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Life came to depend on iron as a cofactor for many essential enzymatic reactions.
However, once the atmosphere was oxygenated, iron became both scarce and toxic.
Therefore, complex mechanisms have evolved to scavenge iron from an environment in
which it is poorly bioavailable, and to tightly regulate intracellular iron contents. In bac-
teria, this is typically accomplished with the help of one key regulator, an iron-sensing
transcription factor. While Gram-negative bacteria and Gram-positive species with low
guanine-cytosine (GC) content generally use Fur (ferric uptake regulator) proteins to regu-
late iron homeostasis, Gram-positive species with high GC content use the functional
homolog IdeR (iron-dependent regulator). IdeR controls the expression of iron acquisition
and storage genes, repressing the former, and activating the latter in an iron-dependent
manner. In bacterial pathogens such as Corynebacterium diphtheriae and Mycobacterium
tuberculosis, I1deR is also involved in virulence, whereas in non-pathogenic species such
as Streptomyces, it regulates secondary metabolism as well. Although in recent years the
focus of research on IdeR has shifted towards drug development, there is much left to
learn about the molecular mechanisms of IdeR. Here, we summarize our current under-
standing of how this important bacterial transcriptional regulator represses and activates
transcription, how it is allosterically activated by iron binding, and how it recognizes its
DNA target sites, highlighting the open questions that remain to be addressed.

OPEN ACCESS

Introduction
In the early 1990s the groups of Holmes and Murphy identified a transcription factor which represses
expression of the diphtheria toxin in Corynebacterium diphtheriae in an iron-dependent manner and
was, therefore, named DtxR (diphtheria toxin repressor) [1,2]. This protein came to be the founding
member of a large family of transcriptional regulators which control metal homeostasis in a wide
range of bacteria. While GC-rich Gram-positive bacteria utilize DtxR family transcription factors to
regulate both iron (iron-dependent regulator, IdeR) and manganese (manganese transport regulator,
MntR) homeostasis, most Gram-negative bacteria and Gram-positive species with low GC content use
Fur (ferric uptake regulator) to regulate their intracellular iron status, limiting their use of DtxR regu-
lators to sensing manganese [3-6]. Archaea also utilize more distantly related DtxR homologs to
control iron homeostasis [7-9].
The main function of IdeR proteins is to repress the expression of iron uptake genes when intracel-
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DtxR family proteins consist of an N-terminal DNA-binding domain (DBD) containing a winged
helix-turn-helix (WHTH) motif, followed by a helical dimerization domain, and a C-terminal SH3-like domain
(Figure 1A) [10,11]. SH3-like domains are structurally similar to eukaryotic SH3 (Src homology 3) domains,
which mediate protein—protein interactions in many signaling proteins [12,13], but have no detectable sequence
similarity with them.

The best characterized homologs of DtxR proteins are those from C. diphtheriae (CdDtxR) and
Mycobacterium tuberculosis (MtldeR). More recently, we characterized the IdeR protein from the erythromycin-
producing soil bacterium Saccharopolyspora erythraea (SeldeR) [11]. In the following we will discuss what we
have learned about the molecular mechanisms of IdeR proteins since their discovery 30 years ago.

The mechanisms of transcription repression and activation
by IdeR

IdeR proteins regulate genes involved in the acquisition and storage of iron, such as genes coding for sidero-
phore production and transport, iron transporters, ferritins and bacterioferritins, as well as genes involved in
iron-sulfur cluster assembly and genes encoding metabolic enzymes with iron cofactors [11,14-24]. While Fe**-
IdeR represses iron uptake, it activates expression of iron storage genes [14,17,19]. Moreover, in M. tuberculosis
and C. diphtheriae, IdeR/DtxR is required not only to control iron homeostasis, but also to regulate virulence
[14,15,25]. In the non-pathogenic actinomycete Streptomyces avermitilis, IdeR regulates iron metabolism as well
as other processes such as secondary metabolism and morphology, thus playing a pleiotropic role in the regula-
tion of the cellular metabolism [18].

