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Eukaryotic cells contain hundreds of metalloproteins, and
ensuring that each protein receives the correct metal ion is a
critical task for cells. Recent work in budding yeast and mam-
malian cells has uncovered a system of iron delivery operating in
the cytosolic compartment that involves monothiol glutaredox-
ins, which bind iron in the form of iron-sulfur clusters, and
poly(rC)-binding proteins, which bind Fe(II) directly. In yeast
cells, cytosolic monothiol glutaredoxins are required for the for-
mation of heme and iron-sulfur clusters and the metallation of
some non-heme iron enzymes. Poly(rC)-binding proteins can
act as iron chaperones, delivering iron to target non-heme
enzymes through direct protein-protein interactions. Although
the molecular details have yet to be explored, these proteins,
acting independently or together, may represent the basic cellu-
lar machinery for intracellular iron delivery.

Metalloproteins are very abundant in all types of cells, where
they perform a plethora of enzymatic and regulatory functions.
A variety of transition metal ions contribute to the metallopro-
teome of a cell, with iron and zinc being the most abundant (1).
Estimates of the number of cellular proteins containing metal
ions vary substantially, and evidence from bacteria suggests
that many of the proteins that contain metal ions have not yet
been annotated as metalloproteins (2). One method of estimat-
ing the prevalence of metalloproteins is to examine structural
databases. A survey of enzymes for which three-dimensional
structures have been determined indicated that 9% contained
zinc, 8% iron, 6% manganese (in many cases, the biologically
relevant metal is magnesium), and 1% copper (3). A second
approach involves the identification of metalloproteins based
on the homology of metal-binding domains and metal-binding
sites of known metalloproteins to protein sequences derived
from sequenced genomes. This type of bioinformatics
approach indicates that zinc proteins constitute ~10% of the
eukaryotic proteome, non-heme iron proteins account for ~1%
of the proteome, and copper proteins are <1% of the proteome
(4).

Given the presence of so many different metalloproteins, the
cell faces several obstacles in ensuring that apoproteins receive
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the correct metal ion. First, although the primary coordination
spheres of metal-binding sites can readily exclude ions based on
charge, coordination geometry, and polarity, these sites may
not have the capacity to discriminate between divalent metal
cations and may even bind a non-cognate metal more tightly
than the correct one (1). Second, some metal ions, such as iron
and copper, are redox-active and, in the presence of oxygen, can
catalyze the formation of dangerous reactive oxygen species.
Thus, cells must tightly regulate the uptake and distribution of
these metals to use them while avoiding the twin toxicities of
mismetallation and oxidative damage. One cellular strategy is
to maintain the pools of “free” or unliganded metals at exceed-
ingly low levels. This appears to be especially true for the tight-
est binding metals, zinc and copper (5). A second, complemen-
tary strategy involves the use of metallochaperones.

Metallochaperone is the term coined to describe a protein
that specifically binds metal ions and delivers them to target
apoproteins through direct protein-protein interactions (6).
Metallochaperones are thought to enhance the efficiency of
metal transfer to target apoproteins and to prevent metal trans-
fer to non-cognate sites. Nickel and copper chaperones were
identified more than a decade ago. Structural and biochemical
studies of these proteins suggest that metal delivery occurs by a
ligand exchange reaction that depends on both the specificity of
the protein-protein interaction and the affinities for the metal
ligand. Iron chaperones have been identified more recently, and
the structural and biochemical details of metal delivery for
these proteins are not yet clear. Candidate iron chaperones
include frataxin, poly(rC)-binding proteins (PCBPs),” and the
Grx3-type monothiol glutaredoxins.

