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Abstract
IscR is a Fe-S cluster-containing transcription factor involved in a homeostatic mechanism that
controls Fe-S cluster biogenesis in Escherichia coli. Although IscR has been proposed to act as a
sensor of the cellular demands for Fe-S cluster biogenesis, the mechanism by which IscR performs
this function is not known. In this study, we investigated the biochemical properties of the Fe-S
cluster of IscR to gain insight into the proposed sensing activity. Mössbauer studies revealed that
IscR contains predominantly a reduced [2Fe-2S]1+ cluster in vivo. However, upon anaerobic
isolation of IscR some clusters became oxidized to the [2Fe-2S]2+ form. Cluster oxidation did not,
however, alter the affinity of IscR for its binding site within the iscR promoter in vitro, indicating
that cluster oxidation state is not important for regulation of DNA binding. Furthermore,
characterization of anaerobically isolated IscR using resonance Raman, Mössbauer, and NMR
spectroscopies leads to the proposal that the [2Fe-2S] cluster does not have full cysteinyl ligation.
Mutagenesis studies indicate that, in addition to the three previously identified cysteine residues
(Cys92, Cys98, and Cys104), the highly conserved residue His107 is essential for cluster ligation.
Thus, these data suggest that IscR binds the cluster with an atypical ligation scheme of three
cysteines and one histidine, a feature that may be relevant to the proposed function of IscR as a
sensor of cellular Fe-S cluster status.

The Escherichia coli transcription factor IscR regulates the expression of over 40 genes,
including the isc operon encoding IscR itself and the Isc proteins responsible for Fe-S
cluster biogenesis (1). IscR, which was found to contain a [2Fe-2S] cluster upon anaerobic
isolation, requires a functional Isc pathway to repress isc operon transcription (2),
suggesting an intimate link between the Fe-S cluster occupancy of IscR and its function as a
repressor of the Isc pathway. The noted connection further led to the hypothesis that IscR
acts as a sensor of the cellular demands for Fe-S cluster biogenesis (2, 3). Although the
mechanism of sensing is unknown, atypical Fe-S cluster protein properties such as
inefficient Fe-S cluster acquisition by IscR or unusual sensitivity to oxidants could make the
Fe-S cluster occupancy of IscR sensitive to the general cellular demands for Fe-S cluster
biogenesis. Characterization of the biochemical properties of the Fe-S cluster of IscR is an
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important first step toward the development of a detailed understanding of the sensing
mechanism employed by IscR.

One fundamental question regarding the cluster-bound state of IscR involves the amino acid
side chains required for cluster ligation. Most [2Fe-2S] clusters have all cysteinyl (Cys)4
ligation. Notable exceptions are the Rieske proteins, which have [2Fe-2S] clusters featuring
(Cys)2(His)2 ligation. Cys92, Cys98, and Cys104 are the only cysteines in IscR, and all three
have been shown by mutagenesis studies to be necessary for the formation of holo-protein
(4, 5). Furthermore, both [2Fe-2S] and clusterless IscR were found to exist as homodimers
in solution (5). Therefore, if the cluster of IscR had full cysteinyl ligation typical of Fe-S
clusters, the cluster would have to bridge the subunits of the dimer. Consistent with this
model, anaerobically isolated IscR was ~50% occupied with cluster (5). However, the EPR
g values for E. coli [2Fe-2S]1+-IscR of 1.99, 1.93, and 1.88 (2) are inconsistent with all
cysteinyl ligation of the Fe-S cluster. The g values of [2Fe-2S]1+ clusters are influenced by
ligand coordination (6, 7). Importantly, the average g value (gav) ~1.93 for [2Fe-2S]1+-IscR
is lower than values reported for proteins that ligate [2Fe-2S] clusters via four cysteines (gav
~ 1.97), suggesting that the IscR-bound cluster has an unusual ligation scheme.

IscR is a member of the Rrf2 family of transcription factors, predicted to contain a
characteristic winged helix-turn-helix DNA-binding domain (PF02082, (8)). The family
members are not well characterized, but the presence of conserved cysteines in several of
them suggests that a subset of these proteins may ligate Fe-S clusters. While previous
studies have shown that IscR from E. coli contains a [2Fe-2S] cluster that can be reversibly
oxidized and reduced (2), neither the type of cluster that is present in vivo, nor its in vivo
oxidation state have been examined. Such information is of increasing importance as
differences in isolation methods have emerged as a factor affecting the type of isolated
cluster because of the potential for cluster conversions. For example, recent studies of a
related transcription factor in the Rrf2 family, the NO sensor NsrR, raised the question of
whether the functional form of NsrR contains a [2Fe-2S] or a [4Fe-4S] cluster (9).