DtxR family iron sensors recognize a 19-bp palindrome of four CCTAA repeats (TTAGGTTAGSCTA ACCTAA)
that is highly conserved across different organisms [11,18,26-28]. In genes repressed by IdeR, this IdeR box
overlaps with the transcription start site and/or the —10 region of the promoter. Binding of Fe**-activated IdeR thus
blocks access to the promoter for RNA polymerase (RNAP) [15,20]. In contrast, the mechanisms mediating
transcriptional activation by IdeR seem to be diverse. Notably, while genes repressed by IdeR generally have only
one IdeR box in their promoters, genes which are activated by IdeR tend to have multiple binding sites [15,17].
MtIdeR activates the bacterioferritin and ferritin genes bfrA and bfrB [14,15,17,19]. Whereas little is known about
the mechanism of bfrA activation, activation of bfrB is mediated by four IdeR boxes upstream of its promoter, one
of which partially overlaps the —35 region. IdeR activates this gene in an iron-dependent manner by alleviating the
repression exerted by the histone-like protein Lsr2 [17]. Lsr2 binds to the same region as IdeR in an
iron-independent manner and distorts the DNA, making the promoter inaccessible for RNAP. IdeR binding
(partially) displaces Lsr2 from the promoter region, thus relieving the distortion and activating transcription of the
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Figure 1. The structure of IdeR in the metallated state.

(A) The overall structure of the Co?*-activated SeldeR dimer (PDB 7B1V) [11], with one subunit colored by domain and the
Co2* ions shown as pink spheres (DBD, DNA-binding domain; Dim, dimerization domain; SH3, SH3-like domain). (B) Detailed
view of the metal-binding sites, showing the Fe**- (and DNA-)bound state of SeldeR (PDB 7B20) [11], using the same coloring
scheme as in A (orange spheres, Fe* ions; small red spheres, water molecules). Cys102 co-ordinates the metal ion with its
sulfur as well as its backbone carbonyl oxygen atoms. The water molecule in the ancillary site only weakly co-ordinates the
metal ion (3.6 A distance), as indicated by the dashed line. This figure was prepared with PyMOL (Schrédinger, LLC).
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bfrB gene. IdeR also contributes to a slight Lsr2-independent induction of bfrB, potentially by helping to recruit
RNAP [17].

All previously studied IdeR complexes with DNA contained two dimers bound to the 19-bp target sequence
[11,27,29-32]. However, SeldeR is also able to recognize what we refer to as a half site, i.e. a 10-bp palindrome
consisting of two CCTAA repeats with a 4-bp spacer which binds only a single IdeR dimer. It remains to be
investigated if half sites are also found in the genomes of other species utilizing IdeR, and what the function of
IdeR is at such sites. Intriguingly, one of the half sites found in S. erythraea is in the promoter region of the
nuo gene cluster coding for the respiratory chain NADH dehydrogenase Nuo complex I, a previously unknown
potential target gene of IdeR [11].

The allosteric activation mechanism of IdeR

The metal-binding sites and metal selectivity

In vivo, IdeR proteins respond to Fe** [18,33,34]. However, in vitro IdeR can be activated by the transition
metals Mn**, Fe**, Co**, Ni**, Zn>" or Cd**, although activation by Mn®* and Zn>" is less efficient, while Fe’*
and Cu?®*" are not able to activate IdeR [11,20,26,35-37]. When CdDtxR was expressed in Bacillus subtilis (an
organism using a Fur protein to sense iron), it responded equally well to Fe** and Mn?" [38]. These observa-
tions illustrate that IdeR is intrinsically no more selective for Fe** than it needs to be, having evolved to
respond to iron within its natural cellular environment in which different metal ions are present in narrowly
defined availability ranges [39]. Metal sensors need to bind their target metal ion rapidly and reversibly with a
sensitivity that equals the cellular homeostatic setpoint for that metal, which for iron is expected to be in the
low micromolar range for most organisms [40-42].

Each IdeR subunit contains two metal-binding sites, named primary and ancillary sites because mutations in
the former site have a much more severe effect on IdeR activity than mutations in the latter, although both sites
need to be occupied for full IdeR activity [35,43,44] (Figure 1B). To date only one structure of a bacterial IdeR
protein activated by its physiological effector Fe** is available, namely that of Fe**-SeldeR in complex with DNA
[11]. However, structures of fully metallated, full-length bacterial DtxR/IdeR proteins show the same metal-
binding sites and coordination geometry regardless whether Co®" or Fe*" was used for activation [11,27,29,45].
While most of the metal-binding residues are found in the dimerization domain, the DBD contributes one
residue to the primary site, and the SH3-like domain contributes two residues to the ancillary site (Figure 1B). In
both sites, the coordination sphere of the metal ion is completed by a water ligand (not visible in all structures,
but likely always present). The coordination geometry is almost perfectly octahedral in the primary, but quite
distorted in the ancillary site, and the water ligand in the ancillary site is only weakly bound [11].

