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We used comparative genomics to investigate the distribution of conserved DNA-binding motifs in the regulatory
regions of genes involved in iron and manganese homeostasis in alpha-proteobacteria. Combined with other
computational approaches, this allowed us to reconstruct the metal regulatory network in more than three dozen
species with available genome sequences. We identified several classes of cis-acting regulatory DNA motifs (Irr-boxes
or ICEs, RirA-boxes, Iron-Rhodo-boxes, Fur-alpha-boxes, Mur-box or MRS, MntR-box, and IscR-boxes) in regulatory
regions of various genes involved in iron and manganese uptake, Fe-S and heme biosynthesis, iron storage, and usage.
Despite the different nature of the iron regulons in selected lineages of alpha-proteobacteria, the overall regulatory
network is consistent with, and confirmed by, many experimental observations. This study expands the range of genes
involved in iron homeostasis and demonstrates considerable interconnection between iron-responsive regulatory
systems. The detailed comparative and phylogenetic analyses of the regulatory systems allowed us to propose a
theory about the possible evolution of Fe and Mn regulons in alpha-proteobacteria. The main evolutionary event likely
occurred in the common ancestor of the Rhizobiales and Rhodobacterales, where the Fur protein switched to
regulating manganese transporters (and hence Fur had become Mur). In these lineages, the role of global iron
homeostasis was taken by RirA and Irr, two transcriptional regulators that act by sensing the physiological
consequence of the metal availability rather than its concentration per se, and thus provide for more flexible
regulation.
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Introduction

Iron is an extremely important element in biology. This
metal is an integral part of heme and is used as a cofactor in
Fe-S proteins. Among the most important cellular functions
of iron proteins are protection from oxidative and nitrosative
stresses (catalases, peroxidases, oxygenases), nitrogen fixation
(nitrogenases), hydrogen production and consumption (hy-
drogenases), photosynthesis, and methanogenesis [1]. To
supply these huge and varied iron needs, bacteria have
evolved multiple systems for iron uptake. The ferrous (Fe2þ)
form of iron is acquired by a specific type of transporter,
FeoAB [2], whereas ferric iron (Fe3þ) is taken up by Fbp-type
ATP-binding cassette (ABC) transporters [3]. Since ferric iron
is extremely insoluble, many organisms produce specific iron-
binding agents called siderophores, which solubilize iron, the
Fe3þ�siderophore complex being imported via specific trans-
port systems, usually including an ABC transporter and an
energy-transducing system provided by TonB and ExbBD
[1,4]. Heme can also act as an iron source for many animal-
and plant-associated bacteria, this molecule being imported
by dedicated transport systems [5]. To avoid cell damage by
excess iron caused by the Fenton-reactive radicals, organisms
maintain homeostasis of intracellular Fe by (i) regulating the
levels of expression of the genes involved in Fe uptake; (ii)
using intracellular storage proteins, such as bacterioferritins;
(iii) selective expression of Fe-dependent and Fe-independ-
ent enzymes in cells grown, respectively, in Fe-replete and Fe-

depleted media [1]; and (iv) detoxification of iron by specific
efflux systems [6].
The best-known system of iron homeostasis in bacteria is

mediated by the Fur (ferric uptake regulator) transcriptional
regulator, which has been extensively studied in various
taxonomic groups including c- and b-proteobacteria, bacilli,
and cyanobacteria [7–16]. When Fur interacts with ferrous
iron in Fe-replete conditions, it binds avidly to conserved
sequences, known as FUR-boxes, and represses the initiation
of transcription of its target genes. Global expression
analyses in Escherichia coli show that Fur can repress up to
100 genes in iron-rich medium, many of which are directly
involved in iron uptake, but others have more tangential links
to Fe metabolism [17]. On the other hand, several genes, such
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as those encoding bacterioferritin and iron-containing
enzymes (e.g., fumarase, superoxide dismutase) are positively
regulated by Fur through the repression of a small antisense
RNA [18].

In contrast, known global iron-responsive repressors in
Gram-positive actinobacteria belong to a distinct protein
family (represented by IdeR in Mycobacterium tuberculosis and
by the closely related DtxR in Corynebacterium diphtheriae),
which have no sequence similarity to Fur, although the
tertiary structures of the DtxR/IdeR and the Fur proteins do
resemble each other [19,20]. The DtxR family of metal-
loregulators also includes the manganese-responsive repress-
or MntR from enterobacteria, bacilli, and actinobacteria [21–
23]. In addition to the global Fe-responsive factors, there are
several local regulators, such as the specialized FecI r-factor
in E. coli or the AraC-type transcriptional factor AlcR in
Bordetella, which regulate genes involved in the uptake of
ferric citrate or of siderophores, respectively, and which are
components of Fe-responsive regulatory cascades that are
mediated by Fur [24,25].

The a-proteobacteria comprise a very widespread, diverse
group of organisms that affect many aspects of life on Earth.
Some are plant pathogens (Agrobacterium), some infect animals
(e.g., Brucella, Bartonella, Rickettsias), some are plant symbionts
(e.g., Rhizobium, Bradyrhizobium), and many affect environ-
mental parameters, ranging from photosynthesis by Rhodo-
bacter to the degradation of xenobiotics by Novosphingobium.
Also, as shown by the massive sequencing of bacterial
metagenomes in the ocean, a huge majority of a-proteobac-
teria have never been grown, named, or studied [26].
Cosmopolitan oceanic a-proteobacteria from the SAR11
clade (e.g., Pelagibacter spp.) are the most widespread
organisms on the planet [27]. Given the key role of iron in
processes ranging from photosynthetic reaction centres in
Rhodobacter and N2 fixation in rhizobia to the magnetite
crystals of Magnetospirillum, it is remarkable how very few

direct studies have been done on Fe-responsive gene
regulation in a-proteobacteria.
A close homologue of Fur has been identified and studied

in the a-proteobacterial rhizobial species Rhizobium legumino-
sarum and Sinorhizobium meliloti, but this ‘‘Fur’’ is not involved
in the global regulation of iron uptake. It has a different and
more minor role, mediating Mn2þ-dependent repression of
the manganese transporter operon sitABCD, and thus was
termed ‘‘Mur’’ (manganese uptake regulator) [28–31]. In
Bradyrhizobium japonicum, a micro-symbiont of soybeans, a
Fur homologue is an iron-responsive transcriptional repress-
or that affects iron uptake in vivo [32] and regulates another
iron regulatory gene (irr) by direct binding to its upstream
region in vitro [33].
Instead of Fur, another protein, called RirA, was identified

