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ABSTRACT: Thermodynamic measurements of Fe(II) binding and
activation of repressor function in the iron-dependent repressor from
Mycobacterium tuberculosis (IdeR) are reported. IdeR, a member of the
diphtheria toxin repressor family of proteins, regulates iron homeostasis and
contributes to the virulence response in M. tuberculosis. Although iron is the
physiological ligand, this is the first detailed analysis of iron binding and
activation in this protein. The results showed that IdeR binds 2 equiv of
Fe(II) with dissociation constants that differ by a factor of 25. The high- and
low-affinity iron binding sites were assigned to physical binding sites I and II,
respectively, using metal binding site mutants. IdeR was also found to
contain a high-affinity Zn(II) binding site that was assigned to physical metal
binding site II through the use of binding site mutants and metal competition
assays. Fe(II) binding was modestly weaker in the presence of Zn(II), but the
coupled metal binding−DNA binding affinity was significantly stronger,
requiring 30-fold less Fe(II) to activate DNA binding compared to Fe(II) alone. Together, these results suggest that IdeR is a
mixed-metal repressor, where Zn(II) acts as a structural metal and Fe(II) acts to trigger the physiologically relevant promoter
binding. This new model for IdeR activation provides a better understanding of IdeR and the biology of iron homeostasis in M.
tuberculosis.

According to the Centers for Disease Control and
Prevention and the World Health Organization, nearly

one-third of the world’s population is infected with
Mycobacterium tuberculosis, with roughly 10% of them exhibiting
active infection.1 The virulence of M. tuberculosis is controlled
at the molecular level by several factors, including the
availability of ferrous iron. The iron-dependent regulator
(IdeR) is an important Fe(II) sensor and virulence regulator
in M. tuberculosis.2 IdeR is a member of the diphtheria toxin
repressor (DtxR) family of iron-dependent repressors, which
regulate the expression of large families of genes, including
virulence genes, by binding divalent iron, thereby repressing
gene expression at high levels of iron and derepressing gene
expression at low levels of iron. IdeR has been proposed to
regulate expression of approximately 45 genes inM. tuberculosis,
including several virulence factors, iron homeostasis genes, and
oxidative stress genes.3−6 IdeR homologues are found in several
species, including Corynebacterium diphtheriae,7 and ortho-
logues are present in all Mycobacterium species.3 Interestingly,
IdeR deletion is lethal to virulent species of Mycobacterium such
as M. tuberculosis but not to nonvirulent species such as
Mycobacterium smegmatis.8 Furthermore, IdeR expression is
upregulated in M. tuberculosis isolated from mouse macro-
phages.9

Structural and functional studies of IdeR, DtxR, and other
DtxR family members have led to the following model for metal

activation. IdeR exists as a loosely associated dimer of molten
globule-like monomers in the apo or low-metal state.10 This
state is incapable of sequence-specific recognition of promoter
sites. Metal binding induces a transition to a more ordered
structure, enhances dimer formation, and optimally orients the
DNA-binding helix in each monomer for DNA binding. An
IdeR dimer binds to DNA, while a second IdeR dimer binds the
opposite side of the same promoter, forming a dimer−dimer
DNA complex (Figure 1). This model accounts for much of the
known biophysics of IdeR but fails to explain some of the
outstanding questions with regard to IdeR biology, such as
metal selectivity. Given the importance of Fe(II) binding in
these regulators, it is surprising that only a few studies of IdeR
or DtxR biophysics have used Fe(II) as the activating metal.
Spiering et al.11 used a surface plasmon resonance-like method
to determine that DtxR binds 2 equiv of Fe(II) under saturating
conditions (similar to that of other divalent transition metals)
but were unable to determine the energetics of binding. Chou
et al.12 used a coupled metal-DNA binding assay to show that
Fe(II) was a better activator of DNA binding than Ni(II) or
Co(II), but the Fe(II)-activated form had an affinity for
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promoter binding lower than those seen in other metal-
responsive regulators.13−15

Consequently, the basis for metal selectivity in the DtxR
family of proteins is an unresolved question,16 primarily
because there have been no detailed studies of iron binding
or iron activation of promoter binding. IdeR has two
structurally and functionally distinct metal binding sites per
monomer (Figure 1). These sites are located in the larger of the
two domains in IdeR, which also contains the DNA binding
motif and the dimer interface. The smaller, C-terminal domain
may also contribute to metal binding by completing the
coordination of one of the two sites. These sites are termed
sites I and II17 or the ancillary and primary sites,18 respectively.
Site I, which was most consistently occupied by metal in the
early crystal structures (leading to its designation as site I), is
formed by the side chains of residues H79, E83, H98, E172,
and Q175 and coordinates metal in a distorted trigonal
bipyramidal geometry (Figure 1a). Site II is formed by side
chains of residues M10, C102, E105, and H106, the carboxyl
group of C102, and a water molecule and coordinates metal in
a distorted octahedral geometry (Figure 1b). Single mutations
to residues in site I reduce repressor function, whereas single-
site mutations to site II abolish repressor activity, leading to the
alternative but more functionally descriptive designation as
ancillary and primary sites, respectively.18 Given the difference

in coordinating ligands and geometry, it is not immediately
obvious that both sites would bind Fe(II) or what the metal
binding energetics might be. Indeed, the in vivo metal
specificity of DtxR was changed to Mn(II) rather than Fe(II)
via introduction of the M10D and C102E mutations19 into site
II, suggesting that there may be more to metal selectivity than
was apparent from the previous biophysical studies.
We hypothesized that Fe(II) selection could result from a

higher affinity for Fe(II) than for other metals, from more
cooperative binding of Fe(II) than of other metals, or a
combination of both. We tested this idea using a combination
of equilibrium dialysis experiments to measure Fe(II) binding
energetics and a fluorescence anisotropy-based assay to
correlate the metal activation to promoter binding. Fe(II)
oxidation was minimized by using N-acetylcysteine (NAC) as a
reducing agent. NAC has a lower reduction potential than
dithiothreitol (DTT)20,21 but is the functional end of
mycothiol, the reducing agent found in Mycobacterium
species.22 Metal binding and promoter activation were
evaluated for several divalent transition metals that are known
to activate promoter binding in vitro.7 The data showed that
the thermodynamics of Fe(II) binding and repressor activation
are significantly different from those of other metals, except
Zn(II). The results led us to investigate whether Fe(II) binding
and activation in IdeR could depend on a mixture of metal
species, similar to that seen in Fur, the other major bacterial
Fe(II) sensor.