The ligating residues and coordination geometry make the metal-binding sites suitable, although not exclu-
sively selective for Fe** [40,46]. Selectivity for Fe*" is increased by the sulfur ligands (Met10 and Cys102) in the
primary site, as evidenced by comparison with MntR proteins, in which the corresponding binding site con-
tains an aspartate or asparagine in place of Metl0 and a glutamate in place of Cys102. Introducing the
IdeR-specific metal ligands to an MntR protein and vice versa switched or broadened the metal responsiveness
of the respective variant [38].

Both in CdDtxR and MtIdeR, the ancillary site has significantly higher affinity for most metal ions than the
primary site and is consequently occupied first [35,47-50]. Interestingly, IdeR departs from the Irving-Williams
series of metal complex stabilities (Mn** < Fe** < Ni** < Co** < Cu®" > Zn*") [51]. The ancillary site displays the
order of relative binding affinities Fe’" ~ Co** > Mn>" > Ni** > Zn®", with an affinity of ~0.3-0.5 puM for Fe**.
In contrast, the primary site exhibits the order of affinities Zn>* > Ni*" > Fe’* > Co®*, with an affinity of ~7-
9 uM for Fe** [47,50]. IdeR only binds one equivalent of Mn>*, most likely in the ancillary site, which explains
why Mn** does not efficiently activate IdeR [35,50]. The first equivalent of Zn** binds to MtIdeR with an affin-
ity of 36 pM, whereas the second equivalent binds with a dissociation constant of 11 wM [50].

Although the assignment of the primary site as the high-affinity site for Zn>" was tentative, if correct, Zn>*
would bind to the primary site and Fe** to the ancillary site of IdeR when both metal ions are present [50].
This study thus implies that in vivo IdeR may be activated by binding one equivalent each of Fe** and Zn**, or
by two equivalents of Fe**, allowing IdeR to respond to a wider range of iron levels, which may have particular
relevance for pathogenic organisms such as M. tuberculosis which encounter severe iron limitation inside their
host [15,25]. Based on the metal availabilities in aerobically cultured Escherichia coli and the metal affinities
stated above, however, the ancillary site would be ~90% occupied by Fe, while the primary site would be ~20%
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occupied by Fe and only ~4% by Zn [52,53]. Metal availabilities in M. tuberculosis may of course be rather dif-
ferent, especially inside macrophages.

Binding of two equivalents of metal ions to IdeR is cooperative [35,47,49,50,54,55]. The primary site metal
ligand Glul05 is within hydrogen bonding distance of the ancillary site ligand His79, which has been proposed
to be the source of this cooperativity [47]: occupation of the ancillary site leads to ordering of the primary site,
allowing binding of the second equivalent of metal. This coupling of the two binding sites may also be the
reason why IdeR is more selective for iron than expected based on the Irving-Williams series, in that only Fe**
binding in the ancillary site induces the correct geometry of the primary site.

However, it was also found that cooperative metal binding depends on IdeR dimerization, suggesting that the
cooperativity is inter- rather than intramolecular [54]. While the metallated, active state of IdeR forms a stable
dimer, MtIdeR and CdDtxR are predominantly monomeric in the apo-form, dimerizing once the first metal
ion is bound [35,47,48,50,54,55]. It was, therefore, proposed that activation of IdeR proceeds through a series of
steps that includes dimerization.

