro-
teins. The initial steps of the pathway, including the desulfura-
tion of cysteine and assembly of Fe-S clusters, occur within the
mitochondrion. Thus, defects in mitochondrial Fe-S assembly
impact Fe-S proteins not only in the mitochondrion but also in
the cytosol. The Fe-S clusters are then transported to the ap-
propriate compartments for subsequent assembly of the
mature Fe-S proteins. A substantial amount is known about the
initial steps. Less is known of the compartment-specific assem-
bly. In yeast, a cytoplasmic iron-sulfur protein assembly path-
way has been characterized (3). This pathway comprises at least
four distinct proteins: cytosolic Fe-S cluster-deficient 1 (Cfd1),
nucleotide-binding protein of 35 kDa (Nbp35), cytoplasmic
iron-sulfur protein assembly 1 (Cial), and Nar1 (4-7). Genetic
deletion of these components leads to lethality and impairment
of Fe-S protein assembly in the cytosol, but not in the mito-
chondrion. Various components, in addition, interact physi-
cally. For example, Cfd1 interacts with Nbp35, while Cial inter-
acts with Narl (6, 8).

Even less is known of the cytoplasmic Fe-S assembly pathway
in mammals (9). Knockdown studies employing siRNA identify
a role for NFS1 in cytoplasmic as well as mitochondrial Fe-S
assembly, presumably through a role analogous to that in yeast
in catalyzing desulfuration of cysteine (10, 11). Consistent with
this, mammalian NFS1 is enzymatically active as a cysteine des-
ulfurase (12). Other studies indicate an important role for cyto-
solic versions of otherwise predominantly mitochondrial pro-
teins in cytosolic Fe-S protein maturation. Thus, the cytosolic
form of the scaffold protein ISCU, produced by alternative
splicing, is necessary for the maturation of cytosolic aconitase,
which is an Fe-S protein (13). Alternative splicing also produces
a cytosolic form of another scaffold protein NFU (14), raising
the possibility that a similar situation may apply to this protein
(9). These findings in turn suggest that the mammalian cytoso-
lic Fe-S protein pathway may differ in certain fundamental
respects from that in yeast. It therefore begs the question of
whether proteins dedicated to the Fe-S protein pathway in yeast
exist in mammalian cells, and if so, whether they serve homol-
ogous functions in mammalian cells.