In this study, cluster-bound IscR of E. coli was characterized in vivo and in vitro to further
our understanding of the function of IscR as a sensor of the Fe-S cluster status of the cell.
First, to determine the nature of the cluster bound to IscR in vivo, Mössbauer spectra were
collected of IscR in whole cells. A combination of resonance Raman, NMR, and Mössbauer
spectroscopies were then used to characterize the Fe-S cluster of isolated IscR and to
identify its ligands. In conjunction, mutagenesis studies were performed to explore possible
ligation schemes. The effects of substituting IscR residues with alanine or other amino acids
were analyzed in vitro by quantifying Fe-S cluster occupancy of the anaerobically isolated
IscR variants and in vivo by monitoring the ability of the IscR variants to repress the iscR
promoter in a lacZ reporter strain. Finally, we examined the effect of the Fe-S cluster
oxidation state on DNA binding by IscR using fluorescence polarization assays. The results
presented lead to the proposal that E. coli IscR has an unusual (Cys)3(His)1 Fe-S cluster
ligation scheme, which may be relevant to the ability of IscR to function as a sensor of the
cellular Fe-S cluster status. A similar ligation scheme has recently been proposed for the
Fra2-Grx3 heterodimeric complex, which is involved in iron regulation in yeast and has
possible sensor functions (10, 11).

Methods
Mössbauer spectroscopic analysis of anaerobically isolated IscR

Wild type IscR was isolated anaerobically from E. coli strain PK7901 (BL21Δcrp-
bs990Δfnr harboring pPK6161) as described previously (1) except that cells were grown in
Chelex-treated glucose M9 media supplemented with 10 μM 57Fe-ferrous
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ethylenediammonium sulfate, and a Poly-CatA ion exchange column chromatography step
was used in place of heparin ion-exchange. An HPLC Poly-CatA ion exchange column was
equipped with a column chiller and attached to a Beckman HPLC system in an anaerobic
chamber (12). The sample was loaded and subsequently washed with 95 mL 50 mM Tris
buffer, pH 7.4, containing 0.1 M KCl, 10% glycerol, and 1 mM dithiothreitol. The protein
was eluted with a 12 mL gradient (2% to 50%) of 50 mM Tris buffer, pH 7.4, containing 1.0
M KCl, 10% glycerol, and 1 mM dithiothreitol at 0.5 mL min-1. The eluted protein was
subsequently purified and concentrated over size exclusion and BioRex-70 columns,
respectively, as described previously (1), except that 50 mM Tris buffer, pH 7.4, was used in
place of HEPES buffer. The protein was subsequently transferred to a Mössbauer sample
cup, and spectra were recorded of the as-purified IscR sample. The sample then was thawed
and exposed to air for 5 minutes, and spectra were recorded. Finally, the sample was thawed
in an anaerobic chamber, and 10 μL of 35 mM dithionite was added. After 30-60 s with
stirring, the sample was rapidly frozen and analyzed by Mössbauer spectroscopy, as
described previously (13).

Whole cell Mössbauer spectroscopy
Cell cultures were grown, subsequently prepared for, and analyzed by whole cell Mössbauer
spectroscopy, as described previously (14, 15) with minor modifications. Strain PK7901
over-expressing IscR or a strain lacking over-expressed IscR (BL21 + pET11a) were grown
in the presence of 10 μM 57Fe-ferrous ethylenediammonium sulfate (12), and the cell pellet
was washed with 50 mM Tris buffer, pH 7.4, containing 0.1 M KCl and 10% glycerol before
the sample was transferred to a Mössbauer sample cup and frozen on dry ice.

Resonance Raman spectroscopy
Wild type IscR was isolated from strain PK7901 as described for Mössbauer spectroscopy.
Spectra were recorded upon excitation with an Ar+ ion laser (Coherent I-305) with incident
power in the 50-100 mW range. The scattered light was collected using a ~135°
backscattering arrangement, dispersed by a triple monochromator (Acton Research,
equipped with 300, 1200, and 2400 grooves/mm gratings) and analyzed with a deep
depletion, back-thinned CCD camera (Princeton Instruments Spec X: 100BR). All spectra
were collected at 77 K on frozen protein samples contained in NMR tubes that were
immersed in an N2(l)-filled EPR dewar to prevent photo-degradation.

Isolation of IscR for visible spectroscopy, NMR spectroscopy, and binding assays
IscR and IscR variants were isolated under anaerobic conditions using heparin-ion
exchange, gel filtration, and BioRex-70 column chromatographies (1). Protein concentration
(reported on a per-monomer basis) and iron content were determined colorimetrically (2).
Absorption spectra of IscR (isolated from strain PK8581) and IscR variants were recorded
anaerobically in 10 mM HEPES buffer, pH 7.2, containing 0.2 M KCl in sealed cuvettes
(12).

Strain construction and β-galactosidase assays
Chromosomally-encoded mutants of iscR were constructed as described previously (5).
Three independent isolates of each strain were grown in MOPS minimal media with 0.2%
glucose under anaerobic conditions (1) to an O.D.600 of ~0.1 and assayed for β-
galactosidase activity (16).

Preparation of 15N-labeled protein samples
Wild type (WT) IscR was isolated from strain PK8581 grown with 15N-labeled NH4Cl
(Cambridge Isotope Laboratories) and without the addition of casaminoacids to generate a
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uniformly 15N-labeled IscR sample: [U-15N]-IscR(WT). A second sample was prepared
from cells grown by the same protocol, except that 0.1 g/L unlabeled L-histidine was added
during cell growth: [U-15N, NA-His]-IscR(WT). A third sample uniformly labeled with 15N
was prepared from the IscR variant in which both His143 and His145 were substituted with
Ala: [U-15N]-IscR(H143A, H145A). Following isolation and purification, these samples
were concentrated under anaerobic conditions to 1.5 mM for NMR analysis.