as being a global iron-responsive transcriptional regulator of
iron uptake and metabolism in Rhizobium and Sinorhizobium
[34,35]. Most importantly, RirA represses expression of genes
involved in ferrous iron and heme transport, siderophore
biosynthesis and transport, and synthesis of Fe-S clusters [34].
Subsequent proteomic studies on R. leguminosarum [36] and
transcriptomic analysis in S. meliloti [37] confirmed and
extended the wide-ranging effects of RirA on Fe-dependent
gene expression. RirA belongs to the large and widespread
Rrf2 family of transcription factors, which have no sequence
similarity to the Fur- or DtxR-like regulators. The best-
characterized members of this Rrf2 family are the Fe-S cluster
biogenesis regulator IscR in E. coli [38,39] and the nitrite-
responsive regulator NsrR from c- and b-proteobacteria [40].
In R. leguminosarum, strong circumstantial evidence shows that
the RirA repressor binds to cis-acting motifs at promoters of
iron uptake genes [41]. These motifs were named iron-
responsive operators (IRO) [42].
Another iron-responsive regulator from the Fur super-

family, called Irr, was originally identified in B. japonicum as a
repressor of the heme biosynthesis gene hemB in iron-limited
cells [42,43]. The B. japonicum Irr protein is very unstable in
Fe-replete cells. This post-translational instability is mediated
by an interaction between heme (whose intracellular concen-
tration is positively correlated with that of the extracellular
Fe) and at least two different regions of the B. japonicum Irr
protein [44]. One of these regions, the N-terminal heme-
recognition motif, is not conserved in the Irr regulators of
most species, including Brucella abortus, whose Irr has been
shown to bind heme in vitro [45]. The B. japonicum Irr protein
can bind to a conserved cis-acting motif, called ICE (iron
control element) [46]. The ICE motifs, with the consensus 59-
TTTAGAA-N3-TTCTAAA-39, were observed upstream of
many B. japonicum genes that had a clear link with iron. It
has been proposed that, depending on its location within
promoter regions, the ICE is involved in either positive or
negative control of gene expression [46,47]. Recent micro-
array studies of the irr mutant identified many other Irr
targets in B. japonicum and confirmed that Irr is both a
positive and a negative effector of iron-dependent gene
expression [48]. The Irr ortholog in R. leguminosarum also acts
in response to iron availability as an ICE-dependent regulator
of transcription of a wide range of genes, including those
involved in heme biosynthesis, Fe-S biogenesis, and ferric
siderophore uptake [49].
Recently, the experimental findings on iron-controlled

gene expression in rhizobia were reviewed by Rudolph et al.
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Synopsis

The availability of hundreds of complete genomes allows one to use
comparative genomics to describe key metabolic processes and
regulatory gene networks. Genome context analyses and compar-
isons of transcription factor binding sites between genomes offer a
powerful approach for functional gene annotation. Reconstruction
of transcriptional regulatory networks allows for better under-
standing of cellular processes, which can be substantiated by direct
experimentation. Iron homeostasis in bacteria is conferred by the
regulation of various iron uptake transporters, iron storage ferritins,
and iron-containing enzymes. In high concentrations, iron is
poisonous for the cell, so strict control of iron homeostasis is
maintained, mostly at the level of transcription by iron-responsive
regulators. Despite their general importance, iron regulatory
networks in most bacterial species are not well-understood. In this
study, Rodionov and colleagues applied comparative genomic
approaches to describe the regulatory network formed by genes
involved in iron homeostasis in the alpha subclass of proteobacteria,
which have extremely versatile lifestyles. These networks are
mediated by a set of various DNA motifs (or regulatory signals)
that occur in 59 gene regions and involve at least six different metal-
responsive regulators. This study once again shows the power of
comparative genomics in the analysis of complex regulatory
networks and their evolution.

Regulation of Iron and Manganese Homeostasis



[50], who presented the differences and similarities with
regard to the operators, regulons, and structure of the iron
regulatory proteins RirA, Irr, and Fur/Mur that had been
investigated in three species of rhizobia (B. japonicum, R.
leguminosarum, and S. meliloti).

The work described in this paper extends the study of Fe-
responsive gene regulation to many more bacterial lineages
and more candidate Fe-regulated genes. The availability of
nearly 40 genome sequences for the a-proteobacteria group
prompted us to investigate their iron regulatory networks
using computational identification of regulatory sites and
comparative genomics approaches [40]. Here, we describe the
tentative genomic reconstruction of the iron (Fur, Irr, and
RirA), manganese (Mur and MntR), and Fe-S biogenesis (IscR)
regulons in the sequenced species of a-proteobacteria and
show significant variability and connectivity in these regu-
latory networks. For each genome, we report computational
identification of several classes of cis-acting iron regulatory
DNA motifs (including ICE-, IRO-, and Fur-boxes) in the 59-

regions of most genes involved in iron uptake and storage,
and usage. In several lineages and species of a-proteobacteria,
we observed lineage-specific members of iron regulons,
overlap between regulons, and potential regulatory cascades
involving different iron regulators. Finally, we discuss
potential evolutionary scenarios for this unique regulatory
network.

Results/Discussion

Phylogenetic Analysis of Iron/Manganese Regulators in a-

Proteobacteria
We searched the genomes of a-proteobacteria available in

the Genbank database (http://www.ncbi.nlm.nih.gov/Genbank,
as of August 2006) for homologs of each of five known wide-
ranging regulators (RirA, Irr, Mur, Fur, and MntR) that
respond to Fe and/or Mn availability. In addition, we
considered the phyletic distribution of orthologs of the IscR
regulator, which controls the Fe-S biogenesis genes in E. coli

Figure 1. Distribution of Irr, Fur/Mur, MntR, RirA, and IscR Regulators in a-Proteobacteria

Genome abbreviations are given in the second column. The conventional taxonomic tree of a-proteobacteria shown on the left of the table was
adapted from the NCBI Taxonomy Homepage (http://www.ncbi.nlm.nih.gov/Taxonomy/taxonomyhome.html) and is in agreement with the tree of a-
proteobacteria based on 16S rRNA sequences [64]. Double plus (‘‘þþ’’) denotes the presence of two genes encoding copies of a given transcription
factor.
doi:10.1371/journal.pcbi.0020163.g001
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[39], since the latter genes are also frequent members of iron
regulons [49,51]. The occurrence of these six classes of
transcriptional regulators among the analyzed bacterial
lineages is summarized in Figure 1.