With regard to Narl, there are in fact two orthologues in
mammalian cells, IOP1 and IOP2 (also known as nuclear prel-
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amin A recognition factor (Narf)) (15, 16). We initially identi-
fied IOP1 (15) as a predominantly cytoplasmic protein that
modulates the activity of hypoxia-inducible factor-1«, a tran-
scription factor that is a master regulator of cellular responses
tolow oxygen tension (17). IOP1, like Nar1, shows conservation
of cysteine residues that, in bacterial iron-only hydrogenases,
are involved in chelating a distinctive active site Fe-S cluster
known as the H-cluster. However, like Narl, IOP1 does not
display hydrogenase activity. Based on its homology to Nar1, we
hypothesized that IOP1 might play a role in cytosolic Fe-S pro-
tein maturation. We found that siRNA knockdown of IOP1
results in decreased cytosolic, but not mitochondrial, aconitase
activity. In parallel experiments knocking down IOP2, which
was originally identified based on its capacity to bind to preny-
lated prelamin A, there was no effect on either activity. IOP1
knockdown also decreases the activity of xanthine oxidase, a
distinct Fe-S protein. We conclude that IOP1 does indeed play
a role in cytoplasmic Fe-S protein biogenesis in mammalian
cells.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfection, and Extract Preparation—HeLa
and Hep3B cells were obtained from ATCC and grown in Dul-
becco’s modified Eagle’s medium supplemented with 10% (v/v)
fetal bovine serum, 100 units/ml penicillin, and 100 pwg/ml
streptomycin. For stable transfection, 1000 ug/ml of G418 was
also included and resistant clones selected 14 days after trans-
fection. For transient transfection, cells were typically seeded in
6-well or 10-cm plates for siRNA experiments or in 24-well
plates for luciferase assays. Lipofectamine 2000 (Invitrogen)
was employed for transfections. For siRNA experiments, cells
were transfected on days 0, 3, and 6 and the final siRNA con-
centration was 20 nuj; cells were harvested on day 9. For lucif-
erase measurements, cells were cotransfected with firefly and
Renilla luciferase (pRL-TK) reporter constructs on day 7; cells
were then lysed 48 h after transfection of luciferase reporter
constructs in passive lysis buffer (Promega). To prepare
extracts for all other enzymatic assays, cells were resuspended
in 100 mm Hepes, pH 7.4, containing 0.25 M sucrose, 0.01%
digitonin, and mammalian cell extract protease inhibitor mix-
ture (Sigma) essentially as described (11) with minor modifica-
tions. After 10 min on ice, the suspension was centrifuged at
10,000 X g for 10 min at 4 °C. The supernatant was designated
the cytosolic fraction. The cell pellets were further washed
three times in 100 mm Hepes, pH 7.4, containing 0.25 M sucrose,
with a 1-min centrifugation at 3,000 X g after each wash. The
resulting pellet was then lysed in 100 mm Hepes, pH 7.4, con-
taining 0.5% Triton X-100 and mammalian cell extract protease
inhibitor mixture. After 10 min on ice, the lysate was centri-
fuged at 10,000 X g for 10 min at 4 °C. The supernatant from
this centrifugation was designated the mitochondrial fraction.
This fraction also contains nuclear proteins and was examined
for IOP2 levels by Western blotting. Cytosolic and mitochon-
drial extracts were either tested for enzymatic activity immedi-
ately or aliquoted and stored at —80 °C for later assay. Protein
concentrations of extracts were measured using a DC Protein
Assay kit (Bio-Rad). For Western blotting of whole cell lysates,
the lysates were prepared as described (18).
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SiRNA, Plasmids, and Chemicals—siRNA duplexes were syn-
thesized by Dharmacon. The sequences of oligonucleotides
employed to prepare siRNA duplexes targeting IOP1
(IOP1-A) and control siRNA (Control-B) have been
described (15). The sequences of oligonucleotides employed
to prepare other siRNA duplexes were as follows. I[OP2-A,
GCACACAUCUUCAGACAUGUU and CAUGUCUGAA-
GAUGUGUGCUU; I0P2-B, GAACGGAGAGGUGGUGU-
UAUU and UAACACCACCUCUCCGUUCUU; NES1, CAAG-
UAGCAUCUCUGAUUGUU and CAAUCAGAGAUGCU-
ACUUGUU. pcDNA3-HA-IOP1%, which encodes for an
IOP1 c¢DNA resistant to IOP1-A siRNA due to three nucle-
otide changes in the siRNA target sequence, has been
described previously (15). pIRE3-Luc, which contains the
transferrin receptor-1 (TfR1) 3’-iron-response element
(IRE) downstream of the luciferase coding sequence, was
constructed by amplifying by PCR the TfR1 IRE using
IMAGE clone 4660895 (ATCC) as a template and the follow-
ing two primers, 5'-TTAGTCTAGAGCTTTCTGTCCTTT-
TGG-3"and 5'-ACGTTCTAGAAGCTTTGAAGATGTCA-
TTGC-3'. The resulting 0.7-kb PCR product was digested
with Xbal, subcloned into the Xbal site pGL3promoter (Pro-
mega) to yield pIRE3-Luc. pBS-IRE5-Luc, which contains the
ferritin heavy chain 5'-IRE upstream of the luciferase coding
sequence, was constructed by first subcloning into the Sfil/
HindlIII site of pGL3promoter a duplex comprised of the fol-
lowing two oligonucleotides, 5'-CGGCCTCTGAGCTATTC-
CAGAATTCGTCGGGGTTTCCTGCTTCAACAGTGCTT-
GGACGGAACCCGGCGCA-3' and 5'-AGCTTGCGCCGGG-
TTCCGTCCAAGCACTGTTGAAGCAGGAAACCCCGACG-
AATTCTGGAATAGCTCAGAGGCCGAGG-3'. The 1.8-kb
EcoRI(blunt)/Xbal band from the resulting product was then
subcloned into the KpnI(blunt)/Xbal site of pBS SK to create
pBS-IRE5-Luc.