■ MATERIALS AND METHODS
Expression and Purification. IdeR was expressed in

Escherichia coli BL21(DE3) cells grown in Terrific Broth
medium using an autoinduction protocol.23 Cells were pelleted
and resuspended in nickel buffer A [50 mM sodium phosphate
(pH 6.8) and 40 mM NaCl] and lysed using a microfluidizer
(Microfluidics Corp., Newton, MA). The lysate was clarified by
centrifugation at 48400x g and loaded onto a Ni-NTA HisTrap
column (GE Biosciences, Piscataway, NJ) equilibrated with
nickel buffer A. The nickel affinity column was washed with 10
column volumes of nickel buffer A, and the protein was eluted
with nickel buffer B [20 mM sodium phosphate (pH 7.4), 500
mM NaCl, and 50 mM EDTA]. Fractions containing the most
pure IdeR were pooled, concentrated, exchanged into 50 mM
Tris (pH 8.5), and loaded onto a HiTrap Q-Sepharose anion-
exchange column (GE Biosciences). Bound protein was eluted
with a NaCl gradient from 0 to 2 M. The highest-purity
fractions were pooled, concentrated, brought to 20 mM
ethylenediaminetetraacetic acid (EDTA), and exchanged into
10 mM MES buffer (pH 6.8) in the presence of Chelex 100
(Bio-Rad, Hercules, CA). The protein was concentrated and
aliquoted into 3 mL fractions and frozen at −80 °C. The
protein concentration was measured on a Cary 300
spectrometer (Varian Inc., Palo Alto, CA) in the presence of
6 M urea at 280 nm and calculated using an estimated
extinction coefficient of 13980 cm−1 M−1 (http://www.expasy.
org). Protein prepared in this way could be stored frozen at
−80 °C for up to 3 months prior to use with no loss of activity.

Expression and Purification of Mutants. IdeR mutants
were expressed as described above with the addition of a
second anion-exchange column after protein was diluted 2-fold
with 50 mM Tris (pH 8.5). All other steps were performed
exactly as described above for wild-type IdeR.

Activation for Metal Binding. IdeR contains a single Cys
residue that slowly forms intermonomer disulfide bonds that

Figure 1. Crystal structure of IdeR. Crystal structure of two dimers of
IdeR bound to the mbtA−mbtB DNA promoter sequence. Metal
coordination shown for (a) site I residues and (b) site II residues.
Structures generated from PDB entry 1U8R.31 Images created using
UCSF Chimera.11
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inactivate the protein. Prior to metal binding experiments, the
disulfide was reduced by treatment with 5 mM tris(2-
carboxyethyl)phosphine (TCEP) for 2 h at room temperature.
TCEP was removed by passing the sample through a HiTrap
desalting column (GE Biosciences) at a rate of 1 mL/min and
exchanging the buffer with metal-free 10 mM MES (pH 6.8).
The free thiol content of reduced IdeR was quantified using
Ellman’s reagent. In the experiments reported here, the ratio of
free cysteine to IdeR monomer averaged 0.98 (the expected
number is 1), with no change in this ratio following the metal
binding experiments. Only samples with thiol:IdeR ratios of
>0.95 or <1.05 were used for subsequent experiments. The
glassware used for all experiments involving reduced and
activated protein was demetalated by being soaked in 20%
nitric acid and rinsed thoroughly with Nanopure water.
Equilibrium Dialysis Studies. Equilibrium dialysis experi-

ments were performed at 25 °C using 2 mL, two-chamber
dialysis cells (Bel-Art Scienceware, Pequannock, NJ) separated
by a demetalated 3500 Da molecular mass cutoff dialysis
membrane. The membranes were rinsed initially with Nano-
pure purified water and then soaked in Chelex-100-treated 10
mM MES buffer (pH 6.8) prior to the experiment. In each
experiment, 800 μL of active, demetalated protein at a
concentration of 30 μM was added to one side of the dialysis
membrane and 800 μL of a solution containing protein free
metal at twice the final concentration was added to the other
chamber. The buffers in both chambers consisted of 10 mM
MES, 100 mM NaCl, and 2 mM N-acetylcysteine (NAC) (pH
6.8). The metal solutions were prepared using ICP-MS metal
standards (Sigma-Aldrich, St. Louis, MO). The loaded cells
were allowed to equilibrate on a rotating shaker for ∼18 h at
room temperature. The final concentration of Fe(II), Mn(II),
Zn(II), and Ni(II) from each chamber was determined using
2,2′,2″-terpyridine (terpy), which exhibits characteristic ab-
sorption bands between 320 and 700 nm when bound to
metal.24 The samples were adjusted to 5 M urea to ensure
release of metal, and terpy was added to a final concentration of
330 μM prior to measurement. The amount of metal in each
sample was derived from the peak absorbance at the spectral
maximum for the specific metal−terpy complex based on a
standard curve generated using identical sample conditions.
The fraction bound at each metal concentration, r, was
calculated as

=
−+ +

r
M M

P

2
total

2
free

total (1)

where M2+
total is the metal concentration from the protein

chamber, M2+
free is the metal concentration from the metal

solution chamber, and Ptotal is the protein concentration from
the protein chamber.
Simultaneous Binding Curves for Multiple Metal

Species. Samples for inductively coupled plasma mass
spectrometry (ICP-MS) analysis were gravimetrically dissolved
in 2% HNO3 prepared using Optima grade HNO3 (Sigma-
Aldrich) and 18.3 MΩ (Thermo Fisher, Waltham, MA) water
under Class 100 clean lab conditions. The total dissolved solid
load of the samples was kept below 2 ppm for efficient analyte
ionization during ICP-MS analysis. Dissolved samples were
analyzed using an Agilent 7500cs (Agilent Technologies, Santa
Clara, CA) quadrupole inductively coupled mass spectrometer
equipped with an octopole reaction cell. A precleaned quartz
sample introduction system, along with platinum extraction

cones and a 100 μL nebulizer, was used to minimize blanks.
The ICP-MS instrument was operated under hot plasma
conditions (1500W RF), and sensitivity was optimized prior to
each set of analyses. The ORC cell was optimized to knock out
plasma- and matrix-based interference on analyte masses.
External calibration using a multielement ICP standard (high
purity standard) coupled with indium (In) standard addition
was performed for accurate concentration determination. The
reproducibility error for Cr, Mn, Fe, Co, Ni, and Zn on NIST
SRM (1643e) was determined to be <3%.