Fur/Mur. Orthologs of the conventional Fur regulator are
present in nearly all a-proteobacteria, forming a compact
branch on the phylogenetic tree of the Fur superfamily
(Figure 2A). The ‘‘Fur’’ protein in at least two rhizobia species
is a ‘‘Mur,’’ manganese uptake regulator. The exceptions,
which lack any such Fur-like proteins, are Rhodobacter
capsulatus and Mesorhizobium loti and pathogens from the
Rickettsiales order. We noticed that in bothMesorhizobium and
Rhodobacter genera, one each of the species whose genome had
been sequenced contained the fur-like gene, but the other did
not (Figure 1). However, and unusually, these two strains have
orthologs of the Mn-responsive repressor MntR from the
DtxR family (see the ‘‘MntR regulon’’ section below).

The characteristic Fe-binding motif ‘‘His-His-Glu-His’’ that
is present in Fur proteins from c-proteobacteria is conserved
in all Fur/Mur orthologs in a-proteobacteria [19]. Among
these Fur/Mur proteins, only three have been characterized
experimentally: the Mn-responsive regulators of the Mn2þ

uptake operon in S. meliloti and R. leguminosarum, and the Fe-
responsive regulator of the irr gene in B. japonicum [23–28].
Some mur genes are adjacent on the chromosome to the
manganese uptake sit operons. Functional analysis of genes
preceded by the candidate binding sites of Fur/Mur regu-
lators (see next section) allowed us to tentatively distinguish
regulators of iron homeostasis (Fur) from the regulators of
manganese uptake (Mur).

Irr. This highly unusual set of the iron-responsive
regulators is found only in some lineages of the a-
proteobacteria and forms a distinct branch within the Fur
superfamily, and which differs significantly from the Fur/Mur
proteins (Figure 2B). The N-terminal DNA-binding domains
in the Irr and Fur/Mur proteins are more similar to each
other than are their C-terminal dimerization domains. The
Fe-binding motif of Fur proteins is not conserved in Irr
proteins although two or three His residues are present in the
corresponding regions of these proteins. Irr orthologs are
present in all analyzed genomes from the Rhizobiales and
Rhodobacterales orders of a-proteobacteria, as well as in the
Rhodospirillum and Magnetospirillum species (Figure 1). Some of
these genomes (Bradyrhizobium, Rhodopseudomonas, Brucella, R.
leguminosarum, and Magentospirillum species) encode two Irr
paralogs that do not show strong pairwise sequence similarity
within the sequenced strains. In addition, an Irr ortholog with
less sequence similarity to the others was found in Pelagibacter
ubique, a cosmopolitan oceanic bacterium from the SAR11
clade of a-proteobacteria, which is rather distantly related to
the other Irr-containing lineages [27]. As mentioned, at least
one Irr protein in bacteria from each strain in the
Bradyrhizobiaceae group contains a heme-recognition motif,

but this motif is missing from all other Irr proteins (Figure
2B).
RirA. The iron-responsive regulator RirA is a member of

the Rrf2 superfamily of transcriptional regulators and
belongs to the subfamily of the NsrR-like regulators (Figure
3A) that regulate various genes involved in the nitrogen oxide
metabolism in Gram-positive and Gram-negative bacteria
[40]. The R. leguminosarum RirA protein has orthologs (;70%
identity) in the genomes of other sequenced genera of the
Rhizobiaceae group, as well as in Brucella, Bartonella, and
Mesorhozobium species (Figure 1). However, RirA is absent in
the genomes of other Rhizobiales species from the Bradyrhi-
zobiaceae group including B. japonicum, Rhodopseudomonas
palustris, and Nitrobacter species.
Many regulatory proteins are encoded by genes that are

closely linked to at least some of the genes that they regulate
[52]. Thus we noted positional linkage of the rirA gene with
iron uptake or storage genes in five genomes (S. meliloti,
Agrobacterium, Brucella, and Mesorhizobium species). Outside of
the Rhizobiales group, rirA homologs are often adjacent to
nitrosative stress genes (Figure 3A) and are supposed to
regulate nitrogen oxide metabolism genes, similarly to the
nitrite-responsive repressor NsrR [40].
IscR. The IscR regulator of the Fe-S cluster biogenesis

genes also belongs to the Rrf2 superfamily [39]. IscR orthologs
are widespread in proteobacteria (Figure 3B). Among a-
proteobacteria, they were found in the Rhodobacterales,
Rhodospirillales, Sphingomonadales, Rickettsiales, and Cau-
lobacterales orders, where they are always located immedi-
ately upstream of the Fe-S synthesis suf genes. Although the
suf genes are ubiquitous among a-proteobacteria, there is no
cognate iscR regulator in the Rhizobiales order (Figure 1). In
contrast, regulation of the suf genes in Rhizobiales is
mediated by the wide-ranging iron regulators RirA and Irr
[36].

Identification of Regulatory Motifs and Reconstruction of
Regulons
We used an ab initio bioinformatic approach to identify

conserved sequences in the regulatory regions of potentially
Fe-regulated operons in the a-proteobacteria. To do this, we
applied the DNA motif detection procedure to a training set
of upstream regions of various iron uptake genes from the
bacteria whose genomes encode the specific, cognate tran-
scriptional factor. The initial training set of 59 gene regions
and the procedure used to predict the regulon members were
modified in each case, depending on the nature of the
available experimental data for the particular regulon and/or
by analogy with the respective regulatory systems in other
classes of bacteria (see Materials and Methods for details). The
predicted regulatory motifs for the transcriptional factors
Mur, Fura, RirA, Irr, IscR, and MntR in a-proteobacteria, the
position of sites relative to the proximal downstream genes,

Figure 2. Phylogenetic Tree of a-Proteobacterial Regulators from the Fur Superfamily

(A) Fur/Mur, (B) Irr. Experimentally characterized regulatory proteins are in bold and boxed. Positional clustering (i.e., close linkage) of the mur genes
with the target manganese uptake sit operons is shown by background grey. Irr proteins with the heme regulatory motif (see text) at their N-termini are
marked with asterisks. Functional annotation of the ‘‘mur’’ and ‘‘fura’’ regulators is based on the genomic analysis of their candidate regulatory motifs
that occur in 59 regions of either manganese or iron uptake genes, respectively. Possible role of the B. japonicum regulator Fur in the control of the
manganese uptake gene mntH was predicted in this study and is not yet proved.
doi:10.1371/journal.pcbi.0020163.g002
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names, and annotation of the candidate regulon members are
listed in Tables S1–S7.