pcDNA3-FLAG-IRP1 was constructed as follows. First, the
2.9-kb BamH I/HindIII (blunt) fragment of IMAGE clone
3915517 (ATCC) was subcloned into the BamHI/Xbal (blunt)
site of pcDNA3-HA. Into the Nhel/BamHI site of the product
was cloned a duplex comprised of the following two oligonu-
cleotides, 5'-CTAGCAGATCTGGGATCCAGATGAGCAAC-
CCATTCGCACACCTTGCTGAGCCATTA-3' and 5'-GATC-
TAATGGCTCAGCAAGGTGTGCGAATGGGTTGCTCATC-
TGGATCCCAGATCTG-3' to yield pcDNA3-HA-IRP1. The
latter was digested with BamH I and Xbal, and the 2.9-kb prod-
uct was then subcloned into the BamH I/Xbal site of
pcDNA3-FLAG to yield pcDNA3-FLAG-IRP1. Constructs
were sequenced to confirm their authenticity. Chemicals were
from Sigma unless otherwise stated.

Antibodies and Western Blotting—Polyclonal antibodies
to glutathione S-transferase-IOP1-(417—-476) were raised in
rabbits and affinity-purified on maltose-binding protein
IOP1-(417-476) conjugated to agarose (Covance Research
Products). Polyclonal antibodies to maltose-binding protein-
IOP2-(382—-456) were raised in rabbits and affinity-purified on
glutathione S-transferase IOP2-(382-456) conjugated to agar-
ose (Alpha Diagnostic). Other antibodies employed were anti-
HIF-1a (Clone 54; BD Biosciences), anti-FLAG (M2; Sigma),
and anti-NFS1 (ARP33115 T100; Aviva Systems). The follow-
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ing antibodies were from Santa Cruz Biotechnology: anti-fer-
ritin heavy chain (H-53), anti-cytochrome ¢ (7H8), anti-IRP1
(H-64), anti-IRP2 (7H6), anti-HA (F-7), anti-actin (C-2), and
anti-B-tubulin (H-235). Western blotting was performed as
described (18). Typically, 30 ug of cell lysate were subjected to
SDS-PAGE and the proteins transferred to polyvinylidene
difluoride membranes. The membranes were blocked with 10%
nonfat milk in phosphate-buffered saline containing 0.05%
Tween 20 and probed with the relevant antibodies followed by
horseradish peroxidase-coupled secondary antibodies. Detec-
tion was performed using SuperSignal substrate (Pierce).

Enzyme Assays—The activities of firefly and Renilla lucifer-
ase were measured using a Dual Luciferase Reporter system
(Promega) and a Wallach LB9507 luminometer. Firefly lucifer-
ase activity was normalized to that of Renilla luciferase. For all
other enzymatic activities, equal quantities of extracts as
assessed by protein concentration were assayed. Aconitase
activity in extracts was measured by activity against 2 mMm cis-
aconitate in the presence of 1 mm MnSO,, 0.2 mm NADP, and
0.4 unit/ml of porcine heart isocitrate dehydrogenase (Sigma)
using degassed buffer at 25 °C (19). The reduction of NADP was
measured by changes in absorbance at 340 nm. Citrate synthase
activity was measured by activity toward 0.5 mm oxaloacetate in
the presence of 100 mm Tris, pH 8.0, 0.5 mm acetyl-CoA, and
0.5 mMm 5,5'-dithio-bis(2-nitrobenzoic acid). The reduction of
5,5'-dithio-bis(2-nitrobenzoic acid) was monitored by changes
in absorbance at 412 nm (10). Lactate dehydrogenase activity
was determined by activity against 0.66 mm sodium pyruvate in
the presence of 100 mMm Hepes, pH 7.6, and 0.13 mMm NADH at
25 °C. Oxidation of NADH was measured by the change of
absorbance at 340 nm (20). Glucose-6-phosphate dehydrogen-
ase activity was determined against 3.3 mm glucose-6-phos-
phate in the presence of 50 mm Tris, pH 7.8, 3 mm MgCl,, and
0.2 mm NADP at 25 °C. Reduction of NADP was measured by
changes in absorbance at 340 nm. Xanthine oxidase activity was
determined using the Amplex Red xanthine/xanthine oxidase
assay kit (Invitrogen) according to the manufacturer’s protocol.
Absorbance changes were measured at 570 nm at 37 °C.

Protein Synthesis Assay—HeLa cells in 24-well plates were
incubated in methionine-free Dulbecco’s modified Eagle’s
medium containing 10% dialyzed fetal bovine serum and 10 uCi
of [**S]Met/well for 1 h. Cells were lysed and then radiolabeled
proteins precipitated with trichloroacetic acid essentially as
described (21). [**S]Met incorporation was measured by scin-
tillation counting and normalized to the protein concentration
of the cell lysate.