15N-NMR spectroscopy
A five-fold molar excess of sodium dithionite was added to reduce the samples. Protein
samples were transferred to NMR tubes equipped with a J. Young valve (Wilmad, Vineland,
NJ) under anaerobic conditions and then sealed. 15N NMR spectra were collected on a
Bruker 500 MHz NMR spectrometer. Short recycling delays were used to suppress signals
from slowly relaxing nuclei distant from the cluster. The pH was measured before and after
data collection and was found to be unchanged. Chemical shifts were referenced to sodium
2,2-dimethyl-2-silapentane-5-sulfonate (DSS). NMR data were collected at two
temperatures (298 K and 288 K) to identify hyperfine shifted signals from their temperature
dependence.

DNA binding fluorescence assays
IscR binding to double stranded DNA (dsDNA) containing the iscR binding site (-42 to -12
relative to the transcription start site) was measured using fluorescence polarization assays
as described previously (5). The assays were performed under anaerobic conditions with and
without added dithionite using wild type IscR from strain PK8581 that was isolated under
anaerobic conditions as described previously (1) but exposed to O2 for 5 min.

Results
Mössbauer studies of IscR as-purified and in whole cells

The 4.2 K Mössbauer spectra show that IscR is a mixture of oxidized and reduced states
upon anaerobic isolation (data not shown). Therefore, as-isolated IscR was exposed to air to
obtain the spectrum of the oxidized state (Figure 1), and the sample was subsequently
reduced with dithionite to obtain the spectrum of the reduced state (Figure 2). The 4.2 K
spectrum of oxidized IscR exhibits two overlapping quadrupole doublets in a 1:1 intensity
ratio with quadrupole splittings and isomer shifts of ΔEQ(1) = -0.48 mm/s, δ(1) = 0.27 mm/s
and ΔEQ(2) = +0.72 mm/s, δ(2) = 0.30 mm/s. These parameters are characteristic of
[2Fe-2S]2+ clusters. In their 2+ oxidation state [2Fe-2S]2+ clusters possess a diamagnetic
ground state, and this expectation is confirmed by the 8.0 T data of IscR (Figure 1B); thus
the 8.0 T spectrum can be fitted by assuming the absence of 57Fe magnetic hyperfine
interactions. This spectrum also yields the asymmetry parameter (see below) of the electric
field gradient (EFG) tensors, η(1) = η(2) = 0.5. The above assignment of the four lines
assumes two nested doublets in Figure 1A; however, a non-nested assignment with ΔEQ (1)
= -0.57 mm/s, δ(1) = 0.23 mm/s and ΔEQ(2) = +0.64 mm/s, δ(2) = 0.34 mm/s fits both
spectra as well as the nested set.

Figure 2 shows 4.2 K Mössbauer spectra of dithionite reduced IscR recorded in parallel
applied magnetic fields as indicated. These spectra have features typically observed for
[2Fe-2S]1+ clusters, and accordingly, we have analyzed them with a S = 1/2 spin
Hamiltonian pertinent for the ground state of an antiferromagnetically coupled pair of high-
spin Fe3+ (S = 5/2) and Fe2+ (S = 2), as described elsewhere.
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(1)

with

In eqs (1) all symbols have their conventional meanings (17). The red solid lines in Figure 2
are spectral simulations using eq 1 with the parameters listed in Table 1. Since the g-tensor
is rather isotropic, the orientation of the magnetic hyperfine tensors, Ai, and the EFG tensors
relative to g cannot be determined from a powder spectrum; for the simulations we have
used g = gav = 1.93 according to the published EPR data (2) of IscR.

The dithionite-reduced protein contains a mononuclear high-spin Fe2+ contaminant
accounting for 8% of the total Fe present. In small applied fields this contaminant exhibits a
doublet with ΔEQ = 3.35 mm/s and δ = 0.70 mm/s, indicated above the spectrum of Figure
2A. The isomer shift indicates a tetrahedral Fe2+(S)3X (X = S, O, or N) site. We suspect that
the contaminant represents [2Fe-2S] sites that lost one iron during incubation with
dithionite.