RirA regulon. Analysis of upstream regions of candidate
iron uptake genes in a-proteobacteria possessing a close RirA
ortholog (the Rhizobiales species except the Bradyrhizobia-
ceae group; Figure 1) yielded a conserved palindromic motif
with the consensus 59-TGA-(N9)-TCA-39 (Figure 4A). The
newly proposed RirA recognition motif, named RirA-box,
overlaps and slightly differs from the previously identified
IRO motif in the promoter regions of some genes in R.
leguminosarum that were shown to be repressed by RirA in Fe-
replete conditions [35]. The newly constructed recognition
profile was used to scan the genomes of Rhizobiales for
additional candidate RirA-boxes, allowing us to tentatively
identify many additional candidate targets of RirA (Table S1).
For all these species except, notably, the Bradyrhizobiaceae
group, we observed many highly significant matches in the
upstream regions of genes involved in iron metabolism. The
largest class of genes with candidate RirA-boxes in upstream
regions is involved in iron uptake and storage.

RirA-box verification. To confirm the importance of this
novel iron regulatory motif, we conducted site-directed muta-
genesis of the candidate RirA-boxes in the promoter regions of
two divergently transcribed genes (vbsC and rpoI) in R.
leguminosarum (Figure 5). Each of the most highly conserved
parts of this RirA-box was separately mutated, and the Fe-
responsive expression of rpoI-lacZ and vbsC-lacZ transcriptional
fusions was measured. In both cases, the substitution of the
TCA with AGT caused hyperexpression in the presence of Fe,
with no RirA-mediated repression being seen in the ‘‘þFe’’
conditions. In contrast, theTGA toACTsubstitutiondecreased
the overall level of expressionof rpoI and vbsC and abolishedFe-
determined repression. Therefore, this region might actually
form part of the promoter, as well as having a role in the Fe-
responsive gene regulation. Thus, the conserved triplets within

the newly identified RirA-box are indeed involved in the RirA-
dependent repression in the presence of Fe.
Iron regulon in Rhodobacteraceae. In the absence of any

experimental data about iron regulation in this group of a-
proteobacteria, we attempted to reconstruct their possible
iron regulons by applying themotif detection procedure to the
set of 59 regions of candidate iron uptake genes. This resulted
in the identification of a highly conserved 19-bp palindromic
signal, which we term the Iron-Rhodo-box, which occurs in
upstream regions of most iron uptake and storage genes in all
12 of the available genome sequences of the Rhodobacteraceae
group (Table S2). The candidate iron regulatory DNAmotif in
the Rhodobacteraceae is similar to the RirA-box motif in the
Rhizobiales (Figure 4A and 4B) and has some resemblance to
the known IscR-binding motif from c-proteobacteria (59-
ctTGActaanttacTCAgg-39) [38]. This intriguing similarity is
discussed in more detail in the last section.
Irr regulon. Since the RirA regulon is absent in the

Bradyrhizobiaceae, we performed a search for any conserved
cis-acting regulatory sequences in the upstream regions of
genes involved in the iron homeostasis in the four sequenced
genomes from this lineage. This identified a conserved motif
with palindromic symmetry and the consensus sequence 59-
TTTRGAAYNRTTCYAAA-39 (Figure 6B). Not surprisingly,
this DNA motif is similar to the ICE initially described in B.
japonicum by Nienaber et al. [47] and recently confirmed to be
a target of the Irr regulator [46]. We noted that this Irr
regulatory motif is shared by most B. japonicum iron uptake
and storage genes, as well as by other genes involved in the
iron metabolism such as suf, hemA, and many operons
encoding iron-containing enzymes (acnA, ccm, cyc, fumA, fdh,
fdx, hup, ior, katG, nuo, sdh, and bll2737-bll2736).
To analyze the Irr regulon further, we used the constructed

recognition profile to scan the genomes of other a-proteo-
bacteria. Candidate Irr-binding sites were identified in the

Figure 3. Phylogenetic Tree of the a-proteobacterial Regulators from the Rrf2 Superfamily

(A) RirA/NsrR, (B) IscR. Genome abbreviations are listed in Figure 1. nsrR/rirA homologs positionally linked with the nitrosative stress response genes are
underlined.
doi:10.1371/journal.pcbi.0020163.g003
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genomes of all a-proteobacteria from the Rhizobiales and
Rhodobacterales orders (Table S3). Several interesting ex-
ceptions to this notable phylogenetic distribution of Irr/ICE
are Pelagibacter ubique, Rhodospirillum rubrum, and Magneto-
spirillum species, whose genomes have only one or two
candidate ICE sites. The minimal Irr regulons in these species
are predicted to include only either the di-heme cytochrome
c peroxidase or a rubrerythrin-like protein constituting a
non-heme iron-binding domain. Apart from the above-
mentioned species and lineages of a-proteobacteria, Irr
regulators and ICE recognition motifs were not found in
other bacterial genomes.
Compared with the Bradyrhizobiaceae, the predicted Irr

regulons of other Irr-containing species have many fewer
target genes, most of which are involved in iron storage
(bacterioferritins) and usage (Fe-S and heme biosynthesis,
and some iron-containing enzymes) (Figure 7). Therefore,
there is strong correspondence between the presence of Irr-
binding motifs (ICE) and at least one irr gene in the genome
of any given species. Despite the difference in the Irr regulon
content, the consensus sequences of ICE motifs (Figure 6) are
well-conserved in various lineages of a-proteobacteria.
Mur regulon. In an attempt to describe this manganese

regulon in a-proteobacteria, we applied the motif detection
procedure to the upstream regions of candidate Mn2þ uptake
operons, chosen by their homology to known manganese
transporters. This identified a 19-bp palindromic motif
(Figure 4C; Table S4) that coincides with the Mur-responsive
sequences (MRSs) that were shown in DNase I protection
assays to be the Mur-binding site of R. leguminosarum sitABCD
[53]. Two different manganese transport systems, ABC-type
sitABCD and NRAMP-type mntH, were found to be associated
with the identified candidate MRS sequences in most a-
proteobacteria from the Rhizobiales and Rhodobacterales
orders (Figure 7). Three species (R. leguminosarum, Mesorhi-
zobium sp., and Agrobacterium tumefaciens) have both sitABCD
and mntH genes, and the upstream regions of both sets of
genes contain candidate Mur-responsive sites. In S. meliloti,
Sulfitobacter, and Rhodobacterales species, their mur and sitABCD
genes are closely linked, supporting the hypothesis that the
MRS motif is also a target of Mur in the Rhodobacteraceae
group.
An interesting exception was found in two Rhodobacter-