Iron Regulatory Protein (IRP) Electrophoretic Mobility Shift
Assay—pBS-IRE5-Luc was linearized by digestion with HindIII
and employed as a template for in vitro transcription using T7
RNA polymerase in the presence of [**PJUTP. Radiolabeled
probe was purified by denaturing PAGE and incubated for 20
min at 25 °C with cytoplasmic extracts in 100 mm Hepes, pH
7.4, containing 3 mg/ml heparin, and electrophoretic mobility
shift assays were performed essentially as described (22) in 0.5X
Tris borate-EDTA buffer. In some cases, B-mercaptoethanol
was included in the incubation to a final concentration of 2%.
For the IRP1-positive control, COS-7 cells were transfected
with pcDNA3-FLAG-IRP1. IRP1 was then immunoprecipi-
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tated with anti-FLAG (M2) antibodies and eluted with 3X
FLAG peptide (Sigma). For the IRP2-positive control, IRP2 was
immunoprecipitated from HeLa cells with anti-IRP2 antibodies
and eluted with 4% B-mercaptoethanol (23).

Real-time PCR—Total RNA was extracted from cells using
TRIzol® reagent (Invitrogen). Reverse transcription reactions
to produce cDNA were performed using a Hi Capacity cDNA
synthesis kit (ABI). Real-time PCR reactions were performed
on 20-ng equivalents of cDNA using SYBR Green Master mix
(ABI) and an ABI 7300 real-time PCR machine. The PCR
cycling conditions were as follows: 50 °C for 2 min and 95 °C for
10 min followed by 40 PCR cycles (95 °C for 15 s, 60 °C for 1
min). The following oligonucleotides were employed as prim-
ers. hNFS1 forward (F), ACTCCCGGACACATGCTTATG;
hNFEFS1 reverse (R), GCTGACGAGCACGTTCCAT; hIOP2 F,
GGCGCTGACTGCGTGTTAA; hIOP2 R, AGGTCACCTT-
GCTCCATTATTTG. hFerritin-H F, TGGGAGCGC-
CCGAAT; hFerritin-H R, CCCAGGGTGTGCTTGTCAA;
hTfR1 F, GTGACCCTTACACACCTGGATTC; hTfR1 R,
TGATGACCGAGATGGTGGAA; hHPRT F, CGTCTT-
GCTCGAGATGTGATG; hHPRT R, GCACACAGAGGGC-
TACAATGTG. The sequences of the B-actin primers have
been previously described (15). Dissociation curve analysis for
each set of probes revealed single peaks. Relative quantification
was performed employing the AAC, method and B-actin as the
endogenous control.

Statistical Analysis—Student’s t test and analysis of variance
were used for statistical analysis. Significant differences were
considered when p < 0.05.

RESULTS

In initial experiments to assess whether IOP1 might be
involved in cytosolic Fe-S protein biogenesis, we employed an
siRNA approach in HeLa cells. We employed a synthetic siRNA
to IOP1 that we have previously shown to be effective in both
Hep3B and human embryonic kidney 293 cells (15), and as
shown in Fig. 14, this siRNA is also effective in knocking down
IOP1 in HeLa cells (compare lanes I and 2). We also employed
an siRNA to NFS1, because previous studies have shown that
NES1 knockdown leads to strong impairment of cytosolic as
well as mitochondrial Fe-S protein biogenesis (10, 11). As
shown in Fig. 1, B and C, this siRNA effectively reduces NFS1
protein levels as assessed by Western blot and NFS1 mRNA
levels as assessed by real-time PCR, and it may also be noted
that it does not have an effect on IOP1 protein levels (Fig. 14).
We then transfected HeLa cells with three rounds of these
siRNAs, as well as a nontargeting control siRNA, at intervals of
3 days. At 9 days after the initial transfection, we prepared cyto-
solic and mitochondrial extracts and measured activities of var-
ious enzymes in these extracts.