The fits in Figure 2 reveal that the A-tensors of the ferric and ferrous sites have opposite
signs, in accord with the standard spin coupling scheme used for [2Fe-2S]1+ clusters, which
predicts A(Fe3+) = (7/3)a(Fe3+) and A(Fe2+) = (-4/3)a(Fe3+), where the lower case
quantities refer to the local a-tensors of the uncoupled sites. The isomer shift of the ferric
site of the [2Fe-2S]1+ cluster, δ = 0.33 mm/s, coincides, within experimental error, with the
δ(2) value of the oxidized cluster for the non-nested assignment. This observation, however,
does not imply that the non-nested assignment for the oxidized, [2Fe-2S]2+ cluster is correct,
as the ferric sites of [2Fe-2S]1+ clusters typically acquire some electron density by valence
delocalization (double exchange) from the ferrous site. In fact, all ferric sites of reduced
[2Fe-2S] clusters have δ-values that are larger than those observed in the oxidized state. For
this reason, we prefer the nested assignment of the two doublets of the oxidized protein. In
Table 1 we compare the hyperfine parameters of the reduced IscR protein with those
reported for Aquifex aeolicus Fd1; for more detailed information, the reader is referred to
Table 1 of Meyer et al. (18). Roughly speaking, the [2Fe-2S] ferredoxins divide into two
classes on the basis of the orientation of the EFG of the ferrous site. For plant-type
ferredoxins (e.g. the ferredoxins from spinach and parsley) the largest component of the
EFG is negative and along z, reflecting a β electron in the 3d(z2) orbital. In contrast, the
largest EFG component of reduced IscR, like that of putidaredoxin, adrenodoxin, and A.
aeolicus Fd1, is positive (η < -1) and along x. Analysis of the electronic structure of the
reduced IscR protein is beyond the scope of the present study, but we wish to comment
briefly on the δ-value of the ferrous site. The isomer shift of Fe2+ sites depends on the
nature of the coordinated ligands, with δ(S) < δ(N) < δ(O). The isomer shifts of seven well
studied proteins with cysteinyl coordination listed by Meyer et al. (18) range from 0.62 to
0.67 mm/s, with δave = 0.65 mm/s. The ferrous site of Rieske proteins has δave = 0.73 mm/s,
reflecting coordination by nitrogens of two histidines. The δ-value of 0.70 mm/s of IscR is
thus more consistent with His-Cys coordination. Moreover, we would expect that the His-
coordinated site of IscR has the higher potential and is thus destined to be the reduced site in
[2Fe-2S]1+ IscR, as is indeed the case.
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Mössbauer spectra of whole cells
Figure 3 shows 4.2 K Mössbauer spectra of whole E. coli cells. The spectrum in Figure 3A
was obtained from cells lacking over-expressed IscR. Roughly 40% of the iron in this
sample belongs to a collection of high-spin Fe2+ species with ΔEQ ~ 3.0 mm/s and δ ~ 1.3
mm/s, outlined by the solid line. Most likely, these species represent octahedral Fe2+ sites
with O and N coordination, as they lack features associated with iron-sulfur clusters or
mononuclear FeS4 sites. The central feature mostly represents high-spin Fe3+, presumably
belonging to aggregated iron. Aggregated ferric iron is indicated by broad magnetic features
seen in a 5.0 T spectrum (not shown). The spectrum in Figure 3B was obtained from cells
over-expressing wild type IscR. The low energy feature is readily recognized as belonging
to an S = 1/2 [2Fe-2S]1+ cluster, as observed with the purified protein. By subtracting from
the spectrum of Figure 3B the spectrum of Figure 3A, and assuming that it represents 50%
of total Fe in the cells over-expressing IscR, we obtained the spectrum in Figure 3C; the
choice of 50% yields a spectrum whose outer features match those of the IscR [2Fe-2S]1+.
The red solid line is the theoretical curve for the purified protein (from Figure 2A), and it
represents 32% of the Fe in the sample used to obtain the spectrum in Figure 3B. We do not
know which species are contained in the central feature of Figure 3C that is not covered by
the red line. We have considered whether it contains contributions from Fe-S clusters. First,
if the sample used to obtain Figure 3B contained an oxidized IscR [2Fe-2S]2+ cluster (there
is no direct evidence), it could not represent more than 8% of the Fe. Second, we have no
direct evidence for the presence of a [4Fe-4S]2+ cluster; however, a spectrum recorded at 5.0
T (not shown), in which the absorption of much of the “aggregated” ferric iron is shifted to
larger velocities, could accommodate a [4Fe-4S]2+ cluster (but representing at most 10% of
total Fe) with ΔEQ = 1 mm/s and δ = 0.45 mm/s. Thus, in cells containing over-expressed
IscR there are at least 6 times as many IscR [2Fe-2S]1+ clusters as [4Fe-4S]2+ clusters. Even
if 10% of the Fe in the sample used to obtain Figure 3B did indeed belong to a [4Fe-4S]2+

cluster, such a cluster could also belong to proteins other than IscR. Taken together, our data
suggest that IscR ligates a [2Fe-2S] cluster in vivo and that this cluster is observed
predominantly in the reduced state.

Resonance Raman data indicate partial non-cysteinyl ligation of the cluster to IscR
Anaerobically isolated [2Fe-2S]-IscR was also characterized by resonance Raman
spectroscopy to investigate the cluster ligation scheme. In particular, resonance Raman
spectra in the Fe-S stretching region (200-450 cm-1) of Fe-S cluster-containing proteins can
report on the ligation of the cluster (19-22). Therefore, the resonance Raman spectrum of
[2Fe-2S]-IscR isolated under anaerobic conditions was collected using 488 nm excitation
(Figure 4).

The spectrum of IscR is not consistent with (Cys)4 ligation based on a comparison with
spectra of well-characterized [2Fe-2S] ferredoxins (23, 24). The b3u

t mode with
predominant Fe-St stretching character occurs in the range of 281-292 cm-1 (one broad
band) in spectra of these ferredoxins with (Cys)4 ligation. This band is upshifted in the
spectra of proteins that ligate [2Fe-2S] clusters via three cysteines and either one serine or
one aspartate (20-22). For example, the b3u

t mode is upshifted from 292 cm-1 to 302 cm-1

upon substitution of a coordinating cysteine ligand with serine in the [2Fe-2S]-ferredoxin of
Clostridium pasteurianum (21). Therefore, the presence of a band at 302 cm-1 in the
spectrum of IscR could suggest (Cys)3(O)1 ligation of the cluster.