DNA Binding Determined by Fluorescence Anisotro-
py. The Alexa-fluor 488-labeled promoter from the fxbA gene
was used for all DNA binding experiments. The promoter
sequences were 5′-Alex488 ATA CCG GCA TGC TAT CAA
AGG TAA GGC TTA CCA ATG TGG GGC TCG TTG-3′
(forward) and 5′-CAA CGA GCC CCA CAT TGG TAA GCC
TTA CCT TTG ATA GCA TGC CGG TAT-3′ (reverse).
DNA was purchased as single strands (Integrated DNA
Technologies Coralville, IA), and duplexes were generated by
mixing equimolar amounts of forward and reverse strands,
heating the mixture to 95 °C for 5 min, and slowly cooling the
mixture to room temperature. Duplex formation was confirmed
by migration on a 7% polyacrylamide gel, and the concentration
was determined by the absorbance at 260 nm.
Fluorescence anisotropy experiments were performed using a

Horiba Jobin (Edison, NJ) Yvon Fluoromax-4 spectrofluor-
ometer with polarizers in the L-format. Measurements were
taken at 25 °C using an excitation wavelength of 491 nm and an
emission wavelength of 515 nm with 5 nm slit widths and an
integration time of 10 s. Experiments were performed in one of
two ways, by titrating metal into a solution containing DNA
promoter (15 nM) and IdeR (750 nM) or by titrating
metallated IdeR into a solution containing DNA promoter, in
10 mM MES (pH 6.8), containing 100 mM NaCl, 60 μg/mL
BSA, 10 μg/mL poly(dI-dC) nucleotide, 5 mM MgCl2, and 2
mM NAC. The steady state fluorescence anisotropy, r, at a
given metal concentration, was calculated as

=
−
+

r
I GI

I GI2
VV VH

VV VH (2)

where IVV is the fluorescence intensity with excitation and
emission polarization in the vertical position, IVH is the
fluorescence intensity with excitation polarization in the vertical
position and emission polarization in the horizontal position,
and G is the ratio of the sensitivity of the detection system for
vertically and horizontally polarized light. Each r value was
normalized to the maximal change in r and plotted against the
concentration of added divalent metal.

Analytical Ultracentrifugation (AUC). Sedimentation
velocity experiments were performed using a Beckman Coulter
(Brea, CA) XL-I analytical ultracentrifuge. The samples were
run in buffer containing 10 mM MES, 100 mM NaCl, and 2
mM NAC (pH 6.8) at 20 °C, and metal was added to the
appropriate concentration in the same buffer. Centrifugation
cells were soaked in 50 mM EDTA overnight and rinsed
thoroughly with Chelex-100-treated Nanopure water until they
showed no absorption in the 220−350 nm range, indicating
effective removal of the EDTA. The data were collected at
55000 rpm using absorbance optics and were scanned at either
230 or 280 nm depending on the protein concentration.
Concentrations were from 0.1 to 0.9 OD unit, corresponding to
values from 5.4 to 50 μM, respectively, for both the wild type.
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Ultrascan II was used for data analysis.25 The partial specific
volume was calculated to be 0.7399 mL/g based on protein
sequence. The SOMO Bead modeling module in Ultrascan II
was used to calculate theoretical hydrodynamic properties for
monomeric and dimeric IdeR using PDB entry 1U8R.26

Missing residues from the flexible linker in the crystal structure
were automatically built using the approximate method in the
module options. The monomer parameters were calculated
using one monomer from the dimer crystal structure.
Data Analysis and Model Fitting. All data fitting,

including calculation of 95% confidence intervals, was
conducted with nonlinear regression using GraphPad (San
Diego, CA) Prism version 5.03. The data were fit to four
binding models.
(I) A single class of independent binding sites

=
+

r
n

K
[x]

[x]D (3)

where [x] is the free ligand concentration, n is the number of
sites, and KD is the dissociation constant.
(II) Multiple classes of independent binding sites

=
+

+
+

r
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K
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K
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[x]
[x]
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where n and m are the number of sites with invariant affinity for
the two independent classes of sites, Kn is the dissociation
constant of the n class of sites, and Km is the dissociation
constant of the m class of sites.
(III) Stoichiometric binding of 2 equiv of ligand

=
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+ +
r
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2
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where K1 is the dissociation constant of the first equivalent and
K2 is the dissociation constant of the second equivalent.
(IV) Phenomenological cooperative binding model

=
+

r
n

K
[x]

[x]

h

h h
D (6)

where n is the number of sites, KD is the dissociation constant,
and h is the Hill coefficient. Comparison of fits between
different binding models was conducted using an F-test (p <
0.05) when comparing nested binding models (I−III) or an
Akaike’s Information Criteria (AICc) when comparing non-
nested binding models (I−III vs IV).
Zn(II) Competition Metal Binding Assay. 4-(2-

Pyridylazo)resorcinol (PAR) was used in a competition assay
with IdeR.27,28 PAR (200 μM) was mixed with 10 μM Zn(II)
(ICP-MS standard grade), and the absorbance spectrum was
recorded from 450 to 700 nm and blanked against a solution of
200 μM PAR. The experiment was repeated with increasing
concentrations of IdeR until the absorbance of the PAR at 500
nm was reduced to approximately zero. With each addition of
IdeR, the concentration of Zn(II) bound to PAR was
determined from a standard curve of 200 μM PAR with
known concentrations of Zn(II). The binding affinity of IdeR
for Zn(II) was calculated according to the method of Walker
and Imperiali28 using only the absorbance values in the range of
20−80% of the initial PAR2−Zn(II) absorbance.

■ RESULTS
Equilibrium Metal Binding by IdeR. The stoichiometry

and binding affinity of IdeR for several divalent transition metal
ions were obtained from equilibrium dialysis experiments. The
buffer included 10 mM MES buffer, which has weak metal
binding properties, 100 mM NaCl as a supporting electrolyte to
reduce Donnan effects, and 2 mM N-acetyl-L-cysteine (NAC)
as a reducing agent. The IdeR concentration was maintained at
30 μM, which should yield roughly 90% dimer in the absence of
divalent metal based on the dimer dissociation constant
reported previously.29 The time to reach equilibrium for Ni(II)
was established to be 18 h based on the absence of a change in
the free metal concentration with time (data not shown). The
same time was used for all metals.
Figure 2 plots the fraction of metal bound per IdeR

monomer as a function of free metal concentration for the

nitrate salts of Ni(II), Zn(II), Fe(II), and Mn(II). IdeR bound
approximately 2 equiv of Ni(II), Zn(II), and Fe(II) and <1
equiv of Mn(II). Apparent binding parameters for each metal
were obtained from fitting the data to specific binding
isotherms, as described in Materials and Methods. As shown
in Table 1, Mn(II) was best fit to a single class of independent
sites, Fe(II) and Zn(II) were best fit to independent binding of
metal into two sites, and Ni(II) was best fit to the
phenomenological cooperative binding model. The KD values
obtained for Ni(II) binding were similar to values reported in
previous studies.29 The KD values for the two Zn(II) and Fe(II)
sites differed by ∼70- and 25-fold, respectively. Regardless of
the binding model, the order of relative binding affinity was
determined to be as follows: Zn(II) (first equivalent) > Fe(II)
(first equivalent) > Mn(II) ≫ Ni(II) > Fe(II) (second
equivalent) > Zn(II) (second equivalent). The data demon-
strate that binding of Fe(II) and Zn(II) by IdeR is
thermodynamically different than that of other divalent
transition metals.