We first measured cytosolic aconitase, a well characterized
Fe-S protein that interconverts citrate to isocitrate. As shown in
Fig. 1D, we found that IOP1 knockdown reduces activity to
58 = 8% of that of control, comparable with the reduction to
51 * 12% observed upon NFS1 siRNA treatment (p < 0.01 for
both). We note that these decreases were not apparent after 3
days of knockdown of either IOP1 or NFS1, and others have
made similar observations with NFS1 (10). We also measured
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FIGURE 1. Effects of IOP1 knockdown on aconitase and xanthine oxidase
activities in Hela cells. Hela cells were transfected with the indicated
siRNAs. A, total cellular extracts (20 ng) were analyzed by Western blotting
using antibodies against IOP1 or B-tubulin. B, mitochondrial extracts (10 wg)
were analyzed by Western blotting using antibodies against NFS1 or cyto-
chrome c. C, total RNA was isolated from cells and analyzed by real-time PCR
for NFST mRNA (means = S.D.) and normalized to that of B-actin. The level of
NFS1 mRNA upon NFS1 knockdown is 21% of that of control. D-G, cytosolic or
mitochondrial extracts were assayed for aconitase, lactate dehydrogenase
(LDH), or citrate synthase (CS) activity as indicated. Shown are the means =
S.D.,.n = 3.* p <0.01.H, cytosolic extracts were assayed for xanthine oxidase
activity. Some cells were also treated with 100 um DFO for 20 h prior to har-
vest, as indicated. Shown are the means = S.D.,n = 3.%,p < 0.01.

mitochondrial aconitase, which is an Fe-S enzyme distinct from
cytosolic aconitase. NFS1 knockdown reduced mitochondrial
aconitase activity to 36 = 10% of control, consistent with an
essential function in both mitochondrial and cytosolic Fe-S
protein maturation (Fig. 1E). In contrast, IOP1 knockdown was
without effect on mitochondrial aconitase activity. In control
experiments, we assayed for activities of three non-Fe-S pro-
teins, cytosolic lactate dehydrogenase, mitochondrial citrate
synthase, and cytosolic glucose-6-phosphate dehydrogenase.
As shown in Fig. 1, F and G, and supplemental Fig. 1, respec-
tively, neither IOP1 nor NFS1 knockdown had effects on the
activities of these enzymes. These enzymes are markers of their
respective cellular compartments, and in additional experi-
ments we found that the level of lactate dehydrogenase activity
measured in the mitochondrial fraction was 3% of that in the
cytosolic fraction, whereas the level of citrate synthase activity
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FIGURE 2. Effects of IOP1 knockdown on cell viability and global protein
synthesis in Hela cells. Hela cells were transfected with the indicated
siRNAs. A, Hela cells were counted by trypan blue exclusion after 9 days.
Shown are the means = S.D., n = 3.**, p < 0.05. B, HeLa cells were assayed for
protein synthesis at 9 days by labeling with [**S]Met followed by trichloroace-
tic acid precipitation. **, p < = 0.05.

measured in the cytosolic fraction was 9% of that in the mito-
chondrial fraction (data not shown), indicative of effective sep-
aration of the two compartments. These experiments therefore
provide initial evidence for IOP1 playing a role in cytosolic, but
not mitochondrial, Fe-S protein biogenesis.

We next examined effects of IOP1 knockdown on a distinct
cytosolic Fe-S protein, xanthine oxidase. HeLa cells were
treated with IOP1, NFS1, or control siRNA and then xanthine
oxidase activity measured in extracts. We employed two posi-
tive controls. One was desferrioxime (DFO), which essentially
abolishes measurable xanthine oxidase activity. The other was
NFS1. Under conditions where NFS1 knockdown reduces xan-
thine oxidase levels to 12 = 9%, we found that IOP1 knockdown
reducesitaswell, to51 = 7% (p < 0.01) (Fig. 1H). This therefore
provides evidence that IOP1 knockdown impairs the biogenesis
of at least two distinct cytosolic Fe-S proteins.