ales species, Roseovarius nubinhibens ISM and Oceanicola
granulosus HTCC2516, which have Mur orthologs but lack
any known Mn uptake system, since they have neither MntH
nor SitABCD transporters. In both these marine bacteria, an
MRS site was found upstream of a conserved gene named
mntX (the corresponding genomic identificators are
ISM_02005 and OG2516_13601), which encodes a predicted
integral membrane protein with unknown function. Thus,
our analysis may have identified a candidate for another,
hitherto unknown, Mn2þ transporter.
We also noted weaker MRS-like sequences sites upstream of

the iron regulatory gene irr in Bradyrhizobiaceae and some
Rhodobacterales. In B. japonicum, a candidate MRS within the
irr promoter region coincides with the experimentally
defined Fur-binding site [43]. Furthermore, one of the irr
paralogs in B. melitensis is preceded by a strong-candidate
MRS site. Thus, at least in some a-proteobacteria, Fur/Mur’s
may have a dual role in the control of Mn2þ uptake genes and
the iron regulatory irr genes.

Figure 4. Sequence Logos for the Predicted Regulatory Sites in a-

Proteobacteria

(A) RirA-box (IRO) in eight species from the Rhizobiales order (four
Rhizobiaceae, two Mesorhizobium species, Brucella, and Bartonella).
(B) Iron-Rhodo-box in the Rhodobacteraceae.
(C) Mur-box (MRS) in the Rhodobacteraceae/Rhizobiales.
(D) Fura-box in other a-proteobacteria species.
(E) IscRa-I motif in the Rhodobacterales, the Rickettsia, Pelagibacter,
Oceanicaulis, Caulobacter, Parvularcula, Rhodospirillum, and Magneto-
spirillum species.
(F) IscRa-II motif in the Sphingomonadales and Gluconobacter species.
doi:10.1371/journal.pcbi.0020163.g004
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MntR regulon. The genomes of R. capsulatus and M. loti lack
the fur/mur gene but do contain a copy of the mntR gene,
located next to mntH. This suggests that, in contrast to many
other a-proteobacteria with Mur, the uptake of Mn2þ in these
two species is regulated by MntR, an ortholog of the Mn2þ-
sensing transcriptional regulator from E. coli and B. subtilis
[22,23]. By applying the signal detection procedure to 59

regions of the mntH genes from the MntR-containing
genomes of a-proteobacteria, we identified a 20-bp palin-
dromic motif (Figure 8; Table S5), which is similar to the
consensus MntR-binding site in enterobacteria (59-AACA-
TAGCnnnnGCTATGTT-39) [23]. The presence of mntR in the
genome of Mesorhizobium sp. BNC1 is enigmatic since the only
candidate MntR-binding site was found upstream of mntR
itself, suggesting its autoregulation, whereas Mn2þ uptake
transporters in this species (mntH and sit) are likely under the
control of Mur. Interestingly, the Bradyrhizobium sp. strain
BTAi1 has two mntH paralogs, one of which is a candidate
member of the Mur/Fur regulon and has an MRS-like
sequence, and the other one of which is preceded by a strong
candidate MntR-binding site.

Fura regulon. We attempted to describe the iron regulons
in a-proteobacteria outside of the Rhizobiales and Rhodo-
bacteraceae groups, which have no Irr and RirA regulons but

possess Fur/Mur-like proteins (Figure 1). To do this, we
performed similarity searches to identify candidate iron
uptake genes, and used their upstream regions as training sets
for motif detection. This analysis was performed separately
for each species from the Rhodospirillales and Sphingomo-
nadales subgroups, as well as for Caulobacter crescentus,
Parvularcula bermudensis HTCC2503, and Oceanicaulis alexandrii
HTCC2633. This resulted in the identification of a set of
closely related regulatory motifs (Figure S1) with a common
palindromic consensus, which we term the Fura-box. The
proposed Fura recognition motif is similar to the previously
defined MRS motif in other a-proteobacteria (Figure 4C and
4D), and has some resemblance to known Fur-binding motifs
from various a-proteobacteria and B. subtilis (59-AATGA-
TAATnATTATCATT-39) [14–16].
Scanning the genomes with the constructed recognition

profiles allowed us to tentatively predict the content of Fura

regulons in the a-proteobacteria lineages that lack both the
RirA and Irr regulons (Table S6). The most abundant
members of these predicted Fura regulons are TonB-depend-
ent outer membrane iron receptors (OMP), the ferrous iron
transporters feoAB, and the ferric iron transporters fbpABC
and ftr/chpA. Other candidate iron uptake genes, including
piuB, piuC, and exbBD-tonB, as well as the hemin ABC

Figure 5. Validation of the Predicted RirA Recognition Motif in R. leguminosarum by Site-Directed Mutagenesis

(A) RirA-box in the common intergenic region of the RirA-regulated vbsC and rpoI genes in R. leguminosarum. The sequence of this region is shown
where the transcription start sites are in bold and marked by arrows. The previously identified IRO-boxes for vbsC and rpoI [41] are under the dashed line
brackets. The highly conserved ‘‘TGA’’ and ‘‘TCA’’ in the newly described RirA-box are highlighted.
(B) Effect of mutating the conserved regions of the RirA-boxes on Fe-responsive expression of rpoI-lacZ and vbsC-lacZ transcriptional fusions. The
previously described [41] plasmids pBIO1328 and pBIO1306 are based on the wide host-range promoter probe plasmid pMP220 [80] and contain the
promoter and regulatory regions of rpoI and vbsC, respectively, fused to its promoter-less lacZ gene. In addition, four new sets of mutant derivatives
were made, in which the conserved ‘‘TGA’’ and ‘‘TCA’’ sequences of the RirA-box were substituted, using methods described by Yeoman et al. (2004).
Mutant derivatives of pBIO1328 and pBIO1306 with substitutions of the conserved TGA and TCA sequences of the RirA-box were made using the
Stratagene ExSite PCR-based Site-directed Mutagenesis kit, with each of these two plasmids being used as template and a suitable oligonucleotide as
the mutagenic primer. The mutated forms are shown with dark backgrounds. Each of the six plasmids was individually mobilized into wild type R.
leguminosarum. Transconjugants were grown in Fe-replete and Fe-depleted medium and assayed in triplicate for b-galactosidase activity as in Wexler et
al. [81].
doi:10.1371/journal.pcbi.0020163.g005
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transporter hmu, are predicted to be members of the
Furaregulons in at least some species. Also, in some a-
proteobacteria, candidate Fura sites were identified upstream
of genes for iron storage (bacterioferritin bfr), heme biosyn-
thesis (hemA), Fe-S biogenesis (suf), and iron-utilizing enzymes
(sdh, nuo). Finally, we noted an interesting extension of the
Fura regulon in both Magnetospirillum species, where, in
addition to multiple iron uptake genes, candidate Fura sites
were observed upstream of some genes related to its unusual
magnetotactic phenotype, in particular, mms6, mms7, and
mms13, that encode magnetosome membrane proteins. These
findings suggest that in addition to its predominant role in
regulation of iron uptake, Fura has an extended role in
controlling iron homeostasis in these a-proteobacteria
(Figure 7).

