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The mechanism by which iron-sulfur clusters are assembled
in vivo is poorly understood.1 The inherent toxicity of free iron
and sulfide has led to the proposal that certain proteins participate
in the delivery of Fe and S2- during cluster assembly. In
AzotobacterVinelandii (A.V.) and other diazotrophic bacteria,
cotranscribednifSandnifU genes of thenif-specific gene cluster
are essential for the maturation of the Fe-S clusters of nitrogenase
component proteins.2 NifS catalyzes the desulfurization of cysteine
to provide S2- for incorporation into Fe-S clusters.3 NifU is a
cysteine-rich, modular protein, containing a [2Fe-2S]2+ cluster
coordinated to four cysteine residues in the protein’s central
domain.4 The N-terminal domain of NifU contains three cysteine
residues in the sequence CX25CX44C that do not have any
similarity to known Fe-S containing proteins; however, recent
studies have demonstrated a role for these cysteines in cluster
binding. Yuvaniyama et al. have shown by UV-vis and resonance
Raman characterization that the N-terminal domain ofA.V. NifU
(NifU-1) is dimeric and can bind a transient [2Fe-2S]2+ cluster
upon reconstitution with Fe3+, cysteine, and NifS.5 The same
phenomenon has been observed for the homologousA.V. IscU.6

It has been suggested that this labile cluster may provide iron
and sulfide equivalents for assembly of nitrogenase component
proteins,5 or for general Fe-S cluster assembly in the case of
the IscU.6 Interestingly, a D37A mutant of theA.V. NifU-1 has a
stable [2Fe-2S]2+ cluster with presumably the same coordinating
ligands as the transient cluster.5 Aspartate37 is conserved among
NifUs and IscUs.

IscU proteins from prokarya and eukarya are homologous to
the N-terminus of NifUs, and like NifUs have three conserved
cysteine residues.7 Excluding mitochondrial targeting sequences
of the eukaryotic proteins, IscUs show∼65-70% sequence
identity to each other, and∼40-45% sequence identity to the
N-terminal domain of NifUs. Eukaryotic IscUs are basic proteins
(pI ≈ 8-9), whereas prokaryotic IscUs are acidic (pI≈ 4-5).

Nonetheless, the high degree of conservation among IscUs
suggests that they have an essential and conserved function.7,8 S.
cereVisiae has two IscUs (Isu1p and Isu2p)9 and a NifS homo-
logue (Nfs1p),10 and genetic studies have suggested roles for these
proteins in iron metabolism and Fe-S cluster assembly.9,10 In
humans, an IscU (hIscU) and a NifS homologue have been
identified.8,11 Herein we report the first characterization of an
Fe-S center bound to a eukaryotic IscU protein. Native hIscU
has been expressed,12 and Mössbauer and EXAFS spectroscopies
on D37A hIscU show that the D37A mutant contains a stable
[2Fe-2S]2+ cluster, whereas native hIscU has no cluster as
isolated.13 In contrast to the dimericA. Vinelandii NifU-1 and
IscU, holo D37A hIscU is monomeric and the cluster appears to
be ligated by the four cysteine residues contained in each protein
monomer.

Native hIscU and D37A hIscU were each overexpressed in
Escherichia coliand purified aerobically to homogeneity.14 Native
hIscU is colorless, but the D37A mutant is pink, and analysis for
labile iron and sulfide showed the presence of an Fe-S center
only in the mutant.15 When D37A hIscU was purified by gel
filtration chromatography, multiple protein peaks were observed,
but only one peak was colored. Comparison of the elution volume
of this peak, relative to known standards, revealed that the holo-
D37A hIscU is a monomer with an apparent molecular mass of
18 kDa (vs 15 kDa from SDS-PAGE.) Significant amounts of
apo-D37A hIscU were also present that eluted as dimeric,
hexameric, or higher MW species. When the hexameric fraction
was chromatographed in buffer containing 10 mM 2-mercapto-
ethanol,∼one-third of the sample was monomeric, suggesting
that aggregation of the apoprotein is due in part to disulfide bond
formation. The UV-vis spectrum of the monomeric fraction
shows absorbance bands at 328 and 460 nm, and a shoulder
around 540 nm (Figure 1), typical of [2Fe-2S]2+ proteins,16 and
in comparison to the 325, 420, 465, and 510 nm bands for D37A
A.V. NifU-1.5 Iron quantitation of purified holoprotein gave 2.0
( 0.3 mol Fe/mol protein,6 and the extinction coefficient of the
cluster at 460 nm is∼8500 M-1 cm-1, within the typical range
for [2Fe-2S]2+ clusters.16 The holoprotein is EPR silent, while
reduction by dithionite facilitated cluster degradation rather than
generating an EPR-active species.