NFS1 knockdown in mammalian cells was previously
reported to lead to growth impairment (10). Upon IOP1 knock-
down, we made a similar observation, with 61% viable cells
compared with control following 9 days of siRNA treatment
(p < 0.05) (Fig. 2A). Deletion of Narl in Saccharomyces cerevi-
siae is lethal, and it has been linked to the maturation of Rlilp,
an essential cytosolic Fe-S protein required for ribosome bio-
genesis (24, 25). We therefore examined whether IOP1
knockdown affects global protein synthesis. As assessed by
[**S]Met incorporation, we found that IOP1 knockdown
does indeed decrease global protein synthesis to 68% of that
of control (p < 0.05 (Fig. 2B)).
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We examined a different cell line, Hep3B. In analogous
experiments, we found that IOP1 knockdown reduced cytosolic
aconitase activity to 54 = 5% of that of control, again similar to
the effect seen with NFS1 knockdown in this cell line (59 * 4%,
p < 0.01 for both, supplemental Fig. S24). Under conditions in
which NFS1 knockdown reduced mitochondrial aconitase
activity to 52 = 7% of control, we found no effect of the IOP1
siRNA (supplemental Fig. S2B). Both siRNAs, in addition, were
without effect on cytosolic lactate dehydrogenase and citrate
synthase activities (supplemental Fig. 2, C and D, respectively).
Lactate dehydrogenase and citrate synthase activities measured
in the mitochondrial and cytosolic fractions, respectively, were
in this cell line, 9 and 10% of that measured in the cytosolic and
mitochondrial fractions, respectively, again indicating efficient
fractionation. As expected, the IOP1 siRNA was effective in
reducing IOP1 protein levels, and we observed increased
HIF-1a protein levels (data not shown), as we have reported
previously (15). Interestingly, NFS1 did not affect HIF-1« pro-
tein levels (data not shown). IOP1 knockdown decreased viabil-
ity in these cells as well (supplemental Fig. S2E).

To provide further evidence for the specificity of the IOP1
knockdown effect, we generated HeLa cell lines stably trans-
fected with either an expression vector for siRNA-resistant,
HA-tagged IOP1 (denoted HA-IOP1¥) or as a control, empty
vector (pcDNA3). As shown in Fig. 34, the HA-IOP1® appears
as a more slowly migrating species compared with endogenous
IOP1 upon SDS-PAGE. It is also immunoreactive against
anti-HA antibodies, as expected. Importantly, IOP1 siRNA
treatment knocks down endogenous IOP1 protein levels in
both HA-IOP1® and control cell lines (Fig. 34, upper panel,
lanes 4 and 2, respectively) without affecting HA-IOP1® protein
levels. When we assayed cytosolic and mitochondrial aconitase
activity in these two cell lines, we found that expression of the
siRNA-resistant IOP1 reverses the IOP1 siRNA-induced
decrease in cytosolic aconitase activity (Fig. 3, Band C, compare
middle columns). As a control, NFS1 siRNA continued to be
effective in decreasing cytosolic aconitase activity in both cell
lines, as well as mitochondrial aconitase activity in the
HA-IOP1®-expressing cell line (Fig. 3D).

A homologue of IOP1, IOP2, exists in mammalian cells. To
determine whether IOP2 might also play a role in cytosolic Fe-S
protein biogenesis, we examined the effects of two IOP2
siRNAs, each targeting a distinct region of the IOP2 coding
sequence. As shown in Fig. 44, both were effective in diminish-
ing IOP2 mRNA levels (IOP2-A to 13% and IOP-B to 11% of
control). Both also decreased IOP2 protein levels (Fig. 4B). We
next transfected HeLa cells with these siRNAs, a negative con-
trol siRNA, or as a positive control, the IOP1 siRNA. We found
that under conditions in which the latter diminishes cytosolic
aconitase activity, no significant effects are seen with either of
the IOP2 siRNAs (Fig. 4C). In addition, the IOP2 siRNA did not
affect mitochondrial aconitase activity, similar to the result
obtained with IOP1 siRNA (Fig. 4D). We also treated cells with
the iron chelator DFO for 20 h, and as one might predict, this

IOP1 and the stably expressed HA-IOP1® are as indicated. B-D, cytosolic or
mitochondrial extracts were assayed for aconitase activity as indicated.
Shown are the means = S.D., n = 3.%,p < 0.01; **, p < 0.05.
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treatment almost completely abolished aconitase activity in
both cytosolic and mitochondrial extracts (Fig. 4, C and D).
These results indicate, at a minimum, that IOP1 and IOP2 are
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not identical in function and furthermore provide evidence that
IOP1 plays a more important role among the two IOP isoforms
in cytosolic Fe-S protein biogenesis.