Binding of Fe(II) and Zn(II) by IdeR Mutants. IdeR
contains two well-characterized metal binding sites. Previous
work with DtxR, IdeR’s closest homologue, established that Ala
mutations of C102 and M10 in site II resulted in an inactive
repressor whereas Ala mutations of E79 and H83 in site I
reduced but did not abolish repressor activity.18,30 We used
these mutations to associate the thermodynamic binding “sites”

Figure 2. Equilibrium metal binding by IdeR. Plot of fraction bound
(r) vs free metal concentration for IdeR. Solid lines represent the best
fit of the data to eq 3, 4, 5, or 6, as described in Materials and Methods.
The IdeR concentration was 30 μM in each experiment: Ni(II) (▲),
Fe(II) (●), Zn(II) (■), and Mn(II) (◆). Data points (error bars)
represent the average (standard deviation) of at least three
independent measurements.
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with the physical binding sites for both Fe(II) and Zn(II).
Previous studies determined that none of the mutations
significantly change the protein secondary structure10 but can
alter some of the loose tertiary structure present in the
apoprotein.31

Figure 3a compares the equilibrium binding of Fe(II) and
Zn(II) by the E83A site I mutant. Quantitative binding
parameters for these data are listed in Table 2. As seen in the

figure, Fe(II) binding was severely perturbed in the E83A site I
mutant whereas this mutant still showed high-affinity binding of
1 equiv of Zn(II). By comparison, the C102A site II mutant
showed high-affinity binding for 1 equiv of Fe(II) (Figure 3b).
C102A showed binding of 1 equiv of Zn(II), although with
reduced affinity compared to that of the wild type (Table 2).
Taken together, the data strongly associate the high-affinity
Fe(II) binding site with site I. This suggests that the high-
affinity Zn(II) binding site should be assigned to the physical
site II, but because both mutants alter Zn(II) binding to
approximately the same extent, this assignment is more
tentative than the Fe(II) binding results.
Competition with PAR Reveals IdeR Binds Zn(II) Very

Tightly. The apparent Zn(II) affinity obtained in the
equilibrium dialysis experiments was weaker than that reported
for other Zn(II) binding proteins, bringing into question the

physiological relevance of this binding. Therefore, Zn(II)
binding by IdeR was measured using the competition metal
binding assay described by Jefferson et al.27 and Walkup and
Imperiali.28 This assay is based on competition with 4-(2-
pyridylazo)resorcinol (PAR), monitoring changes in the level of
the PAR2−Zn(II) complex in solution upon addition of IdeR.
Excess PAR was used to ensure that >99% of the PAR−Zn
complex was PAR2−Zn. Titrating apo-IdeR into the solution
containing the PAR2−Zn(II) complex reduced the absorbance
of the PAR2−Zn(II) complex. As shown in Figure 4a, the
addition of increasing concentrations of IdeR reduced the
absorbance of PAR to the noise level, yielding a dissociation
constant of 3.6 × 10−11 M with an apparent stoichiometry of
one Zn(II) per IdeR monomer.
The competition binding assay was used to determine

whether NAC present in the equilibrium dialysis buffer might
contribute to the discrepancy between the dialysis and
competition binding results. Under the conditions used in
these assays (pH 6.8), the binding stoichiometry is expected to
be NAC2−Zn(II).32 Titrating NAC to the concentration used
in the equilibrium dialysis experiments (2 mM) reduced the
500 nm absorbance of the PAR2−Zn(II) complex, similar to
that observed upon titration of IdeR (not shown). Given that
NAC was present in a 70-fold excess compared to IdeR in the
equilibrium dialysis experiment, coordination of Zn(II) by
NAC could effectively compete with binding of Zn(II) by IdeR.
The analysis of our equilibrium data would not capture these
additional equilibria, so the binding parameters reported in
Tables 1−3 should be considered as upper limits.

Zn(II) Binding Enhances Dimer Formation More
Effectively Than Fe(II). The effect of Fe(II) and Zn(II)
binding on the dimerization of IdeR was investigated using
analytical ultracentrifugation. Figure 5 shows the G(s) plot
obtained from a series of sedimentation velocity experiments

Table 1. Apparent Equilibrium Binding Parameters for IdeR Binding Various Divalent Metal Species

metal ion KD (μM)a equiv of metal bounda Hill coefficienta binding isothermb

Ni(II) 2.18 (1.89, 2.47) 2.60 (2.45, 2.75) 2.25 (1.39, 3.11) cooperative
Fe(II) 0.28 (0.17, 0.39) 1 NA stoichiometricc

6.65 (3.4, 9.88) 1 NA
Mn(II) 0.56 (0.01, 0.63) 0.75 (0.71, 0.79) NA single class
Zn(II) 0.17 (0.12, 0.22) 1 NA stoichiometricc

11.17 (8.63, 13.71) 1 NA
aValues in parentheses represent the 95% confidence interval. bFits were compared using Akaike’s criterion (AICc), and models displaying >90%
probability were selected. cThe data fit to stoichiometric binding with 2 equiv (eq 5 in Materials and Methods).

Figure 3. Binding of Fe(II) and Zn(II) to IdeR metal site mutants. (a) Plot of fraction bound (r) vs free metal concentration for E83A. (b) Plot of
fraction bound (r) vs free metal concentration for C102A. Data points represent a single measurement. Solid lines represent the best fit of the data to
eq 3, 4, 5, or 6, as described in Materials and Methods. The IdeR concentration was 30 μM in each experiment: Zn(II) (■) and Fe(II) (●).