Frataxin

The human disease Friedreich ataxia is an inherited neuro-
degenerative disorder usually caused by a reduction in the cel-
lular levels of the protein frataxin (7). Frataxin is expressed in
the mitochondria of all eukaryotic cells, and a large amount of
data support a role for frataxin in the mitochondrial assem-
bly of iron-sulfur clusters (8). Frataxin binds iron through a
patch of carboxylic amino acid residues located on the distal
surface of helix 1 and B-sheet 1. Iron binding is relatively low
affinity (K, = 2.5-55 um), and the stoichiometry of binding
differs when measured in frataxins from different species. Iron
binding is important for in vivo activity, however, as substitut-
ing alanine residues for the clusters of acidic residues results in
both loss of iron binding and a reduced capacity to support Fe-S
cluster assembly. The core Fe-S cluster assembly complex in
mitochondria consists of the cysteine desulfurase Nfsl, an
accessory protein (Isd11), and a scaffold protein (Isul or Isu2)
(nomenclature from budding yeast) (9). Frataxin interacts
directly with Isu in an iron-dependent manner and facilitates
the transfer of iron to Isu during Fe-S cluster assembly. Because

2 The abbreviations used are: PCBP, poly(rC)-binding protein; hnRNP, hetero-
geneous nuclear ribonucleoprotein; KH, hnRNP K homology; PHD, prolyl
hydroxylase; HIF, hypoxia-inducible factor.
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of the capacity of frataxin to bind iron and transfer it to Isu via
a direct protein-protein interaction, frataxin has been consid-
ered a mitochondrial iron chaperone. Some studies indicate
that frataxin can directly transfer iron to or stabilize iron in
other Fe-S proteins, such as mitochondrial aconitase (10).
Recent in vitro studies using purified human proteins suggest,
however, that the role of frataxin in Fe-S cluster assembly may
be more complex.

Rather than simply providing iron to Isu for cluster assembly,
frataxin and frataxin-bound iron also stimulate the activity of
the cysteine desulfurase. Purified human Nfs1, Isd11, Isu, and
frataxin form a stable complex in vitro that is not dependent on
the presence of iron (11). The addition of frataxin alone to a
complex of Nfs1, Isd11, and Isu results in a 316-fold increase in
the catalytic efficiency of the cysteine desulfurase, which is due
to an increase in both the k_,, and the affinity for cysteine. The
addition of frataxin and Fe(Il) together results in a further
increase in catalytic efficiency. Frataxin addition also increases
the efficiency of Fe-S cluster production by the Fe-S core com-
plex. Naturally occurring missense mutations in frataxin that
are associated with disease progression lead to both reduced
binding to the Nfs1-Isd11-Isu complex and reduced stimula-
tion of cysteine desulfurase activity (12).

Yeast expressing a mutant form of Isul containing an M1071
substitution can partially bypass the requirement for frataxin in
Fe-S cluster assembly (13). This substitution of Met-107 for a
branched chain amino acid occurs naturally in the forms of
IscU expressed in prokaryotes, which are much less dependent
on frataxin for Fe-S cluster assembly (14). The mechanism
through which yeast cells expressing Isul M1071 bypass the
requirement for frataxin is not clear, but could involve iron
delivery, cysteine desulfurase activation, or Fe-S cluster transfer
to downstream recipient proteins. These studies suggest that
Nfsl, Isd11, Isu, and frataxin together form the core Fe-S
assembly complex in mitochondria and that, in eukaryotes,
frataxin acts as an allosteric activator of the cysteine desul-
furase, in addition to its role as an iron donor in Fe-S cluster
assembly.

PCBPs

PCBP1 was recently identified as a cytosolic iron chaperone
that delivers iron for incorporation into ferritin (15). Ferritin is
a highly conserved iron storage protein expressed in bacteria,
plants, and higher eukaryotes (16). In metazoans, ferritin is a
heteropolymer composed of 24 subunits of heavy (H) and light
(L) chains that form a hollow sphere into which iron is depos-
ited. H-ferritin (but not L-ferritin) contains a ferroxidase cen-
ter, located on the interior surface of the heteropolymer, which
is structurally similar to the catalytic sites of oxo-bridged diiron
monooxygenases. Fe(II) gains access to the ferroxidase center
through funnel-shaped pores lined with carboxylic amino acid
residues.