Lastly, Pelagibacter ubique is predicted to have only one Fura-
regulated operon, encoding the ferric cation ABC trans-
porter Fbp. All other known iron transport and storage genes
are missing from its very small genome.

IscR regulon. Expression of the Fe-S cluster biogenesis
operons isc and suf in a-proteobacteria is repressed by the Fe-
S cluster–containing transcription factor IscR [39] and the
latter operon is also negatively regulated by Fur [51]. The suf
gene loci in the Rhizobiales genomes are the predicted (and
in the case of R. leguminosarum, validated) members of the
RirA and Irr regulons. Unusually, these genomes lack an
ortholog of the IscR repressor. However, the chromosomal

clusters of suf genes in all other c-proteobacteria, including
obligate pathogenic Rickettsia, include an iscR homolog,
allowing us to propose that the IscR-dependent mechanism of
regulation is conserved in these species.
On the phylogenetic tree of the IscR subfamily there are

two separate branches of a-proteobacterial IscR-like proteins
(Figure 3B). The IscRa-I group is most similar to IscR proteins
from c-and b-proteobacteria, and the respective suf loci are
preceded by a 19-bp palindromic motif that resembles the
IscR-binding motif from a-proteobacteria [39] (Table S7;
Figure 4E). The IscRa-II group, seen in four Sphingomona-
dales species and G. oxydans, is quite diverged from the IscRa-I
group, and the predicted DNA recognition motif for the
second group has only limited similarity to the IscRa-I motif
(Figure 4E and 4F).

Functional Content of Candidate Iron Regulons
The identification of candidate iron regulatory motifs in

the genomes of a-proteobacteria allowed us to reconstruct
their likely iron regulons (Figure 6). In spite of the variety of
regulatory systems in the different taxonomic groups, the
structural genes that constitute the core of the iron regulons
in a-proteobacteria, and other well-characterized bacteria
such as E. coli and B. subtilis, almost completely coincide. In
other words, if ‘‘geneX’’ is regulated in response to Fe in (e.g.)
E. coli, then the ‘‘geneX’’ ortholog is also Fe-regulated in the a-
proteobacteria, even though the regulatory protein may be
very different. These genes include most of those involved in
various aspects of iron metabolism, including iron uptake
transporters, iron storage ferritins, and some systems that use
iron as a cofactor. The comparative analysis of the iron
regulons also allowed us to identify several new components
that are likely implicated in iron homeostasis in a-proteobac-
teria.
Iron uptake systems. The heme utilization hmu clusters that

encode components of the TonB-dependent transport
system, and hemin-degrading proteins, are among the most
conserved members of the iron regulons. Depending on the
particular species, candidate ICE-box, RirA-box, Iron-Rhodo-
box, or Fura-box motifs are present in the regulatory regions
of most hmu operons (Figure S2). Orthologs of the ferrisider-
ophore ABC transporters fhu, fat, fep, fec, and irp6 are less
common in a-proteobacteria, being found only in some
Rhizobiales and Rhodobacterales species. Various TonB-
dependent OMPs for ferrisiderophores, which are accompa-
nied by the exbBD-tonB genes, are the most numerous
representatives of the iron regulons in many a-proteobac-
teria. The candidate iron regulons also include the majority
of the Fbp-type ferric cation ABC transporters and the
FeoAB ferrous iron transport systems, which are widely
distributed in a-proteobacteria. A putative iron transport
operon encoding a homolog of the ferric iron transporter
FTR1 from yeast [54], a ferredoxin-like protein, and a
periplasmic metal-binding protein ChpA [55] are present
only in some species, and are predicted to be regulated by
either a RirA-box (Mesorhizobium sp.), an Iron-Rhodo-box
(R. capsulatus), an ICE-box (B. melitensis), or a Fura-box
(Rhodospirillum and Magnetospirillum species).
Iron storage ferritins. Bacterioferritin bfr and ferredoxin

bfd (which are nearly always adjacent to each other) are
predicted to be controlled by cognate iron regulatory
elements in most a-proteobacteria. Another conserved

Figure 6. Sequence Logos for the Predicted Irr Recognition Motifs (ICEs)

in Various Groups of a-Proteobacteria

(A) Rhizobiaceae plus Mesorhizobium, Brucella, and Bartonella species.
(B) Bradyrhizobiaceae group.
(C) Rhodobacteraceae group.
(D) Rhodospirillales group.
doi:10.1371/journal.pcbi.0020163.g006
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Figure 7. Occurrence of Candidate Regulatory Elements and Genes Involved in the Iron and Manganese Homeostasis in a-Proteobacteria

Only conserved members of the predicted Fe/Mn regulons are shown. Genes are arranged by their functional role. Genomes are arranged by taxonomic
lineages. When the gene is present in the genome, the background colors denote the presence of the specific recognition motif in its upstream region.
If the gene is preceded by two different regulatory motifs, it is shown by a diagonally separated bicolor square. Differential regulation of two mntH
paralogs in Bradyrhizobium sp. BTAi1 by Fur/Mur and MntR regulons is shown by vertically separated bicolor square. Genes without any candidate iron
or manganese regulatory motifs described in this study are indicated by grey background color. Empty crossings denote the absence of an orthologous
gene in the genome.
doi:10.1371/journal.pcbi.0020163.g007
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member of the candidate iron regulons, the hypothetical
gene irpA, was often found to be adjacent to the bfd-bfr genes,
suggesting that its product could be also involved in iron
storage. In agreement with this, the irpA gene in a
cyanobacterium, Synechococcus sp., is induced under Fe
deficiency and is involved in Fe-limited growth [56]. Another
highly conserved and rather unusual member of the Irr
regulon, which may play a role in iron storage, is encoded by
the mbfA gene. In R. leguminosarum and B. japonicum, mbfA was
shown to be repressed directly by Irr in low-iron conditions
[46,49]. MbfA has a ferritin-like N-terminal domain and a C-
terminal domain with four predicted transmembrane seg-
ments that belong to the PF02915 and PF01988 protein
families, respectively, according to the PFAM database. The
exact function of MbfA is unknown but its domain
composition suggests that it may function as a membrane-
bound ferritin. Finally, the predicted iron regulons in three
Rhodobacteraceae include the dps gene, encoding a ferritin-
like protein that protects cells from oxidative stress by
sequestering iron and limiting Fenton-catalyzed oxy-radical
formation [57].