Table 2. Apparent Equilibrium Binding Parameters for IdeR
Site Mutants with Fe(II) and Zn(II)

mutant metal KD (μM)a equiv of metal bounda

E83A Fe(II) 13.93 (12.40, 15.46) 0.92 (0.85, 0.99)
E83A Zn(II) 1.48 (0.95, 2.02) 1.25 (1.18, 1.33)
C102A Fe(II) 0.33 (0.01, 0.66) 1.00 (0.82, 1.18)
C102A Zn(II) 3.47 (3.07, 3.87) 1.27 (1.20, 1.33)

aValues in parentheses represent the 95% confidence interval.
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performed with IdeR. Apo-IdeR exhibited an apparent value of
3.6 S. This corresponds to 24% monomer, calculated using a
bead model33,34 for a monomer of IdeR that assumed the
monomer retains the same structure as that observed in the
dimer.26 This simple model almost certainly underestimates the
true hydrodynamic ratio because of the partial unfolding of the
protein structure in the absence of metal.35 In the presence of
an excess of Fe(II), the value increased to 4.1 S, which is
consistent with 100% dimer formation based on the hydro-
dynamic properties calculated using the bead model. By
comparison with the narrow distribution induced by excess
Fe(II), a broad distribution of s values ranging from 3.6 to 4.1 S
was obtained in the presence of a single stoichiometric
equivalent of Fe(II). This suggests that the extent of dimer
formation is significantly reduced upon binding 1 equiv of
Fe(II). In contrast to the Fe(II) results, however, 1 equiv of

Zn(II) yielded a single, apparent s value of 4.0 S, corresponding
to approximately 90% dimer formation. The crystal structures
of DtxR and IdeR display relatively small root-mean-square
deviations between different metal-bound forms,17,36,37 suggest-
ing that conformational changes are not the source of the
different s values obtained for Fe(II) and Zn(II). Finally,
addition of 1 equiv each of Fe(II) and Zn(II) yielded an s value
similar to that of Zn(II) alone or of excess Fe(II). Thus, 1 equiv
of Zn(II) is more effective at inducing dimer formation than 1
equiv of Fe(II), and addition of Fe(II) and Zn(II) together
yields a species having hydrodynamic properties similar to
those of the Fe(II)-saturated protein.

Does Zn(II) Binding Enhance Fe(II) Binding by IdeR?
The similarity in binding of Fe(II) and Zn(II), coupled with the
physically and thermodynamically unique Fe(II) and Zn(II)
binding sites, raised the possibility that IdeR is a mixed-metal
repressor, binding Fe(II) in site I and Zn(II) in site II. Several
metal-activated repressors contain both “structural” and
“functional” metal binding sites.16 The possibility that site II
serves as a structural site was investigated by measuring the
binding of Fe(II) by IdeR that was pre-equilibrated with 1
equiv of Zn(II). In these experiments, metal concentrations
were determined using inductively coupled plasma mass
spectrometry (ICP-MS) to generate simultaneous binding
curves for the two metal species present. Control ICP-MS
experiments performed with Fe(II) alone showed an affinity for
Fe(II) binding slightly higher than that determined using terpy
(not shown), probably reflecting the different sample workup
and the absence of competition binding between IdeR and
terpy. Figure 6a shows simultaneous Zn(II) and Fe(II) metal
binding curves obtained at increasing Fe(II) concentrations in
the presence of 1 molar equiv of Zn(II). The data show a slight
reduction in the amount of bound Zn(II) as the level of Fe(II)
is increased but reached 1 equiv of both metals bound at high
Fe(II) concentrations. Figure 6b shows a simultaneous binding
curve for both metals obtained by pre-equilibrating IdeR with
excess Fe(II) and then titrating with Zn(II). Zn(II) displaced 1
equiv of bound Fe(II), with the end point again showing
essentially 1 equiv of both metals bound.
Thermodynamic parameters obtained from fitting these data

are listed in Table 3, which shows that pre-equilibration with
Zn(II) did not significantly change the Fe(II) binding affinity
compared to the affinity in the absence of Zn(II). On the other
hand, Fe(II) slightly reduced the affinity for Zn(II). The data
support a model in which IdeR binds 1 equiv of Fe(II) and

Figure 4. Titration of the PAR2−Zn(II) complex with increasing concentrations of IdeR and Zn(II) competition binding assay. (a) Absorbance
spectra of 200 μM PAR and 10 μM Zn(II) with increasing concentrations of IdeR blanked against 200 μM PAR without Zn(II) present. (b) Plot of
the fraction of the Zn(II)−PAR complex vs IdeR monomer:Zn(II) ratio. A solution of 200 μM PAR containing 10 μM Zn(II) was titrated with wild-
type IdeR, and the decrease in absorbance of PAR was used to determine the amount of Zn(II) bound to IdeR as described in Materials and
Methods.

Table 3. Equilibrium Binding Parameters for IdeR and
Fe(II) with Zn(II) Present

titrating metal ion KD (μM)c equiv of metal boundc

Fe(II)a 0.89 (0.31, 1.5) 1.12 (1.00, 1.24)
Zn(II)b 1.19 (0.31, 2.07) 1.02 (0.93, 1.12)

aTitration was performed in the presence of 1 equiv of Zn(II). The
best model fit changed to a single class of binding sites. bTitration was
performed in the presence of a 3-fold excess of Fe(II). The best model
fit changed to a single class of binding sites. cValues in parentheses
represent the 95% confidence interval.

Figure 5. Metal-dependent s value distributions. Plot of sedimentation
coefficients (s) vs boundary fraction in the absence or presence of
metal. The IdeR concentration was 15 μM in each experiment: apo
(gray ×), 1× Zn(II) (□), 1× Zn(II) and 1× Fe(II) (▽), 1× Fe(II)
(○), and 10× Fe(II) (gray ◇).
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Zn(II) simultaneously, but Zn(II) binding does not enhance
Fe(II) binding.
Metal Activation of Promoter Binding. Numerous

studies have shown that Fe(II) is the physiological ligand for
activating IdeR and its homologue, DtxR, for promoter
binding.7,38 Metal activation of promoter binding was
investigated using a coupled metal−DNA binding assay similar
to that described by Chou et al.,12 in which divalent metal is
titrated into a solution containing apo-IdeR and dye-labeled
duplex DNA corresponding to the fxbA promoter site. Figure 7

and Table 4 show that both Fe(II) and Zn(II) alone were able
to induce promoter binding in IdeR, with Fe(II) activating
promoter binding at significantly lower metal concentrations
and with higher cooperativity than Zn(II). The observed
binding parameters reported here indicate slightly tighter
binding than what had been reported previously.12 This
difference can be attributed to the buffer used (the choice of
buffer was previously shown to have a substantial impact on
metal binding by IdeR29) and the use of 100 mM rather than
10 mM NaCl [promoter binding by IdeR exhibits a strong
dependence on salt concentration (unpublished observations)].