Fungi differ from other organisms in that they do not express
ferritins. Human H- and L-ferritins can be expressed in yeast,
where they assemble into functional heteropolymers, but con-
tain relatively little iron. PCBP1 was identified in a genetic
screen for human genes that could increase the amount of iron
stored in human ferritin when the proteins were expressed
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together in yeast cells. Depletion of PCBP1 in cultured human
cells inhibits the incorporation of iron into ferritin, which also
leads to an increase in the labile iron pool and an increase in the
iron-mediated degradation of IRP2 (iron regulatory protein 2).
When ferritin was immunoprecipitated from yeast cells
expressing both ferritin and PCBP1, PCBP1 was detected in a
complex with ferritin, but only when the immune complexes
were isolated in buffers containing ferrous iron. In vitro studies
of PCBP1 supported the observations in yeast and human cells.
Purified human PCBP1 was found to bind ferrous iron at a 3:1
iron/PCBP1 ratio with an affinity of 0.9-5.8 um using isother-
mal titration calorimetry. Purified PCBP1 increased the incor-
poration of iron into apoferritin in vitro, indicating that PCBP1
could directly bind and donate iron to ferritin.

PCBP1 (also called a-CP1 or heterogeneous nuclear ribonu-
cleoprotein (hnRNP) E1) was originally identified as an RNA-
binding protein that binds to C-rich motifs in the 3'-UTR of
a-globin mRNA (17-19). PCBP1 is one member of a family of
four homologous proteins, each of which contains three
hnRNP K homology (KH) domains. KH domains are conserved,
single-stranded nucleic acid-binding motifs, and PCBP family
members function in the processing, stability, and translation
of host and viral RNAs. PCBPs also function in transcriptional
regulation and protein-protein interactions. PCBP1 is encoded
by an intronless gene found only in mammals and was likely
formed via retrotransposition of a minor splice variant of
PCBP2 mRNA. PCBP1 and PCBP2 (including its alternatively
spliced isoforms) are very highly expressed in essentially all
mammalian cells, whereas PCBP3 and PCBP4 are generally
expressed at much lower levels. PCBP1 and PCBP2 localize to
both the cytosol and nucleus. They have been reported to self-
associate and to form complexes with other PCBPs and
hnRNPs.

Two major questions emerged from the initial studies of
PCBP1 and ferritin. 1) Are other cytosolic iron enzymes
dependent on PCBP1 for metallation, and 2) are other PCBP
family members acting as iron chaperones? Recent data indi-
cate that the answer to both questions is yes. PCBP1 and PCBP2
play a role in the metallation of the iron-dependent prolyl
hydroxylases (PHDs) that regulate hypoxia-inducible factor
(HIF) 1 (20). HIF is a heterodimeric transcription factor that
activates the expression of genes involved in the response to
hypoxia (21-23). HIF1 and its paralog HIF2 are regulated by
multiple mechanisms, but the primary mechanism is through
the oxygen-dependent degradation of the a-subunit. Under
hypoxic conditions, HIFa (HIF1la or HIF2«) accumulates in
cells, binds to the B-subunit (HIF or ARNT), and activates
transcription. Under normoxic or hyperoxic conditions, HIF«
is hydroxylated on two conserved proline residues. The
hydroxyproline residues are recognized and bound by the von
Hippel-Lindau tumor suppressor protein, which then recruits
components of the ubiquitination machinery and targets HIF«
for degradation in the proteasome. This pathway has received
considerable attention because defects in this degradation
pathway lead to the formation of cancers in humans, especially
clear cell renal carcinomas and hemangioblastomas.

Three HIF PHDs mediate the hydroxylation of HIFa: PHD1,
PHD2, and PHD3 (also called HPH3, HPH2, and HPH1 or

JOURNAL OF BIOLOGICAL CHEMISTRY 13519



MINIREVIEW: /ron Chaperones and Intracellular Iron Delivery

EGLN2, EGLNI, and EGLN3, respectively) (24, 25). These
enzymes are members of a large conserved class of Fe(Il)- and
2-oxoglutarate-dependent dioxygenases. PHDs and other
enzymes of this class coordinate a single Fe(II) ion deep in a
solvent-accessible active site through an HX(D/E)X,H triad.
The iron cofactor is relatively labile in vivo, as treatment of cells
with iron chelators can inactivate the enzyme. Because PHD
activity is regulated by the availability of oxygen and 2-oxogl-
utarate, PHD has been proposed to function directly as an oxy-
gen sensor. PHD2 accounts for the majority of HIF PHD activ-
ity in cells (26). Similar to almost all non-heme iron enzymes,
the mechanism by which PHDs receive iron in their active site
was unknown.