Fe-S cluster biogenesis. The suf operon is predicted to be a
conserved member of the Irr regulon in most Rhizobiales/
Rhodobacterales, as this had been confirmed experimentally
in the case of R. leguminosarum [36]. It is also an ‘‘optional
member’’ of the RirA regulon in the Rhizobiaceae group,
Brucella and Bartonella species, where it can be regulated by
both Irr and RirA or by Irr alone. The cognate Fe-S repressor
IscR likely controls the suf genes in all a-proteobacteria
except the Rhizobiales order, which lacks this regulator.
Another gene, fssA (iron sulfur scaffold), likely to be involved
in the formation and maturation of Fe-S clusters in enzymes,
was identified as a conserved member of the Irr regulon in
the Rhizobiaceae and Rhodobacteraceae groups, and had
been shown experimentally to be regulated by IrrA in R.
leguminosarum [49].

Heme biosynthesis. The hem genes are present in almost all
studied a-proteobacteria [58], but only some of them belong
to the predicted iron regulons. The hemA gene, which encodes
the first dedicated step in the heme synthesis, is often
preceded by a candidate ICE motif (the Rhizobiaceae,
Nitrobacter, Sulfitobacter, Loktanella, and Oceanicola species) or a
Fura-box (Oceanicaulis, Erythrobacter, and Sphingopyxis species),
whereas hemH and hemN, which encode enzymes that act at a
later stage in the biosynthetic pathway, are rare members of
the candidate iron regulons in a-proteobacteria. Though Irr
was first identified in B. japonicum as a regulator of hemB,
rather ironically this heme synthesis gene is not preceded by

an ICE site, and the mechanism of its iron control is still
unknown [46].
Iron-containing enzymes. Several genes encoding iron-

containing enzymes (e.g., sdh, acnA, fumA, sodB) are positively
regulated in iron-replete conditions by Fur in E. coli through
repression of a small antisense RNA [18]. In the Rhizobiales/
Rhodobacterales, we identified many genes encoding iron-
containing enzymes that are preceded by candidate ICE sites,
suggesting that Irr represses these genes at low iron
concentrations. These included the heme-containing cata-
lase/peroxidase (katG) and cytochrome c peroxidase (ccpA), the
Fe-S–containing fumarate hydratase (fumA), succinate dehy-
drogenase (sdh), NADH ubiquinone oxidoreductase (nuo), and
some other cytochromes (marked in green text in Table S3).
We noted that such Irr-regulated genes are more common in
Bradyrhizobiaceae than in other Irr-containing lineages.
Some of the orthologs of these proteins in Oceanicaulis,
Parvularcula, and Magnetospirillum species are preceded by
candidate Fura sites, but the mode of the predicted iron
regulation of these genes is unknown.
Alternative isozymes. We also observed several examples of

another regulatory strategy for iron metabolism. This occurs
when an alternative, iron-independent enzyme is negatively
regulated by high iron concentrations, as reported for an
alternative Cu-containing superoxide dismutase in c-proteo-
bacteria [59–61]. From our observations here, we tentatively
predict that RirA represses expression of the iron-independ-
ent fumarate hydratase FumC in R. leguminosarum, R. etli, and
B. melitensis but not in other a-proteobacteria. Such a
regulatory strategy fits nicely with our observation that these
three species contain two forms of fumarate hydratase, one of
which (FumA) has an Fe-S cluster and the other (FumC) lacks
Fe, whereas other rhizobia with the RirA regulon lack an
iron-containing isozyme.
Transcription factors. The RirA regulon in S. meliloti

includes the AraC-like transcriptional activator RhrA, which
controls the rhizobactin synthesis operon [62]. Among other
a-proteobacteria, hypothetical AraC-like genes, named araX,
were predicted to be regulated by iron regulatory motifs in
Agrobacterium, Sulfitobacter, Roseovarius species, and R. capsu-
latus. Indeed, the latter has four araX paralogs, each of which
is located next to ferrisiderophore utilization genes (Table
S2). We therefore propose similar regulatory cascades in at
least some a-proteobacteria, in which RirA controls the
expression of an AraC-type activator, which in turn regulates
its cognate ferrisiderophore utilization operon.
Another regulatory system identified in a-proteobacteria,

and which might be involved in additional control of iron-

Figure 8. Sequence Logos for the Predicted MntR Recognition Motifs in a-Proteobacteria

doi:10.1371/journal.pcbi.0020163.g008
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regulated genes, is homologous to the FecIR system from
enterobacteria. In E. coli, the FecR protein serves as a signal
receiver in the periplasm and as a signal transmitter across
the cytoplasmic membrane to the FecI sigma factor, which,
when activated, binds to the RNA polymerase and specifically
initiates transcription of the fecABCDE ferric citrate transport
operon [24]. Transcription of fecIR is negatively regulated by
Fe2þ-Fur in E. coli. Here we identified several fecIR-like gene
loci preceded by either candidate RirA-boxes in some
Rhizobiaceae, or by predicted Irr-boxes in some Bradyrhizo-
biaceae, suggesting the control of their expression by iron
concentrations. Finally, the predicted Fura regulon in
Rhodospirillum rubrum includes four fecIR homologs (all of
which are adjacent to TonB-dependent receptor OMP genes),
and three araX genes encoding hypothetical AraC-like tran-
scription factors (Table S6).