However, the presence of a band at 267 cm-1 in conjunction with a band at 302 cm-1 in the
spectrum of IscR suggests that the unidentified fourth ligand could be a histidine. The
spectra of Rieske-type [2Fe-2S] clusters with (Cys)2(His)2 ligation display two peaks in this
low-frequency region that are sensitive to perturbations to the Fe-His bonding interactions
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(25). For example, the archaeal Rieske-type ferredoxin of Sulfolobus solfataricus spectrum
exhibits peaks at 260 cm-1 and 310 cm-1 that are downshifted to 258 cm-1 and 304 cm-1

upon substitution of one cluster-ligating histidine with cysteine to create (Cys)3(His)1
ligation (26). Similar to the spectra of Rieske clusters, the resonance Raman spectra of both
the (Cys)3(His)1-coordinated [2Fe-2S]-Fra2-Grx3 (275 cm-1 and 300 cm-1) (10) and the
structurally characterized (Cys)3(His)1-coordinated [2Fe-2S]-mitoNEET (~265 cm-1 and
~295 cm-1) (27) exhibit two bands in the 250-320 cm-1 region that suggest partial histidyl
ligation. In contrast, the substitution of the histidine ligand of mitoNEET with cysteine,
creating (Cys)4 ligation, results in the appearance of only a single band at ~280 cm-1 in the
resonance Raman spectrum, consistent with the spectra of other [2Fe-2S] clusters ligated by
four cysteines (10, 27).

Therefore, the resonance Raman spectrum of [2Fe-2S]-IscR is consistent with coordination
of the [2Fe-2S] cluster by three cysteines and one other ligand that ligates the cluster via an
O or N atom. The resonance Raman spectrum of D2O-exchanged IscR was nearly identical
to that of the protein before exchange (data not shown), ruling out the possibility of a
cluster-ligating bridging water/hydroxide molecule. Therefore, mutagenesis studies were
performed to identify the amino acid side chain necessary for cluster ligation.

His107 is essential for cluster ligation to IscR
Since collectively the Mössbauer and resonance Raman data suggested that the [2Fe-2S]
cluster is coordinated via an O or N atom, we substituted with alanine mostly conserved
amino acids that could potentially ligate the cluster via an O or N atom. The targeted amino
acids included several highly conserved residues near the cysteine-rich region of IscR
(Tyr65, Asp84, Glu85, Thr106, His107, and Trp110), the Glu43 residue in the DNA binding
domain that has been proposed to be the fourth ligand to the IscR cluster in A. ferrooxidans
(28), and the other histidines of IscR, His143 and His145. If any of these residues acted as
the fourth cluster ligand, we would expect that an alanine substitution at that position would
remove an O or N bond to the cluster. Hence, such a substitution should result in a protein
variant that most likely would lack an Fe-S cluster upon isolation and would be defective in
repressing the iscR promoter.

IscR variants were tested for their ability to repress the iscR promoter under anaerobic
growth conditions as an indication of the ability of the variants to ligate an Fe-S cluster in
vivo. In contrast to the strain expressing wild type IscR, PiscR-lacZ was not repressed under
anaerobic growth conditions in a strain containing IscR with alanine substitutions of all three
cluster-coordinating cysteines (the triple mutant, IscR-C92A/C98A/C104A), consistent with
cluster ligation by IscR being required for repression of the iscR promoter. Of the other
variants tested, only IscR-H107A displayed the same defective phenotype as IscR-C92A/
C98A/C104A (Figure 5A and data not shown). Importantly, the lack of repression by IscR-
(C92A/C98A/C104A) and IscR-H107A was not due to any substantial decrease in protein
levels compared to wild type levels, as determined by Western blot analysis (data not
shown). The lack of activity of IscRH107A in vivo was correlated with the lack of the Fe-S
cluster in vitro, since isolation of IscRH107A under anaerobic conditions yielded apo-
protein (Figure 5B). In contrast, wild type IscR, IscR-E43A, and the double mutant IscR-
H143A/H145A, for example, were occupied with cluster when isolated under the same
anaerobic conditions. These results suggest that His107 is important for cluster binding to
IscR.

The effect of substituting His107 with cysteine, to potentially create a (Cys)4 ligated cluster,
was also tested. Partial repression of PiscR-lacZ was observed when the strain containing
IscR-H107C was tested under anaerobic growth conditions, suggesting some Fe-S cluster
coordination in vivo (Figure 5A). Despite some activity in vivo, there was no detectable
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[2Fe-2S] cluster in anaerobically isolated IscR-H107C (Figure 5B). Since activity in vivo
reflects both synthesis and turnover, a mutant with reduced cluster stability can still
demonstrate activity, if the synthesis rate is greater than cluster turnover. However, isolated
protein only reflects the lability of the cluster. Thus, the cluster of the variant protein is not
as stable as the cluster present in wild type IscR. Cluster instability has previously been
observed in Fra2-Grx3 upon substitution of the histidine cluster ligand with cysteine, likely
due to lengthening of the Fe-Fe distance and the original Fe-S bond distances (11).
However, the observation that cysteine can partially substitute for histidine in IscR is
consistent with the imidazole ring of His107 being structurally poised to act as a direct
cluster ligand.