Depletion of PCBP1 in mammalian cells using siRNA was
associated with a loss of PHD activity (20). Cells lacking PCBP1
exhibited loss of iron incorporation into PHD2, reduced
hydroxylation of proline residues on HIF1«, and decreased deg-
radation and accumulation of HIFla. The effects of PCBP1
depletion were greatly increased when cells were treated briefly
with an iron chelator. These observations pointed to a role for
PCBP1 in the delivery of iron to PHDs and, more specifically,
indicated that PCBP1 was important for the remetallation of
PHD when iron deficiency increased the loss of metal from the
active site of the enzyme.

Depletion of PCBP2 in mammalian cells led to similar, but
not identical, effects on PHD as did depletion of PCBP1. Deple-
tion of PCBP2 was also associated with loss of iron incorpora-
tion into PHD2, reduced prolyl hydroxylation of HIFlea, and
accumulation of HIFla protein. Although PCBP2 depletion
had no effect on HIFla accumulation and HIFla transcrip-
tional activity in iron-sufficient cells, the effects of PCBP2
depletion were similar to the effects of PCBP1 depletion in cells
transiently subjected to iron deficiency. The results suggested
that cells needed both PCBP1 and PCBP2 for the iron-depen-
dent activation of PHDs.

Confirmation that both PCBP1 and PCBP2 were involved in
iron delivery to PHDs came from in vitro studies of PHD activ-
ity from cells lacking PCBP1 or PCBP2. Lysates lacking PCBPs
were nearly devoid of PHD activity, which could be fully
restored with high concentrations of iron, confirming that both
PCBP1 and PCBP2 were necessary for PHD activity and that the
loss of PHD activity was attributable to loss of the iron cofactor.
The addition of purified PCBP1 in complex with Fe(Il) to
lysates lacking PCBP1 could activate PHD, but the addition of
the same PCBP1-Fe(II) complex to lysates lacking PCBP2 had
no effect. These studies confirmed that PCBP1 and PCBP2 had
non-redundant functions in the delivery of iron to PHD.

The PCBP-mediated delivery of iron to PHD may occur via a
direct protein-protein interaction. PCBP1 and PHD2 are
detected together in immune complexes isolated from cells
expressing endogenous levels of both proteins. The complex
containing PCBP1 and PHD2 is detectable in iron-deficient as
well as iron-sufficient cells. Whether iron changes the compo-
sition or stability of the complex remains to be determined.
PCBP2 is also detected in a complex with PCBP1, but whether
PCBP1, PCBP2, and PHD2 form a single complex also remains
to be determined.
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FIH1 (factor inhibiting HIF1) is an asparagyl hydroxylase
(similar to the PHDs) that is also involved in the oxygen- and
iron-dependent regulation of HIF1a (27-29). The in vivo activ-
ity of FIH1 is reduced in cells lacking PCBP1, and FIH1 is also
present in a complex with PCBP1. Thus, the iron chaperone
activity of PCBP1 and PCBP2 is likely involved in the metalla-
tion of multiple members of this enzyme family. The iron- and
2-oxoglutarate-dependent dioxygenases are a large group of
enzymes, and the human genome encodes >60 predicted
members (22, 23). In addition to the amino acid hydroxylases,
this enzymes class includes the Jumonji-type histone demeth-
ylases and the AlkB-type DNA and RNA demethylases. Thus,
PCBP iron chaperones may be involved in the activation of a
large group of cellular enzymes affecting a diversity of cellular
processes.

Monothiol Glutaredoxins

Glutaredoxins are a large, evolutionarily conserved family of
enzymes generally involved in redox reactions as protein thiol
reductases, using glutathione as a source of reducing equiva-
lents (30). Monothiol glutaredoxins represent a subclass of the
glutaredoxin family and typically do not have oxidoreductase
activity. Instead, they bind Fe-S clusters and participate in Fe-S
cluster biogenesis and iron homeostasis. Recent work also sug-
gests that Grx3-type monothiol glutaredoxins may also func-
tion as iron chaperones. The Grx3-type monothiol glutaredox-
ins have a modular structure that consists of an N -terminal
thioredoxin domain and C-terminal glutaredoxin domains.
Budding yeast cells contain two Grx3-type monothiol glutare-
doxins, Grx3 and Grx4, which are expressed at similar levels,
are 63% identical, and appear to be functionally equivalent (31—
33). Mammals express a single Grx3-type glutaredoxin, which
contains two C-terminal glutaredoxin domains in addition to
the N-terminal thioredoxin domain. Each of the monothiol glu-
taredoxin domains contains an active site with the conserved
CGFS motif. Both human and yeast Grx3 can form
homodimers containing a bridging 2Fe-2S cluster that is coor-
dinated through the active site cysteines and two molecules of
glutathione (34, 35). In vitro, the Fe-S cluster bound by the Grx3
homodimer is labile and lost in the presence of oxygen or
reductant.