Conformational changes in the N-terminal domains

As observed in CdDtxR crystal structures, the main difference between apo and metallated states in the
N-terminal domains is a slight, caliper-like movement of the DBD of one subunit with respect to the other,
bringing the two recognition helices closer to each other and, consequently, to the correct distance to fit into
successive major grooves of their DNA target sites [56,57] (Figure 2A). Additionally, the first turn of the
N-terminal helix of DtxR unfolds upon metal ion binding to the primary site, to which this helix turn is con-
formationally coupled [48] (Figure 2A). This conformational change is presumed to be necessary to allow
DNA binding, as the intact helix would otherwise clash with the DNA backbone. Circular dichroism (CD)
investigations showed that the secondary structure of CdDtxR does not change significantly upon metallation,
while its tertiary structure does [35,44]. In contrast, an NMR study observed that the N-terminal domains of
IdeR exhibit significant conformational flexibility in the absence of metals, being in a molten-globule like state,
and become ordered only upon metal binding, suggesting that changing protein dynamics control activation of
IdeR [58]. These results are not in conflict with the crystallographic studies in so far as protein crystallization

Figure 2. Conformational changes in IdeR upon metallation.

(A) A superposition of CdDtxR in the metal-free (shades of gray; PDB 1BI2) and the Co?*- (and DNA-)bound state (colored as in
Figure 1A; PDB 1COW) [29,57]. Orange ellipses highlight the unwinding of the first turn of the N-terminal helix upon metallation,
while orange arrows highlight the caliper-like movement of the N-terminal domains towards each other and the movement of
the SH3-like domain, which is only resolved in one subunit of each DtxR dimer. (B) The electrostatic surface charge distribution
of the DBD and dimerization domain of one of the subunits of the Co®*-activated SeldeR dimer (PDB 7B1V) [11] (red,
negatively charged; blue, positively charged; white, hydrophobic), with the SH3-like domain shown in cartoon representation
(gray). The Co®* ions are shown as pink spheres. Negatively charged funnels attract the metal ions to their binding sites. While
the primary site remains solvent accessible in the active state, the SH3-like domain has to detach to allow metal access to the
ancillary site. This figure was prepared with PyMOL (Schrédinger, LLC).
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selects for a stable conformation, and dynamics are inherently invisible to the crystallographic method.
Together with Molecular Dynamics simulations, the NMR and CD data suggest that the observed dynamics
take place on the level of tertiary rather than secondary structure formation [35,44,58,59].

The function of the SH3-like domain

The SH3-like domain is connected to the N-terminal domains primarily via the metal-mediated interaction in
the ancillary site, which is why it is either not observed or detached from the N-terminal domains in unmetal-
lated IdeR crystal structures [56,57] (Figure 2A). Molecular Dynamics simulations suggest that the SH3-like
domain moves toward the DBD upon metal binding and away from it in the absence of metal ions [59], while
the structure of metallated IdeR indicates that detachment of the SH3-like domain is required to allow metal
access to the ancillary binding site (Figure 2B).

Interestingly, MtIdeR lacking the SH3-like domain forms a stable dimer in the absence of metal ions, imply-
ing that in the full-length protein, the SH3-like domain inhibits dimerization until fixed in the active conform-
ation by metal binding to the ancillary site [30]. In analogy to eukaryotic SH3 domains, it has been proposed
that the SH3-like domain of CdDtxR interacts with a non-conserved proline-rich region in the loop that con-
nects it to the N-terminal domains [60]. This interaction may stabilize the inactive state, but upon metal
binding to the ancillary site the SH3-like domain is released, which in turn allows CdDtxR to adopt its active
conformation. In contrast, in Mycolicibacterium smegmatis IdeR the SH3-like domains interact in an inter-
molecular fashion in the metal-free state, but form the metal-mediated intramolecular interactions with the
N-terminal domains upon metallation, thus mediating the metal-dependent activation and inactivation of IdeR
in a similar, yet different manner [61]. In SeldeR, a domain swap of the SH3-like domains was observed
between adjacent complexes in DNA-bound crystals, which could serve a regulatory function by cross-linking
IdeR dimers bound to adjacent binding sites in the genome [11].

It should be noted that while the iron-sensing DtxR family members show a high degree of sequence conser-
vation in their N-terminal domains, they differ substantially in their SH3-like domains. Therefore, it is plaus-
ible that the precise function of the SH3-like domain in IdeR activation differs from one homolog to the next,
although it does appear to be involved in the allosteric activation mechanism by mediating protein-protein
interactions in one way or another.