The apparent affinity for promoter binding in this assay
corresponds to an Fe(II) concentration at which roughly 95%
of the IdeR contains 1 equiv of bound Fe(II). The promoter
binding assay was modified to investigate whether IdeR with 1
equiv of bound Fe(II) was active for promoter binding by
titrating IdeR and Fe(II) at a fixed stoichiometric ratio. No
promoter binding was observed under these conditions, nor
was promoter binding activity detected upon cotitration of
IdeR with 1 equiv of Zn(II) (not shown). However, when IdeR
was saturated with either Fe(II) or Zn(II) and titrated into a
solution containing the fxbA promoter under metal saturating
conditions, strong binding was observed (Figure 8), with
Fe(II)-loaded IdeR exhibiting a slightly higher affinity than

Figure 6. Binding of Fe(II) to IdeR in the presence of Zn(II). (a) Plot of fraction bound (r) vs free Fe(II) concentration in the presence of 1×
Zn(II). (b) Plot of fraction bound (r) vs free Zn(II) concentration in the presence of 3× Fe(II). Solid lines represent the best fit of the data to eq 3,
4, 5, or 6, as described in Materials and Methods. The dashed lines are trend lines for indicating changes in the stoichiometric amount of pre-
equilibrated secondary metal bound as a function of free metal concentration. The IdeR concentration was 30 μM in each experiment: Fe(II) (●)
and Zn(II) (■).

Figure 7. Metal activation of fxbA promoter binding. Change in the
normalized fluorescence anisotropy of Alexa-fluor 488-labeled fxbA
promoter DNA in the presence of IdeR as a function of total metal
added. Fe(II) or Zn(II) was titrated into buffer containing IdeR (750
nM), fxbA promoter (15 nM) in 10 mM MES buffer (pH 6.8)
containing NaCl, BSA, and poly(dI-dC) (see Materials and Methods).
Data points (error bars) represent the average (standard deviation) of
at least three independent determinations. The solid lines represent
the curves fit best to eq 6.

Table 4. Apparent Binding Parameters for Metal-Induced
Promoter Binding

titrated metal
ion KD (μM)a

Hill
coefficienta

secondary
metalb

Fe(II) 0.89 (0.86, 0.93) 7.1 (5.4, 8.7) −
Zn(II) 3.2 (3.1, 3.4) 6.3 (4.4, 8.3) −
Fe(II) 0.29 (0.27, 0.31) 3.4 (2.7, 4.1) 1× Zn(II)
Fe(II) 0.030 (0.028, 0.032) 2.9 (2.2, 3.5) 3× Zn(II)

aValues in parentheses represent the 95% confidence interval. bIdeR
was pre-equilibrated with this metal for 1 h before titration with
Fe(II).

Figure 8. IdeR promoter binding. IdeR in presence of Fe(II) (●),
Zn(II) (■), or a combination of Fe(II) and Zn(II) (+) was titrated
into a solution containing fxbA promoter also containing divalent
metal as described in Materials and Methods. Normalized anisotropy
plotted vs total IdeR dimer concentration. The solid lines represent
the curves fit best to eq 6 as described in Materials and Methods.
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Zn(II)-loaded IdeR (Table 5). These binding processes were
also characterized by a cooperative binding model, with a Hill
coefficient of 2.

Zn(II) Enhances Fe(II)-Induced Promoter Binding. We
wondered whether pre-equilibration with Zn(II) would affect
the apparent affinity for Fe(II)-induced promoter binding. In
this experiment, IdeR was pre-equilibrated with 1 equiv of
Zn(II) in the presence of the fxbA promoter and promoter
binding induced by titration with Fe(II). Under these
conditions (Figure 9a), full promoter binding required less
Fe(II) than when Fe(II) was titrated alone. The sensitivity to
Fe(II) concentration was further enhanced in the presence of a
slight excess of Zn(II) (Figure 9b). Quantitatively, pre-
equilibration with Zn(II) resulted in an ∼30-fold reduction in
the Fe(II) concentration necessary to induce binding to the
fxbA promoter compared to that required for Fe(II) alone
(Table 4). The cooperativity of promoter binding was
decreased by the presence of Zn(II), perhaps reflecting the
increased amount of dimeric IdeR induced by addition of
Zn(II). It is important to point out that adding Zn(II) alone did
not change the observed anisotropy and that the total
anisotropy change induced by Fe(II) at either Zn(II)
concentration was similar to that induced by Fe(II) alone.
These same studies were repeated with similar ratios of Mn(II)
rather than Zn(II), but this resulted in more modest
enhancement of Fe(II) sensitivity [∼2× and ∼4×, respectively
(not shown)]. This result argues against a generalized metal
concentration effect as the basis for the enhancement in
promoter activity and suggests that this effect is more specific to
the Zn(II)-bound form of IdeR.
Finally, we pre-equilibrated IdeR with 1 equiv of both Fe(II)

and Zn(II) and titrated that into a solution of the fxbA
promoter while maintaining the fixed metal:IdeR ratio. As

shown in Figure 8, this resulted in high-affinity promoter
binding, with the affinity being equal to that of iron-saturated
IdeR.

■ DISCUSSION

IdeR and its homologues function as Fe(II) sensors in bacteria
by binding iron and regulating the expression of numerous
genes. Although Fe(II) was established to be the physiological
metal ion in IdeR,8 a detailed study of Fe(II) binding and
activation for promoter binding has not yet appeared. All
previously published studies of binding of Fe(II) by IdeR or
DtxR fall into one of three categories: (1) in vivo assays in
which the nature of the metal-bound protein was not
investigated,18 (2) indirect binding assays that did not quantify
the stoichiometry of bound metal,12 or (3) binding assays in
which the stoichiometry was quantified only under saturating
conditions.11 In this study, Fe(II) binding was investigated
under conditions where a complete binding profile, e.g., binding
energetics and stoichiometry, could be determined and where
this binding could be directly related to functional activity. The
results of this study allow us to extend the general model for
metal activation in IdeR and, by extension, other two-domain
members of the DtxR family of iron sensor proteins. This
model is presented in Figure 10. Evidence in support of this
model is discussed below.