A distinctive feature of cytosolic aconitase is that upon loss of
its active Fe-S cluster it converts to IRP1, an RNA-binding pro-
tein that binds to specific stem loop structures known as iron-
response elements (IRE) (26, 27). These IREs are located in 5'-
and 3'-untranslated regions (UTRs) of select mRNAs that are
involved in various aspects of iron metabolism. For example,
multiple tandem IREs are located in the 3’-UTR of TfR1, and
binding of IRP1 to the 3'-UTR IRE results in increased stability
and therefore increased half-life of the TfR1 mRNA. A different
IRE is located in the 5'-UTR of the ferritin heavy chain mRNA,
and binding of IRP1 to this IRE has a different effect, namely,
inhibition of protein translation. In this manner, IRP1 plays an
important role in adaptive responses to iron deprivation
through its up-regulation of TfR1, which promotes the uptake
of iron into cells, and its down-regulation of ferritin, which
promotes the release of intracellular iron stores.

We examined whether impairment of Fe-S protein biogene-
sis affects IRP activity. We knocked down IOP1 in HeLa cells.
We then transfected them with a luciferase reporter construct
in which the IRE-containing 3'-UTR of the TfR1 gene was sub-
cloned into the 3'-UTR of the luciferase gene and subsequently
measured luciferase activity. DFO, by virtue of chelating the
active site iron, would be expected to convert cytosolic aconi-
tase to IRP1, and consistent with this, it activates the reporter
gene (Fig. 5A4). Importantly, we also found that IOP1 knock-
down activates the 3'-IRE reporter gene as well. In parallel
experiments, we also harvested mRNA, performed reverse
transcription, and then conducted real-time PCR to measure
endogenous TfR1 message. As shown in Fig. 5B and supple-
mental Fig. S3, TfR1 message is also increased by IOP1 knock-
down. The difference in the magnitude of the effect of IOP1
knockdown in Fig. 5, A and B, may relate to the fact that regu-
latory elements do not behave exactly like their endogenous
counterparts when taken out of their natural context. For
example, the transferrin receptor iron-response element can
show varying degrees of potency depending on the reporter
system employed (28).

We performed experiments to examine effects of IOP1
knockdown on ferritin heavy chain protein levels. Cells were
treated with siRNA and then cytosolic extracts prepared and
examined by Western blotting. As shown in Fig. 5C, under con-
ditions where NFS1 knockdown decreases ferritin heavy chain
protein expression, we found that IOP1 does so as well,
although not perhaps as dramatically. Real-time PCR shows
that the change in ferritin heavy chain protein level cannot be
attributed to changes in mRNA level (Fig. 5D). The changes also
cannot be attributed to changes in protein levels of IRP2 (Fig.
5C), which can also bind to IREs but unlike IRP1 does not pos-
sess an Fe-S cluster. The results, in turn, are consistent with
increased IRP1 activity.

To further examine this, we prepared a radiolabeled IRE
probe derived from the ferritin heavy chain 5'-UTR and
employed it in an IRP electrophoretic mobility shift assay. Incu-
bation of the probe with HeLa cell cytoplasmic extracts results
in electrophoretic mobility shift (Fig. 5E). This shift is indistin-
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in slightly decreased IRP1 levels, as
does NFS1 knockdown. This NFS1
knockdown-associated decrease has
previously been reported by others
(11), and others have also reported
that apo-IRP1 is less stable than the
holoenzyme (30, 31). The gel shift
results also cannot be accounted for
by IRP2, because levels of this pro-
tein are not appreciably changed.
IRP1 is regulated by loss of its active
site iron and does not necessarily
have to be accompanied by increases
in protein level, as opposed to IRP2,
which is regulated at the level of pro-
tein stability (32). Indeed, conversion
of only a small fraction of IRP1 from
iron-sulfur-replete to iron-sulfur-de-
ficient forms is sufficient to result in
significant IRE binding activity (33),
and the results observed are therefore
consistent with increased IRP1 RNA
binding activity. This, in turn, is con-
sistent with the decreased cytosolic
aconitase activity observed in the ear-
lier experiments.