15N-NMR supports hypothesis that His107 is a cluster ligand in [2Fe-2S]-IscR
15N-NMR spectra were collected with rapid recycling times from three samples of reduced
holoprotein at pH 6.4 and 298 K: [U-15N]-IscR(WT) (Figure 6A), [U-15N]-IscR(H143A,
H145A) (Figure 7B), and [U-15N]-IscR(U-15N, NA-His) (Figure 6C). Comparison of these
spectra identified two 15N peaks arising from rapidly relaxing histidine residues and further
identified one of these signals as arising from His107. Because of the lower protein
concentration of [U-15N]-IscR(H143A, H145A), the sensitivity was insufficient to resolve
the second signal in the spectrum of this sample (Figure 6B); however, the second signal
was observed in spectra collected at higher temperature. These results allowed us to assign
the two 15N peaks to His107. Comparison of 15N NMR spectra of [U-15N]-IscR(WT)
collected at 298 K (Figure 7A) and 288 K (Figure 7B) showed that the two peaks assigned to
His107 shifted to higher frequency with increasing temperature. Comparison of 15N NMR
spectra of [U-15N]-IscR(WT) collected at two different delays between acquisition pulses
(1.0 s and 5.0 ms) confirmed that the signals assigned to His107 relax rapidly, as expected
for an Fe-S cluster ligand. We investigated the pH dependence of the two 15N signals
assigned to His107 and found that the signal at higher frequency exhibited a larger titration
shift than that at lower frequency (Figure 8A). Each signal shifted continuously with pH,
indicating rapid proton exchange between the two protonation states. Both signals were
observed to sharpen in the protonated state at low pH.

Cluster oxidation state does not influence the DNA binding properties of holo-IscR
As discerned from Mössbauer spectroscopy, the cluster of IscR is primarily in the reduced
form in vivo and is partially oxidized upon anaerobic isolation of the protein. In addition,
previous studies of the [2Fe-2S] cluster of anaerobically isolated IscR illustrate that the
cluster can be oxidized by O2 and reversibly reduced/oxidized without significant
decomposition (2). Therefore, by comparing the affinity of O2-exposed IscR for dsDNA
containing the iscR site in the absence and presence of dithionite, we can explore whether
the oxidation state of the cluster affects the ability of IscR to bind to the iscR promoter. In
vitro DNA binding assays illustrate that air-oxidized IscR (containing predominantly
[2Fe-2S]2+) bound to dsDNA containing the iscR binding site with similar affinity as
dithionite-reduced IscR containing predominantly [2Fe-2S]1+ (Figure 9). Therefore,
oxidation of the cluster of IscR from [2Fe-2S]1+ to [2Fe-2S]2+ does not appear to affect
DNA binding properties.

Discussion
IscR is a global regulator involved in a homeostatic mechanism controlling Fe-S cluster
biogenesis and is proposed to act as a sensor of the cellular demands for Fe-S cluster
biogenesis. The mechanism by which IscR senses the demand has not yet been detailed, but
we expect that the Fe-S cluster of IscR has some unusual features that are relevant to this
function. Indeed, the data presented here suggest that IscR of E. coli contains a reduced
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[2Fe-2S]1+ cluster in vivo with (Cys)3(His)1 ligation, which is a fairly uncommon ligation
scheme.

All of the spectroscopic data are consistent with (Cys)3(His)1 ligation. The 15N NMR data
were particularly informative in assigning His107 to a likely role in cluster ligation. The two
signals assigned to His107 decreased in intensity upon oxidation of the protein (data not
shown) indicating that their chemical shifts are highly dependent on the redox state. The
two 15N signals exhibited rapid relaxation and anti-Curie temperature dependence (i.e.,
increasing paramagnetic shifts with decreasing temperature), as expected for a ligand bound
to an antiferromagnetically coupled cluster. Both signals exhibited pH titration shifts of the
type observed for His imidazole ring nitrogens (15Nδ1 and 15Nε2) ligated to a [2Fe-2S]
cluster in a Rieske protein (29, 30). In Rieske proteins, however, 15N signals were unable to
be resolved from ring nitrogens ligated to the iron (29-31) presumably because they were
too broad to be detected. We suspect that the broader peak at higher frequency (Figures 7-9)
corresponds to the nitrogen atom ligated to Fe. The fact that this signal is observed suggests
that the degree of unpaired electron spin delocalization onto this atom is lower in a
(Cys)3(His)1-ligated Fe-S protein than in a (Cys)2(His)2-ligated Rieske protein. The
sharpening of the 15N NMR signals at low pH indicates that the addition of a positively
charged proton to the ligand His decreases its interaction with the positively-charged cluster.