To summarize, the following series of events occurs during IdeR activation (Figure 3): the first iron ion
binds to the ancillary site, which leads to ordering of the primary site and allows the second iron ion to bind
there. Metal binding initiates conformational changes that fix the SH3-like domain in place interacting with the
N-terminal domains, promote dimerization, lead to an ordering and rearrangement of the N-terminal
domains, and finally result in the active conformation of IdeR which is able to bind to DNA.

Figure 3. Scheme of the events occurring during allosteric activation of IdeR.

Binding of the first iron ion at the ancillary site leads to ordering of the primary site, facilitating binding of the second iron ion there,
and promotes dimerization of IdeR. The SH3-like domain moves to interact with the N-terminal domains, and smaller conformational
changes and an overall ordering of the N-terminal domains finally lead to the active state of IdeR that can bind to DNA.
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The molecular mechanism of ldeR-DNA recognition

Depending on the number of mutations in IdeR recognition sequences compared with the full consensus
(TTAGGTTAGSCTAACCTAA), activated IdeR binds to IdeR boxes with an apparent dissociation constant of
~30-200 nM [11,30,47,50]. Several crystal structures of IdeR homologs in complex with DNA have been
reported, namely of those from C. diphtheriae, M. tuberculosis and S. erythraea, bound in most cases to natural
promoter sequences, but also to the artificial full consensus [11,27,29-32]. In these structures, two IdeR dimers
are bound to the recognition sequence without directly interacting with each other, each subunit contacting
one of the four CCTAA repeats of the palindrome (Figure 4A). The DNA in these complexes is in a distorted
B-DNA conformation, exhibiting slight bends of the helix axis around each IdeR recognition helix as well as
wider and shallower major and minor grooves where the recognition helices are inserted [11,27,29]. In all cases

Figure 4. Interactions between IdeR and its DNA recognition sequence.

(A) Overall structure of Fe?*-activated SeldeR in complex with its consensus DNA-binding sequence (PDB 7B20) [11]. IdeR is
colored by subunit. The Fe?* ions are shown as orange spheres. The CCTAA repeats in the DNA contacted by each IdeR
subunit are shown in blue and orange. (B) Interactions between SeldeR and the consensus DNA recognition sequence shown
in detall, illustrating how the recognition helix is anchored to the DNA. Only residues mentioned in the text are labeled. (C)
Interactions between SeldeR and DNA bases, focused on the central G-C basepair in the consensus recognition sequence. In
(B,C), hydrogen bonds and salt bridges are indicated by dashed gray lines, vdW interactions (distances between 3.3 and 3.7 A)
by dashed green lines. (D) Two-dimensional representation of the specific interactions between IdeR and DNA bases in the
consensus DNA recognition sequence. Hydrogen bonds are shown as dashed blue lines, vdW interactions as dashed green
lines. This figure was adapted from [11]. (A-C) were prepared with PyMOL (Schrédinger, LLC).
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essentially the same interactions between IdeR and the DNA can be observed. In particular the interactions
with DNA bases are formed by conserved residues in the recognition helix of the wHTH motif, namely Ser37,
Pro39, Thr40 and GIn43 [11] (Figure 4B-D).

The recognition helix of the wHTH motif inserts into the major groove of the DNA target, anchored on
both edges of the major groove by hydrogen bonds and salt bridges with the sugar-phosphate backbone of the
DNA. These interactions are formed by residues from the first helix of the wHTH motif on one side and resi-
dues from the recognition helix on the other. The wing of the wHTH motif contacts the minor groove edge
using a conserved arginine (Arg60), thus clamping the backbone between the wing and the first helix of the
wHTH motif (Figure 4B). IdeR forms only one direct hydrogen bond with a DNA base, between GIn43 and
the first cytosine of each CCTAA repeat (or guanine at the central G-C basepair of the palindrome). A second,
water-mediated hydrogen bond is formed between GIn43, the backbone carbonyl group of Pro39, and the
second cytosine [11]. Ser37 and Pro39 are in van der Waals (vdW) distance of the thymine in the third pos-
ition of the repeat. Thr40 is in close proximity to the cytosine in position 2, such that the methyl group of a
thymine in this position clashes with the threonine side chain [11] (Figure 4B-D). Finally, the side chain of
Pro39 is in vdW distance of the A-T basepair in the fourth position of the CCTAA repeat, but these interac-
tions appear to be unspecific, as the distances do not change significantly if the bases are exchanged [11].