DISCUSSION

The biogenesis of cytosolic Fe-S
proteins in eukaryotes has received
substantial recent attention, and it is
clear that we are far from a complete
understanding of this essential
process (2). The present results pro-
vide evidence for a role for IOP1 in
the mammalian pathway. Knock-
down of IOP1 results in impaired
cytosolic aconitase and xanthine
oxidase activities, and we also pro-
vide evidence for increased IRP1
activity. IOP1 knockdown did not
impair mitochondrial aconitase
activity nor did it impair the activi-
ties of non-Fe-S proteins, suggest-
ing a specific role for IOP1 in cyto-
solic Fe-S protein biogenesis. We

guishable from that induced by either immunopurified IRP1 or
IRP2, thereby providing evidence that this shift reflects IRP
activity. We note that human IRP1 and IRP2 produce indistin-
guishable shifts in this assay, consistent with previous reports
(29). We then examined cytoplasmic extracts from siRNA-
treated HeLa cells. Under conditions in which NFS1 knock-
down results in increased IRP activity, as shown previously (11),
we found that IOP1 knockdown does so as well (Fig. 5F). Treat-
ment of extracts with B-mercaptoethanol, an agent that acti-
vates IRP, results in increased gel shift signals for all samples.
The increased IRP activity cannot be accounted for by increases
in IRP1 protein levels (Fig. 5C). In fact, IOP1 knockdown results
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also did not find evidence for involvement of IOP2 in cytosolic
Fe-S protein biogenesis. IOP2 is a nuclear protein, and we can-
not rule out the possibility that in addition to its role in binding
prenylated prelamin A in the nuclear membrane, IOP2, or for
that matter IOP1, may have a role in the biogenesis of nuclear,
as opposed to cytosolic, Fe-S proteins.

In S. cerevisiae, four essential proteins involved in Fe-S pro-
tein biogenesis have been identified, Cfd1, Nbp35, Cial, and
Narl. IOP1 is homologous to the latter, and this therefore pro-
vides evidence that the Fe-S pathway in yeast may be conserved
in mammals. Further studies are needed to determine whether
homologues of the other yeast proteins exist in mammals, and if
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so, whether they fulfill essential functions in cytosolic Fe-S pro-
tein biogenesis. That being said, these results do not rule out a
potential role for other pathways, such as ones employing cyto-
solic versions of otherwise predominantly mitochondrial pro-
teins, in the biogenesis of cytosolic Fe-S proteins. We observed
that knockdown of IOP1 in HeLa cells impaired growth and
inhibited global protein synthesis. As deletion of Narl in S.
cerevisiae is lethal and linked to the maturation of Rlilp, an
essential cytosolic Fe-S protein required for ribosome biogen-
esis (24, 25), it will be of interest to determine whether these
IOP1 knockdown-associated effects in mammalian cells might
involve a similar pathway.

We had previously identified IOP1 as a modulator of HIF-1a
activity (15). Specifically, knockdown of IOP1 in Hep3B cells
was found to up-regulate HIF-la« mRNA and protein levels.
HIF-1ais a master regulator of the hypoxic response, transcrip-
tionally up-regulating genes involved in glucose uptake, glycol-
ysis, and angiogenesis, among others, that allow cells to survive
oxygen deprivation (17). These considerations might raise the
possibility that up-regulation of HIF-1a may be mediated by
the cytosolic Fe-S pathway. However, we note that NFS1
knockdown, which impairs cytosolic aconitase activity, did not
affect HIF-1a protein levels (data not shown). This therefore
suggests that IOP1 modulation of HIF-1a may occur independ-
ent of its role in cytosolic Fe-S protein biogenesis. At the same
time,italsodoesnotruleoutthepossibilityofother Fe-Spathway-
dependent effects of IOP1 on the hypoxia pathway. In this
regard, an IRE has been identified in the 5'-UTR of the tran-
script of a different HIF-« isoform, HIF-2« (34), thereby pro-
viding a potential link between IOP1, the cytosolic Fe-S protein
pathway, and the hypoxic response. Iron in the presence of
oxygen can generate reactive oxygen species, and oxygen itself
can directly damage Fe-S clusters, emphasizing the need to
have proper coordination between the iron and oxygen homeo-
static pathways.

An important consideration in these as well as previous
siRNA studies is that knockdown is not 100% efficient. Thus,
effects may only be observed after protein levels are reduced
below a critical level necessary for function, and this may vary in
both a gene-specific and cell type-specific manner. Indeed, this
may account for the fact that dimunition of aconitase and xan-
thine oxidase activities is partial, as opposed to complete, fol-
lowing IOP1 knockdown in the present studies. These consid-
erations also make it important to consider other approaches,
such as gene knock-out approaches, in evaluating the roles of
these intriguing proteins.
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