Interestingly, the number of proteins currently identified as binding a [2Fe-2S] cluster with
(Cys)3(His)1 ligation appear to have possible roles as sensors. IscR directly regulates the
transcription of the isc operon, which encodes the proteins that constitute the primary
pathway of Fe-S cluster biogenesis in E. coli (2). Further, the role of IscR has been
expanded to include a role as a global regulator that senses and responds to the cellular
demand for cluster synthesis and/or repair (1, 5). The yeast proteins Fra2 and Grx3 are
involved in sensing the cellular iron status and subsequently transmitting a signal to the
transcriptional activators Aft1 and Aft2 (32-34). Although the mechanism has not been
elucidated, Aft1/2 activity is inhibited under iron-replete conditions via interactions with the
Fra2 and Grx3 proteins that promote the export of Aft1/2 from the nucleus. Lastly, the
function of the mitochondrial protein mitoNEET is not as well defined as those of the
proteins discussed here. However, the [2Fe-2S] cluster of mitoNEET, which is not stable in
vitro below pH 8 (35), is stabilized by the binding of the thiazolidinedione class of anti-
diabetes drugs (36, 37). As this class of drugs is known to enhance oxidative capacity,
ligation of an Fe-S cluster to mitoNEET may allow it to act as a sensor of oxidative stress or,
perhaps due to the intimate link between the two (38), the cellular iron status. Whether or
not a sensor function will be assigned to other, yet to be identified, proteins that bind
[2Fe-2S] clusters with (Cys)3(His)1 ligation remains to be seen.

It is also of interest to consider the ligation of Fe-S clusters to other transcription factors
with sensor functions as we attempt to understand the cluster and protein features that define
sensor function. An example of note is the NO sensor NsrR, which is a member of the Rrf2
family of transcription factors that includes IscR. While the three cysteines are conserved
between IscR and NsrR, His107 is not conserved (9). Rather, the residue corresponding to
His107 in E. coli NsrR is lysine, and preliminary data suggest that E. coli IscR-H107K is in
the apo-form upon anaerobic isolation. Whether or not the apparent difference in cluster
ligands between IscR, a sensor of Fe-S cluster demand, and NsrR, a sensor of NO, is related
to their differing sensor functions remains to be seen.

The recognition of an atypical ligation scheme for the [2Fe-2S] cluster of IscR does,
however, provide some new insight for investigating possible sensing mechanisms. The
feedback model of IscR repression proposes that IscR acquires an Fe-S cluster via the Isc
proteins once the cellular demand for Fe-S cluster biogenesis is satisfied (2), suggesting that
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the Isc proteins might be able to distinguish between IscR and other apo-protein targets.
While the details of target specificity of the Isc proteins remain elusive (39), the proposed
(Cys)3(His)1 ligation scheme of IscR could differentiate it from other apo-proteins. Perhaps
by making IscR a poor substrate for the Isc proteins via one atypical amino acid ligand, IscR
is able to sense the cellular demand for Fe-S cluster biogenesis indirectly by the availability
of the Isc machinery to associate with IscR.

The ligation scheme observed for IscR does not appear to confer any unusual sensitivity to
O2 that could make the Fe-S cluster occupancy of IscR sensitive to the general cellular
demands for Fe-S cluster biogenesis. In vivo, [2Fe-2S]-IscR regulates the iscR promoter and
appears to be mostly in the reduced state under anaerobic growth conditions. However,
changes in the cluster oxidation state upon exposure to O2 do not alter the ability of IscR to
bind to the iscR site in vitro, suggesting that changes in cluster oxidation state may not be
relevant to the sensor function of IscR. Therefore, IscR may not directly respond to O2, and
the functional relevance of the ability of [2Fe-2S]-IscR to be reversibly oxidized and
reduced is not clear. However, the data do not preclude the possibility that the proposed
(Cys)3(His)1 cluster ligation scheme makes IscR more prone to cluster loss upon prolonged
exposure to O2 or reactive oxygen species, which will be addressed in further studies.

