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The chemistry of iron-sulfur clusters is among the most
intensively studied areas of bioinorganic chemistry, and synthetic
chemists have had considerable success in reproducing many of
the iron-sulfur clusters found in natural systems. This synthetic
work has provided a wealth of information on iron-sulfur cluster
chemistry and electronic structure, together with unequivocal
confirmation of the biological structures.1 To date, however, no
category of biological cluster has been synthesized chemically
before being structurally characterized in a biological system. The
only potential exception to this is the linear [3Fe-4S] cluster of
mitochondrial aconitase formed when the enzyme is inactivated
by high pH or concentrated urea,2 although whether this cluster
occurs in vivo remains unclear. We report herein a spectroscopic
characterization of recombinant human iron regulatory protein 1
(IRP1) and show that it contains a similar linear [3Fe-4S] cluster
under physiological conditions. This is possibly the first instance
of a native biological iron-sulfur cluster previously unknown in
biology that is already well-known from synthetic chemistry.

IRP1 is a∼100 KDa protein that is found in all higher forms
of life from mollusks to insects and vertebrates.3 In mammals,
IRP1 regulates cellular iron uptake and storage by controlling
the synthesis of both the transferrin receptor and ferritin in an
opposing sense at the translational level.4 IRP1 binds to stem-
loop structures in the mRNAs only when it does not contain
iron.3,5 With ferritin it binds at the 5′ end, and blocks translation,
but with the transferrin receptor it binds at the 3′ end and stabilizes
the mRNA from degredation. It has considerable sequence
homology with mitochondrial aconitase and can also have
aconitase activity.3,5 Indeed, it has recently been discovered that
the so-called cytosolic aconitase is in fact IRP1.

The Fe K-edge extended X-ray absorption fine structure
(EXAFS)6 spectrum of recombinant human IRP1 containing the
iron-sulfur cluster7 and corresponding Fourier transform are
shown in Figure 1, along with the results of EXAFS curve-fitting
analysis. The Fourier transform is dominated by intense Fe-S
interactions, giving rise to the strong peak at 2.25 Å, with a smaller
feature at about 2.7 Å, attributable to Fe‚‚‚Fe interactions. Using
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Figure 1. Fe K-edge EXAFS (top) and Fourier transform (bottom) of
human IRP1. The solid lines show experimental data, and the broken
lines, the results of full multiple scattering analysis: 4 Fe-S at 2.250(1)
Å with σ2 ) 0.0035(2) and 11/3 Fe‚‚‚Fe at 2.700(1) Å, withσ2 )
0.0029(1).σ2 are the mean-square deviation in interatomic distances, and
the values in parentheses are the estimated standard deviations obtained
from the diagonal elements of the covariance matrix.
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simple single scattering EXAFS theory, a best fit was obtained
with 4 Fe-S at 2.25 Å and 11/3 Fe‚‚‚Fe at 2.69 Å. The
experimental Fourier transform (Figure 1) indicates that there are
additional weak long-distance interactions giving rise to the small
transform peak at 5.4 Å, plus more subtle features at shorter
distances. Observation of long-distance (i.e.>5 Å) interactions
in EXAFS of biological systems is not common, and usually only
occurs when multiple scattering interactions are enhanced by a
linear arrangement of atoms.8 This, together with the fact that
the 5.4 Å peak occurs at twice the distance of the major Fe‚‚‚Fe
interaction, suggests a linear Fe‚‚‚Fe‚‚‚Fe arrangement in the
cluster. We therefore modeled the EXAFS using a full multiple
scattering treatment assuming the linear (RS)2FeS2FeS2Fe(SR)2
core (Figure 2B) constructed using the bond lengths from the
single scattering EXAFS analysis, and assuming a cluster with
D2 symmetry. An excellent fit to the data was achieved,
reproducing all of the low-intensity features in the transform
(Figure 1), and including six three-leg and three four-leg multiple
scattering paths.9 Thus, the EXAFS data indicate the presence of
the linear iron-sulfur cluster shown in Figure 2B. Comparison
of the near-edge portion of the spectrum of IRP1 with those of
oxidized and reduced rubredoxin10 suggested an all-ferric cluster
(not illustrated).

The structural parameters, as determined by EXAFS, are very
similar to the low-molecular weight model compound [(PhS)2-
FeS2FeS2Fe(SPh)2]3- characterized by Hagen et al.11 The average
Fe-S and Fe‚‚‚Fe interatomic distances are 2.26 and 2.71 Å in
the model, and 2.25 and 2.70 Å in human IRP1. The Fe‚‚‚Fe‚‚‚Fe
distance is 5.42 Å in the model and 5.40 Å in the protein.

The electron paramagnetic resonance (EPR) spectrum12 of
human IRP1 showed a small peak atg ≈ 9.4, an isotropic feature
at 4.3, a possible broad feature nearg ≈ 1.6, and a sharper axial
signal nearg ≈ 2.03 (Figure 3). Theg ≈ 9.4 and 4.3 features are
characteristic of anS ) 5/2 system in a rhombic environment,
arising from transitions within the ground-state and first excited-
state Kramers doublets, respectively. The characteristic asym-
metric shape of theg ≈ 9.4 feature indicates the presence of
considerableD-strain.13 The signal atg ≈ 2.03 originates from
anS) 1/2 system, is relatively isotropic, and arises from a small
quantity14 of an unknown species, possibly a thiocubane fragment
[3Fe-4S] cluster. TheS ) 5/2 signal is very similar to that
previously reported for the linear [3Fe-4S] cluster of mitochon-
drial aconitase, and to the model compound of Hagen et al.,11

both of which have large positive zero-field splittings and are
almost fully rhombic (e.g., aconitase hasD ≈ 1.5 cm-1 andλ ≈
0.31).15

In summary, we have purified recombinant human IRP1, and
reconstituted the iron-sulfur cluster using an established method7

that yielded thiocubane-type clusters in other proteins. We have
shown that reconstituted IRP1 contains a linear species, which is
likely to be Cys2[FeS2FeS2Fe]Cys2 (Figure 2B). It remains to be
seen whether this linear cluster actually occurs in vivo.
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Figure 2. Structures of [3Fe-4S] clusters. (A) The thiocubane fragment
found in ferredoxins and inactive mitochondrial aconitase. (B) The linear
iron-sulfur cluster found in denatured aconitase and in reconstituted
human IRP1. The nonlabeled atoms are sulfurs, and the external sulfurs
are derived from cysteine residues in the proteins.

Figure 3. EPR spectrum of human IRP1. The vertically expanded region
(left) shows theg ≈ 9 ground-state feature of theS) 5/2 system, and the
inset shows the axialS ) 1/2 signal.
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