Ni-NTA purified D37A hIscU was also examined by Mo¨ss-
bauer17 and EXAFS18 spectroscopies. Mo¨ssbauer analysis of the
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57Fe-labeled protein showed a single iron-containing species
(Figure 2) with an isomer shift,δ ) 0.29 ( 0.05 mm/s, and
quadrupole splitting,∆EQ ) 0.59 ( 0.05 mm/s. No hyperfine
splitting was observed at 4.2 K, consistent with a diamagnetic
cluster. Fits to EXAFS data19 yielded an Fe-Fe distance of 2.70
Å and Fe-SCys distance of 2.24 Å. Best fits strongly suggest a
single Fe neighbor per Fe, and the amplitude of the Fe-Fe peak
in hIscU (Figure S3) is identical to that of [Fe2S2(S2-o-xyl)2]2-.
Both spectroscopies give parameters that are typical for a diferric
[2Fe-2S]2+ cluster,21,22 although neither Mo¨ssbauer or EXAFS
can exclude the possibility that the cluster has one or two
noncysteinyl ligands.

The presence of an additional cysteine residue in the human
IscU (resulting in a CX25CX34CX7C motif) as compared to the
A.V. NifU-1 and IscU suggested the possibility of a novel ligand
environment for the [2Fe-2S]2+ cluster. Site-directed mutagenesis
of D37A hIscU was carried out to examine the role of individual
cysteine residues as possible ligands to the [2Fe-2S]2+ cluster.
When any one of the four cysteines of D37A hIscU were mutated
to alanine,13 the mutants could be overexpressed and purified,
but were colorless and lacked any UV-vis absorbance bands such
as observed for the D37A mutant. This suggests that cysteines
35, 61, 96, and 104 are all ligands to a single [2Fe-2S]2+ cluster
that binds per hIscU monomer, although mutation of a cysteine
to alanine could influence cluster stability for other unknown
reasons. This may be a common coordination environment among
some eukaryotic IscUs, sinceMus musculus, Caenorhabditis
elegans,andSchizosaccharomyces pombeIscUs all have the same
four conserved cysteines. No prokaryotic IscU or NifU identified
from a search of protein sequences at NCBI23 has a Cys at position
96 (human numbering). This suggests that if NifUs and IscUs
lacking C96 are able to form a similar [2Fe-2S]2+ cluster, then
the cluster must either possess non-cysteinyl ligation, or it must
form at the interface of a dimer as has been proposed for theA.V.
proteins.5,6

To date we have been unable to reconstitute a [2Fe-2S]2+

center in native hIscU. However, by analogy to theA.V. NifU-1
and IscU, we expect that under appropriate physiological condi-
tions, the native protein will transiently bind a cluster similar to
that of the D37A hIscU. Possible roles for the conserved D37 in
cluster formation/assembly include direct coordination to the
cluster, or labilization of the cluster by general acid catalysis.
Inasmuch as the hIscU possesses four cysteines that may readily
bind a “typical” 2Fe-2S core, the first possibility seems less
likely. No specific function or activity has been shown for the
hIscU, or for the IscU or NifU family in general, but the
similarities between the D37A hIscU and D37AA.V. NifU-1 in
their abilities to bind a stable [2Fe-2S]2+ cluster suggest that
they share an evolutionarily conserved role in iron-sulfur cluster
assembly and/or repair.
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Figure 1. UV-vis spectra of hIscU proteins. (Upper) Monomeric
superose 12 fraction of D37A hIscU (∼55 µM). (Lower) Native hIscU
following Ni-NTA purification (∼120µM). Both samples were buffered
in 50 mM Tris-HCl, 150 mM NaCl, pH 7.5 (buffer 1).

Figure 2. 100 K Mössbauer spectra in a 450 G applied field,∼0.3 mM
holo-D37A hIscU in buffer 1 (Figure 1). The Ni-NTA purified holo- and
apoprotein were not separated to minimize mechanical losses during
purification of 57Fe-labeled protein.
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