Grx3-type glutaredoxins from several species have been
found to interact with BolA-like proteins (30). BolA-like pro-
teins are conserved and widely expressed in eukaryotes and
prokaryotes, where their genes are frequently found in operons
containing monothiol glutaredoxins. The BolA-like protein
from yeast is Fra2, and Fra2 has been found, using multiple
experimental approaches, to form a complex with Grx3/4 (35,
36). Grx3/4 and Fra2 form a heterodimer that also contains a
bridging 2Fe-2S cluster. This cluster differs from that of the
Grx3/4 homodimer in that it is resistant to degradation by both
oxygen and reductant and is coordinated by the nitrogen ligand
of His-103 in Fra2, rather than by a cysteine residue.

Grx3/4 and Fra2 are required for iron sensing by the major
iron-dependent transcription factor in budding yeast, Aftl (31,
32, 36). Under iron-deficient conditions, Aftl activates the
transcription of genes involved in the response to iron defi-
ciency (37). Under iron-sufficient conditions, Aftl is inactive
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and is exported from the nucleus to the cytosol. Grx3/4, Fra2,
and another uncharacterized protein (Fral) are found together
in a complex with Aftl (36). Yeast strains without Grx3 and
Grx4, without Fra2, or without Fral are unable to inactivate
Aftl in the setting of iron sufficiency. One model for the iron-
dependent inactivation of Aftl involves the direct transfer of
the 2Fe-2S cluster from Grx3/4-Fra2 to Aftl, with the result
being the export of Aftl from the nucleus and the loss of Aftl
transcriptional activity.

Grx3-type monothiol glutaredoxins have roles in iron trans-
fer beyond those that regulate the activity of Aftl. Yeast strains
lacking both Grx3 and Grx4 exhibit defects in the metallation of
a variety of iron-dependent enzymes expressed in both the
cytosol and mitochondria (31, 38). Yeast cells lacking Grx3 and
Grx4 have defects in the biosynthesis of Fe-S clusters and heme,
two mitochondrial processes that depend on the import of iron
from the cytosol into the mitochondria. These defects are
detectable as a loss of activity of mitochondrial and cytosolic
Fe-S cluster and heme enzymes. This loss of activity is due to
the absence of Fe-S clusters and heme cofactors in the respec-
tive enzymes. Unlike yeast strains with primary defects in the
mitochondrial Fe-S cluster assembly machinery, strains lacking
Grx3 and Grx4 exhibit depletion (rather than accumulation) of
mitochondrial iron pools and accumulation of cytosolic iron
pools. These phenotypes would be most consistent with a
defect in mitochondrial iron delivery. However, ribonucleotide
reductase, a cytosolic oxo-bridged diiron protein, also exhibits
a lower level of iron binding and activity in the Grx-depleted
strain, suggesting that Grx3/4 is also involved in the metallation
of at least one cytosolic diiron enzyme. Whether Grx3/4 acts as
an iron chaperone and can directly transfer iron to the iron-
binding subunit of ribonucleotide reductase is not yet clear, nor
is it clear whether Grx3/4 can directly transfer iron to the mito-
chondria or whether Fra2 participates in any of these metal
delivery processes. However, Grx4 does require the cysteine
residue that coordinates the Fe-S cluster in the glutaredoxin
active site to support the activity of the heme and Fe-S enzymes.
Of note, not all investigators studying the phenotypes of a strain
carrying deletions of both GRX3 and GRX4 have observed the
slow growth and enzymatic defects that would be associated
with profound reductions in the metallation of all iron-depen-
dent enzymes (33).