Early studies concluded that these IdeR-base interactions must be responsible for target site recognition,
although the paucity of base-specific interactions was noted. Gln43 was observed to interact with different
bases in different subunits of the MtIdeR-DNA complex, suggesting that it does not contribute to specificity
[27]. While it had been shown that the thymine in position 3 of the CCTAA repeat is important for DtxR rec-
ognition [28,32], the question then arose if the vdW interactions with this thymine alone were enough to
explain the observed sequence specificity of IdeR. A systematic mutational analysis of SeldeR and its target
sequence revealed that these base interactions formed by IdeR are in fact not required for recognition [11].
Instead, IdeR uses a shape readout mechanism to recognize its target sites in the genome, that is, it recognizes
sequence-dependent features of the shape and/or flexibility/deformability of the DNA backbone rather than
reading the base sequence by directly interacting with the bases [11,62,63]. The binding of two IdeR dimers to
target sequences is cooperative [11,32,35]. Given that the dimers do not directly interact with each other, this
cooperativity must be mediated by the DNA, with the binding of one IdeR dimer shaping the DNA in such a
way as to create a better binding site for the second dimer [11].

So how does IdeR read DNA shape? Analysis of the DNA conformation in the IdeR-DNA complexes, and
prediction of the shape features of sequence variations that are and are not recognized by IdeR, suggest that
IdeR reads minor groove width and/or deformability [11]. The TpA steps in the target sequence (i.e. the T-A
dinucleotides in the CCTAA repeats) are likely to be of particular importance for recognition because they
make the minor groove easy to deform [62]. Given that mutation of the thymine in position 3 of each repeat
abolishes recognition by IdeR, but mutation of the IdeR residues that interact with this base does not, minor
groove deformability may be the primary reason why the thymine in this position is important for recognition
[11,28,32]. Work is underway in our laboratory to test this hypothesis.

Open questions

Although in recent years, research into DtxR/IdeR has focused primarily on drug development [64-67], the regu-
latory mechanisms of these proteins are in fact far from fully understood. The role of DtxR/IdeR has been inten-
sively studied for pathogens, in particular of the genera Mycobacterium and Corynebacterium. In contrast, the role
of IdeR regulation in antibiotic-producing actinomycetes is understudied, despite their importance for antibiotic
discovery and production [68,69]. Many questions also remain regarding the molecular mechanisms of allosteric
activation and DNA recognition of IdeR. Accurately measuring protein-metal-binding affinities is far from
straightforward, resulting in ambiguous interpretations [70]. Moreover, we have only just begun to scratch the
surface of the DNA recognition mechanism of IdeR [11]. The most important unresolved questions are:

(i) Which genes does IdeR regulate in free-living, non-pathogenic actinomycetes? Which role does it play in
controlling primary and secondary metabolism?

(ii) What is the role of IdeR at half target sites which only bind one IdeR dimer?

(iii) How does IdeR activate certain genes?

(iv) Does IdeR interact with other factors in the cell to accomplish its tasks?
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(v) What is the source of the metal-binding cooperativity? Is it intra- or inter-molecular? How does metal
binding regulate IdeR dimerization?
(vi) What exactly is the role of the SH3-like domain in activation in different homologs?
(vii) What is the affinity of different IdeR homologs for Fe** as opposed to physiologically relevant competi-
tors? Does Zn”" play a role in IdeR activation in vivo in different organisms?
(viii) Which DNA shape features does IdeR recognize and how? How does the DNA mediate cooperative IdeR
binding?

Perspectives

e IdeR regulates iron homeostasis in many bacterial species of medical and industrial import-
ance. It also controls virulence in bacterial pathogens, making it an interesting drug target,
while in non-pathogenic, antibiotic-producing actinomycetes, this transcription factor influ-
ences multiple cellular processes, including secondary metabolism.

e IdeR is allosterically activated by binding two iron ions in a process which is mediated by
changing protein dynamics and protein—protein interactions. Activated IdeR finds its target
sites in the genome using a shape readout mechanism and then represses or activates
transcription.

e Although IdeR has been studied for 30 years, its molecular mechanisms remain incompletely
understood. A better understanding of these mechanisms will aid both drug development
against IdeR itself and the discovery and production of new antibiotics by genetic manipula-
tion of its host organisms.
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