The identification of His107 as a likely cluster ligand in IscR of E. coli also has implications
for the structure-function relationship of IscR. As IscR function is linked to cluster binding,
interactions between the DNA-binding domain and cluster-binding domain are likely
essential for IscR function. The proposal that Glu43, a residue in the predicted DNA binding
domain, acts as the fourth ligand to the cluster in IscR of A. ferrooxidans (28) suggested a
direct mechanism for the communication of cluster acquisition (or loss) between the two
domains. However, based on the recent X-ray crystal structure of Bacillus subtilis CymR, a
member of the Rrf2 family of transcription factors, Glu43 (Glu44 in CymR) is expected to
make direct contacts to the DNA site and thus does not appear to be structurally poised to
act as a cluster ligand (40). Therefore, communication of cluster acquisition (or loss) to the
DNA binding domain is more likely to occur via interactions between residues in the
cluster-binding region of one monomer and residues in the DNA binding region of the other
monomer of the IscR homodimer, similar to what was observed in the X-ray crystal
structure of the transcription factor [2Fe-2S]2+-SoxR of E. coli (41). The conformational
changes that occur upon cluster binding to IscR are not yet known.
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Figure 1.
4.2 K Mössbauer spectra of anaerobically isolated IscR that has been exposed to air recorded
in zero field (A) and for B = 8.0 T (B). Solid lines are simulations assuming a cluster with S
= 0 using the nested set of parameters: ΔEQ(1) = -0.48 mm/s, δ(1) = 0.27 mm/s, η(1) = 0.5;
ΔEQ(2) = +0.72 mm/s, δ(2) = 0.30 mm/s, η(2) = 0.5.
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Figure 2.
4.2 K Mössbauer spectra of dithionite reduced IscR recorded in parallel applied field as
indicated. The solid red lines are a spectral simulation based on eq 1 using the parameters
listed in Table 1. For the simulation of the 45 mT spectrum we have added a doublet for a
minor contaminant (8%, arrows) with ΔEQ = 3.35 mm/s and δ = 0.70 mm/s.
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Figure 3.
Mössbauer spectra of whole cells recorded at 4.2 K in parallel applied fields on 45 mT. (A)
Spectrum of whole E. coli cells without overexpression of IscR. Solid red line outlines
contribution of a collection of high-spin Fe2+ species. (B) Spectrum of whole cells
overexpressing wild type IscR. (C) Spectrum obtained by subtracting from (B) the spectrum
of (A), assuming that it represents 50% of the Fe in sample. The procedure gives a good
view of the features of the IscR cluster. The red line is the spectral simulation (representing
32% of Fe) from Figure 2 A (without the 8% contaminant).
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Figure 4.
77 K resonance Raman spectrum of anaerobically isolated IscR (47% occupancy, ~3 mM),
obtained with laser excitation at 488 nm and a power of 100 mW at the sample (resolution is
~6 cm-1). The average of nine scans is presented here, and the contributions from ice lattice
vibrations were removed by subtracting a properly scaled spectrum of buffer obtained under
identical conditions.
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Figure 5.
(A) Expression levels of the iscR promoter fused to lacZ were determined in strains
containing wild type IscR (white bar), ΔiscR (black bar), IscR-C92A/C98A/C104
(IscR-3CA, gray bar), IscR-H107A (light patterned bar), or IscR-H107C (dark patterned
bar). Strains were grown under anaerobic conditions in MOPS minimal media containing
0.2% glucose and were assayed for β-galactosidase activity per OD600 (Miller units). (B)
Optical spectra of IscR variants. The spectra of wild type IscR (solid line), IscR-E43A (— -
—), IscR-C92A/C98A/C104A (— —), IscR-H107A (- - -), and IscR-H107C (. . . .) were
obtained under anaerobic conditions in 10 mM HEPES, pH 7.4, with 200 mM KCl at room
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temperature (10 μM protein). All variants were isolated under anaerobic conditions as
described in the Methods.
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Figure 6.
15N-NMR spectra of ~2 mM reduced IscR samples at pH 6.4 collected at 298 K under rapid
pulsing conditions. (A) [U-15N]-IscR(WT) produced from cells grown on 15NH4Cl as the
sole nitrogen source. (B) [U-15N]-IscR(H143A, H145A) produced from cells grown
on 15NH4Cl as the sole nitrogen source. (C) [U-15N]-IscR(WT) produced from cells grown
on 15NH4Cl in the presence of unlabeled L-histidine. Together, these spectra show that the
indicated signals (□ and •) in (A) arise from histidine residues and that the signal labeled
with a closed dot (•) is from His107, the one His residue not removed by substitution in the
sample whose spectrum is shown in (B). The peak labeled with an open square (□) appeared
in other spectra of [U-15N]-IscR(H143A, H145A), not shown. The peak labeled with an
asterisk (*) is from 14N15N in nitrogen gas in air.
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Figure 7.
Evidence from 15N NMR spectra that the labeled signals (□ and •) of reduced [U-15N]-
IscR(WT) arise from nuclei affected by electron-nuclear (hyperfine) interactions. (A, B) The
chemical shifts of the labeled peaks exhibit anti-Curie shifts as a function of temperature as
expected for an Fe-S cluster ligand (delay value 5.0 ms). (C, D) Spectra taken as two
different delay values (1.0 s and 5.0 ms) between the data collection pulses suggest that the
labeled peaks correspond to rapidly relaxing nuclei as expected for a cluster ligand.
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Figure 8.
(A) Dependence of 15N NMR spectra of 2 mM reduced [U-15N]-IscR(WT) collected at 298
K on the pH of the sample. (B) Plot of pH dependence of the chemical shifts of peak 1 (□)
and peak 2 (•). The data were fitted to theoretical curves, which yielded pKa1 = 7.12 ± 0.03
(blue line) and pKa2 = 7.04 ± 0.02 (red line). The uncertainties are those from curve fitting.
We consider these pKa values to be equal within experimental error.
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Figure 9.
In vitro DNA binding assays. As isolated IscR was exposed to oxygen and then tested for its
ability to bind to double stranded DNA containing the iscR binding site in the absence (filled
circles) or presence (open circles) of 10 μM dithionite.
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Table 1

Mössbauer and EPR Parameters of Selected [2Fe-2S]1+ Proteins

Parameters IscR
A. aeolicus Fd1

a

g values 1.88, 1.93, 1.99 1.88, 1.96, 2.05

Ferric site Ferrous site Ferric site Ferrous site

δ (mm/s) 0.33 0.70 0.30 0.62

ΔEq (mm/s) 1.09 -3.4 1.0 -3.0

η -0.5 -1.7 0 -3

Ax (MHz) -53.5 8.9 -56 11

Ay (MHz) -48.1 28.8 -49 27

Az (MHz) -44.6 30.2 -42 33

a
The [2Fe-2S] cluster of A. aeolicus Fd1 is ligated by four cysteines; Data from Meyer et al. (18)
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