Recent studies in fission yeast indicate that a monothiol glu-
taredoxin, Grx4, is required for iron sensing by its iron-depen-
dent transcription factors, Fepl and Php4 (39, 40). Although
these transcription factors have no similarity to Aftl, Grx4 can
be found in a complex with each transcription factor in this
fungal species, but it is not known whether direct transfer of an
iron cofactor occurs. Whether mammalian Grx3 has similar
roles in iron cofactor assembly and delivery is not known. Sim-
ilarly, whether Grx3 interacts genetically or physically with
PCBPs in mammalian cells remains to be determined.

Conclusion

The iron chaperone field is in its infancy, with many more
questions unanswered than resolved (Fig. 1). Studies implicat-
ing the monothiol glutaredoxins in iron delivery have largely
been performed in budding yeast cells, which do not contain
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FIGURE 1. Model of iron delivery in mammalian cells. PCBP1 and PCBP2
bind cytosolic Fe(ll) and directly deliver it to ferritin, 2-oxoglutarate dioxyge-
nases (such as PHDs and FIH1), and possibly other non-heme iron enzymes
(such as oxo-bridged diiron enzymes). Although mammalian Grx3 has not
been characterized, based on the functions of Grx3/4 in yeast, it likely associ-
ates with mammalian BolA2, with each glutaredoxin domain coordinating a
2Fe-2S cluster with one BolA2. In a speculative model of iron chaperone func-
tion, PCBPs may interact with Grx3-BolA in a way that effects the transfer of
iron from one complex to the other. Grx3-BolA may deliver iron to mitochon-
dria (perhaps via mitoNEET (mNT)) for heme and Fe-S cluster biosynthesis.
Yfh1 (frataxin), along with Nfs1,1sd11, and Isu (yeast nomenclature), forms the
core Fe-S cluster assembly complex in mitochondria. Grx3-BolA may also
interact with the cytosolic Fe-S cluster assembly machinery (CIA).

clear PCBP orthologs. Two proteins in yeast, Pbp2 and Hek2,
contain three KH domains and exhibit homology to hnRNP K
and, to a lesser extent, PCBPs (41— 43). Both yeast proteins have
been characterized as RNA-binding proteins, but deletion of
either gene was not associated with an iron-related phenotype.?
Perhaps it is not surprising to discover that yeast and human
cells may manage their intracellular iron pools in a different
way, given that yeast cells do not rely on ferritins for cytosolic
iron storage. One possibility is that yeast cells rely directly on
Grx3/4 and Fra2 to deliver iron, bypassing a PCBP-like iron
chaperone. Interestingly, yeast Grx3 and Grx4 each contain a
sequence motif with 12—14 carboxylic amino acid residues,
which are located between the thioredoxin and glutaredoxin
domains.* Frataxin contains a similar acidic patch that is
involved in iron binding (8), and one might speculate that the
acidic motif in Grx3/4 could have a similar function. This acidic
motif is not present in human Grx3. Also of note is that BolA-
like proteins from bacteria and mice exhibit a KH domain fold
similar to the individual KH domains of PCBPs (44). Thus, the
KH domains of PCBPs could interact with Grx3 in a manner
similar to that of the BolA-like proteins. Whether other pro-
teins assist in the PCBP1-PCBP2 iron chaperone complex in
mammalian cells remains to be determined.

Other proteins may be involved in the delivery of iron to
intracellular organelles. Miner1 and mitoNEET are two paralo-
gous proteins expressed on the cytoplasmic surface of the endo-
plasmic reticulum and the outer membrane of mitochondria,
respectively (45, 46). A loss-of-function mutation in Miner1 is

3 C. C. Philpott and H. Shi, unpublished data.
4 C. C. Philpott, unpublished data.
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associated with the autosomal recessive disorder Wolfram syn-
drome 2, in which affected individuals present with multiple
symptoms, including neurodegeneration and diabetes mellitus
(47). Both proteins can coordinate a labile 2Fe-2S cluster. In the
case of mitoNEET, the Fe-S cluster can be directly transferred
to apoferredoxin in vitro, and in cultured cells, iron from
mitoNEET can be taken up by mitochondria. These observa-
tions raise the possibility that Miner1 or mitoNEET can deliver
iron to transporters in their respective organelles. Further stud-
ies will be needed to either support or refute this model.
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