State A: Apo-IdeR. We and others have established that
IdeR and DtxR are predominantly monomeric and are weakly
folded in solution in the absence of divalent metal, e.g., state A
in Figure 10.29,31,35 Studies have shown that IdeR has no
promoter binding activity when no metal is present.7 The
sedimentation velocity data presented in Figure 5 are consistent
with this, establishing that apo-IdeR is better characterized as a
monomer than a dimer.

State B: Binding the First Equivalent of Metal. IdeR
Contains Two Thermodynamically Distinct Metal Binding
Sites. The equilibrium dialysis results presented in Figure 2
show that IdeR binds Fe(II) in two thermodynamically distinct
steps with dissociation constants differing by ∼20-fold. The
thermodynamic processes were associated with specific physical
binding sites through the use of binding site mutants (Figure
3), establishing site I as the high-affinity and site II as the low-
affinity Fe(II) binding site. Interestingly, Zn(II) was the only

Table 5. Apparent Binding Parameters for Promoter Binding

metal ion(s) KD (μM)a Hill coefficienta

Fe(II) 0.032 (0.026, 0.038) 1.7 (1.3, 2.2)
Zn(II) 0.061 (0.053, 0.069) 2.5 (1.8, 3.3)
Fe(II) and Zn(II) 0.029 (0.025, 0.033) 1.9 (1.5, 2.3)

aValues in parentheses represent the 95% confidence interval.

Figure 9. Zn(II) enhanced Fe(II)-activated promoter binding. (a) Fe(II)-dependent promoter binding with 1× Zn(II) present. Fe(II) was titrated
into a buffer containing 1 molar equiv of Zn(II) (■) as described in Materials and Methods. Normalized anisotropy plotted vs total Fe(II) added.
Fe(II) (●) data were recorded in the absence of a secondary metal. (b) Fe(II) was titrated into a buffer containing 3 molar equiv of Zn(II) (■) as
described in Materials and Methods. Normalized anisotropy plotted vs total Fe(II) added. Fe(II) (●) data were recorded in the absence of
secondary metal. The inset shows Fe(II)-dependent titration of IdeR-fxbA with 3× Zn(II) present. Data points (error bars) represent the average
(standard deviation) of at least three independent determinations. The solid lines represent the curves fit best to eq 6 (Materials and Methods).
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other metal that exhibited a similar binding profile, with 1 equiv
of metal bound in two thermodynamically distinct events. The
two Zn(II) binding events had apparent dissociation constants
that differed by ∼70-fold, with the first equivalent of Zn(II)
(KD ∼ 170 nM) binding with a higher affinity than the first
equivalent of Fe(II). When Zn(II) binding was re-examined in
a competitive binding assay (Figure 4), we discovered that IdeR
binds Zn(II) with extremely high affinity, on par with that of
other, well-established Zn(II)-binding proteins.39 The reasons
for the discrepancy between the equilibrium dialysis and
competitive binding assays are most likely related to avid
binding of Zn(II) by NAC present at millimolar concentrations
in the equilibrium dialysis buffer. A similar observation has been
reported for SmtB, which was reported to bind Zn(II) in the
micromolar range by equilibrium dialysis40 but was sub-
sequently found to bind significantly tighter when re-examined
in a competitive binding assay.39 In this case, the equilibrium
dialysis experiments were performed in the presence of
nitrilotriacetate (NTA), a Zn(II) chelating agent, whereas the
competition experiments were not.
Metal binding by IdeR mutants clearly established site I as

the high-affinity Fe(II) binding site, but the data were less
conclusive for Zn(II). However, the mixed metal binding
studies established that the first equivalent of bound Fe(II)
does not compete with Zn(II) binding, and that addition of
Zn(II) to Fe(II)-saturated IdeR released only 1 equiv of Fe(II).
Together, these studies suggested that the high-affinity sites
were different for Zn(II) and Fe(II), and therefore, we assigned
the high-affinity Zn(II) site to site II.
Binding One Equivalent of Metal Increases the Extent of

Dimer Formation. Several studies have associated a disordered
to ordered structural transition upon metal binding in IdeR and
its closest homologue, DtxR, with a concurrent increase in the
level of dimer formation.31,35,41 The sedimentation velocity data
presented in Figure 5 provide further refinement of these earlier

results. Specifically, apo-IdeR is characterized as a single species
with a sedimentation coefficient corresponding approximately
to that expected for a monomer of IdeR. Addition of Fe(II)
yielded a distribution of G(s) values, suggesting either a broad
distribution of aggregation states or a monomer−dimer
equilibrium with dissociation rates on the same order of
magnitude as those from the sedimentation velocity experi-
ment.42 On the other hand, binding 1 equiv of Zn(II) resulted
in essentially complete dimer formation, with an s value similar
to that obtained in the presence of a saturating amount of
Fe(II). These results suggest that binding 1 equiv of Zn(II)
may serve to preorganize IdeR for binding a second equivalent
of metal.

State C: Two Equivalents of Divalent Metal Activates
IdeR for Promoter Binding. IdeR is activated for promoter
binding when 2 equiv of metal is bound, a finding that is
consistent with all previous quantitative studies of IdeR and
DtxR. In agreement with data presented by Chou et al.,12 we
showed that Fe(II) was the strongest activator of promoter
binding in a coupled metal-DNA binding assay (Figure 7)
compared to other divalent transition metal ions. Given the
high level of intracellular Fe(II) compared with the levels of
other divalent metals,43 this suggests that IdeR would be most
responsive to changes in Fe(II) concentration and provides a
straightforward basis for metal selectivity in IdeR, namely, that
Fe(II)-activated IdeR has the highest affinity for DNA binding.
However, the story became more interesting when IdeR was

saturated with metal and titrated into a solution containing the
fxbA promoter. Under these conditions, we observed similar
promoter binding affinities for Fe(II)- and Zn(II)-activated
IdeR (32 and 61 nM, respectively). Thus, metal loading, rather
than the specific bound metal, appears to be the critical factor
in DNA binding. Other evidence for this idea comes from the
observation that crystal structures of IdeR or DtxR saturated

Figure 10. Extended model for metal activation of IdeR. The functional site is depicted as the upper site, and the structural site is depicted as the
lower site. The apoprotein can bind either Fe(II) in the functional site or Zn(II) in the structural site. Binding of Fe(II) to the functional site leads
directly to promoter binding, although the promoter binding affinity is low. Additional Fe(II) can then be bound by the structural site, but without
the enhancement of promoter binding affinity. Similarly, Zn(II) can be bound first in the structural site and subsequently in the functional site,
leading to weak DNA binding. The highest promoter binding activity is achieved with Fe(II) bound in the functional site and Zn(II) bound in the
structural site.

Biochemistry Article

dx.doi.org/10.1021/bi301608p | Biochemistry 2013, 52, 1927−19381935



with various divalent transition metals all have essentially the
same structures.
We then wondered whether a mixture of Zn(II) and Fe(II)

could activate IdeR, given that IdeR has a very high-affinity site
for Zn(II). Indeed, the data presented in Figures 8 and 9 show
that Zn(II) acts synergistically with Fe(II) to enhance the
promoter binding activity of IdeR, presumably by increasing the
amount of dimer present. Importantly, Figure 6 clearly shows
that IdeR can bind 1 equiv each of Zn(II) and Fe(II) and that
Zn(II) binding does not significantly alter high-affinity Fe(II)
binding. These experiments suggest that Zn(II) co-activation of
IdeR produces a better regulatory switch than Fe(II) alone,
because the Zn−IdeR complex would be better able to transmit
small changes in iron concentration into effective gene
regulation. By comparison, activation of IdeR by Fe(II) alone
would only be effective at significantly higher Fe(II)
concentrations and would require larger fluctuations of Fe(II)
concentrations.
There are other lines of evidence that support the validity of

this Zn(II) co-activation model. First, the coordinating residues
in the structural and regulatory sites of IdeR are consistent with
a preference for Zn(II) and Fe(II), respectively. Dokmanic ́ et
al.44 surveyed ∼10000 metal-bound proteins present in the
PDB and found that, of the more than 1000 proteins with
Zn(II) bound, the most common coordinating residues are Cys
(∼47%) and His (∼33%). By comparison, the IdeR structural
site contains two sulfur ligands (C102 and M10) and one His
ligand (H106). Furthermore, of the ∼550 Fe(II) binding
proteins in the PDB, the most common coordinating residues
for Fe(II) are His (∼65%) and Glu (∼10%). Again, this
coordination chemistry is consistent with the regulatory site of
IdeR but not with the structural site.
Second, many metal-responsive repressors contain both

structural and functional metal binding sites.16 For example,
CadC contains a nonregulatory Zn(II)/Co(II) site with the
Zn(II) or Co(II) coordinated by His and carboxylate
residues.45 Alternatively, PerR, a oxidative stress repressor,
and Fur, which is the other bacterial Fe(II) regulator, both
contain a structural Zn(II) site and an Fe(II) binding regulatory
site.46,47 In these proteins, Zn(II) is coordinated by four
cysteine residues. Thus, we interpret the Zn(II) binding affinity
to be within the limits of bioavailable zinc and to serve a
structural role by promoting the amount of dimer present. We
now refer to site II or the primary site of IdeR as the structural
metal binding site and the Fe(II) binding site (site I or ancillary
site) as the regulatory metal binding site.
One of the open questions regarding iron sensing by IdeR

was how the relatively high concentrations of Fe(II) required to
trigger promoter binding coupled with the relatively weak
promoter binding induced by Fe(II) in vitro lead to effective in
vivo gene regulation. Our results clearly demonstrate that
Zn(II) costimulation translates the Fe(II) sensitivity of IdeR
DNA binding into a concentration range that may be more
relevant for the mammalian environment than if promoter
binding were triggered by Fe(II) binding alone. Total
intracellular Zn(II) concentrations range from 200 to 300
μM in bacteria,48 although free Zn(II) levels are substantially
lower than that, and Zn(II) is the primary metal present in mast
cells.49 Therefore, picomolar binding of Zn(II) by IdeR and the
resulting enhanced sensitivity to Fe(II) fluctuations could be
biologically relevant. This study shows that IdeR has three
possible fully metalated active states (Fe2·IdeR, Zn2·IdeR, and
Zn·IdeR·Fe), yet we suggest that only two are relevant in vivo

because the bioavailable Zn(II) concentration is only high
enough to have a single Zn(II) bound at the high-affinity site.
IdeR may have two levels of Fe(II) sensing, but the Zn(II) and
Fe(II) state would provide an appropriate sensory range for
Fe(II) levels in the bacterium. Within this model, we
hypothesize that IdeR contains 1 equiv of bound Zn(II) as a
structural metal (Zn·IdeR). At high levels of Fe(II), Zn·IdeR
also contains 1 equiv of Fe(II) bound in the regulatory site,
generating the promoter binding competent form (Zn·IdeR·Fe)
and repressing expression of iron acquisition, uptake, and
utilization genes. However, as Fe(II) levels drop, IdeR converts
back to Zn·IdeR, derepressing expression of the IdeR regulon.
Interestingly, the picomolar Zn(II) apparent dissociation

constant reported here is higher than that observed for other
Zn(II) binding proteins. This suggests that IdeR could, under
Zn(II)-depleted conditions, cycle between Zn·IdeR and apo-
IdeR. This might allow for a different spectrum of promoter
binding,50 resulting in coordinate regulation of Fe(II) and
Zn(II) in vivo. The IdeR regulon contains many ABC
transporter proteins of unknown function,4 some of which
might be involved in Zn(II) uptake and transport. Indeed, the
M. tuberculosis ESX-3 gene cluster, which is involved in
optimizing uptake of zinc and iron for growth,51 is jointly
regulated by IdeR5 and Zur52 binding.
Fe(II) availability is very low in mammalian systems. Indeed,

it is the bacterial response to low iron levels that triggers the
virulence response in M. tuberculosis. Zn(II) concentrations are
high in the mammalian host but are highly variable in soils
where M. tuberculosis resides outside of mammalian hosts. We
speculate that the ability to modulate IdeR activity using Fe(II)
alone provides an evolutionary advantage to the bacterium
because it could allow IdeR to regulate expression of Fe(II)-
sensitive genes when the Zn(II) concentration is very low.
Under these conditions, significantly larger amounts of Fe(II)
are required to activate IdeR. Gold et al.4 demonstrated that
IdeR can also function as an activator of genes to upregulate
production of bacterioferritin (and other iron storage proteins)
to prevent oxidative stress caused by intracellular iron. Thus,
the reduced sensitivity to Fe(II) concentration changes may
allow IdeR to also regulate a different set of genes involved in
iron storage or efflux. The in vivo concentration of other metals
is often coregulated by different repressors having significantly
different metal binding affinities.53 It is interesting to speculate
that IdeR may also afford similar regulation of iron, in both high
and low concentration ranges, simply based on the presence of
zinc.
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