Predicted Regulatory Networks versus Expression
Microarrays

Sinorhizobium meliloti. As revealed in microarrays, the
expression of most S. meliloti genes that have candidate
RirA-boxes in their regulatory regions is significantly induced
under iron-limiting conditions and in the rirA mutant [37].
These include the rhizobactin biosynthesis and uptake genes,
the heme acquisition hmu gene locus and the hemin receptor
shmR, various ferrisiderophore ABC transporters and outer
membrane receptors, the exbBD components of TonB-
dependent iron transporters, and the ferric cation ABC
transporter fbp (highlighted in blue in Table S1). S. meliloti
genes involved in the Fe-S cluster synthesis (suf) are predicted
members of both RirA and Irr regulons, and these genes were
differentially expressed in the rirA mutant but not under
iron-limiting conditions [37]. However, this large-scale tran-
scriptomic study did not reveal some of the iron uptake genes
that we found to be associated with candidate RirA-boxes in
S. meliloti genome (hmuR, fhuA, fecIR, and rhtX2-viuA). And, vice
versa, many genes that are differentially expressed in the rirA
mutant are not preceded by significant RirA-box sequences.
These apparent discrepancies may indicate that the deregu-
lated iron uptake in the rirA mutant might cause secondary
transcriptome changes; for example, by altering the intra-
cellular Fe concentrations. Also, RirA may affect gene
expression via regulatory cascades that include other tran-
scription factors (e.g., RhrA, FecIR, AraX).

Bradyrhizobium japonicum. A genome-wide transcriptomic
survey in this organism revealed sets of iron-induced and
iron-repressed genes, many of which were found to contain
candidate Irr binding sites (ICE) in their promoter regions
[46]. Another microarray expression analysis identified multi-
ple genes that are either downregulated or upregulated in the
irr mutant strain, or in iron limitation relative to iron-replete
cells [48]. In Table 1, we compared these pan-genomic
expression studies with the current reconstruction of the
Irr regulon presented here. We noted considerable overlap in
the lists of iron- and Irr-regulated genes, although some genes
are missing in some datasets. Among 22 operons with
candidate ICE sites, 12 were differentially regulated in the
Irr mutant and wild-type strains of B. japonicum, and 17 were
either positively or negatively regulated by iron concentra-
tions. In total, 19 operons with candidate ICE sequences were
differentially expressed in the above two microarray studies.

Magnetospirillum magneticum. The global gene expression

analysis in the magnetotactic bacterium M. magneticum [63]
revealed many iron-inducible genes, including multiple
homologs of genes encoding the ferrous iron transporter
FeoAB and the high-affinity iron transporter FTR1/ChpA.
Based on the distribution of candidate Fura-boxes in the
genome of M. magneticum, we tentatively predict that the iron-
mediated regulation of the above putative iron uptake genes
is mediated by Fura (Table S6).

Overlap between Irr and RirA Regulons
It had been shown that some genes in R. leguminosarum (for

example, suf, rirA, and irp6) are under the dual control of both
Irr and RirA [49]. Consistent with this, all these operons are
preceded by candidate binding sites of both iron regulators
(i.e., ICE- and RirA-boxes) (Tables S1 and S3). In the genomes
of other a-proteobacteria that have both RirA and Irr
regulons, we identified 21 other operons that were also
preceded by both candidate ICE- and RirA-box motifs. These
include eight operons in A. tumefaciens (bfd-bfr, fat, fbp, fhu, fssA,
irp6, rirA, and suf), five in S. meliloti (bfd-bfr, fbp, irp6, rirA, and
suf), and one to three operons in the Brucella and Mesorhi-
zobium species. Unlike the RirA repressor, the Irr regulator
can mediate either negative or positive control of individual
target genes, depending on the respective location of its
binding site and the promoter site [46,48]. In fifteen cases
(mostly suf and rirA genes), the RirA-box was upstream of the
ICE, suggesting a predominantly negative regulation by Irr. In
the remaining nine cases, the ICE site was found upstream of
the RirA-box, and thus could be potentially involved in
positive gene regulation by Irr. Thus, the RirA and Irr
regulons demonstrate a significant overlap in rhizobia.

Possible Evolutionary Scenarios for the Regulatory
Networks
Tentative reconstruction of the regulatory networks for the

iron and manganese homeostasis genes allowed us to
speculate on a most parsimonious evolutionary scenario for
the Fe and Mn regulons in a-proteobacteria. Since Fur is a
major global iron regulator in other subdivisions of proteo-
bacteria (c, b, d, e), we propose that the last common ancestor
of a-proteobacteria also used a Fur-like protein to control
iron metabolism. Comparative analysis of regulatory sites in
this study suggests that the Fur regulon remained intact in
many lineages of a-proteobacteria (we call the repressor
Fura), but with the notable exception of two lineages, the
Rhizobiales and the Rhodobacteraceae, where Fur evolved to
become a regulator of the manganese uptake in response to
Mn2þ concentrations (and thus was called Mur). Interestingly,
the consensus sequences of candidate DNA-binding sites of
the Fura and Mur in a-proteobacteria still resemble each
other, and show a similarity to the classical Fur-box consensus
sequences from c-proteobacteria and bacilli (Figure 4).
Consistent with this, the Fur/Mur of both B. japonicum and
of R. leguminosarum have been shown to recognize the classical
Fur-boxes that are provided artificially, and both cloned
proteins complement the E. coli Fur mutant mediating iron-
dependent control of gene expression [28,32,43].
Finally, in Mesorhizobium sp. and R. capsulatus, the change in

regulation of manganese transporters from Mur to the
classical MntR was possibly achieved later by horizontal gene
transfer events. A good example of a transition state of the
Mn regulons is Bradyrhizobium sp. BTAi1, which has both Mur
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and MntR and also two paralogs of a candidate Mn uptake
gene (mntH1, predicted to be regulated by Mur and mntH2,
regulated by MntR).

Another possibly transitional situation is represented by
the Fur-like protein of B. japonicum, which was first identified
as an iron-responsive regulator of the irr gene [43], but, in this
genomic study, was predicted to regulate both irr and mntH
genes. These observations lead to the question about the
natural role of Fur in B. japonicum: whether (i) the mntH
transporter is regulated by iron; or (ii) the irr gene is
regulated by manganese; or (iii) Fur mediates a dual response
to both metals in vivo. Direct experimental work will reveal
which, if any, of these predictions is correct.

In the Rhizobiales/Rhodobacteriaceae, the role of Fur in
regulating iron metabolism is undertaken by two iron-
responsive transcription factors, RirA and Irr, which act by
sensing the physiological consequences of the metal avail-
ability, rather than its concentration per se. As suggested by
Todd et al. [49], this may allow these bacteria to match their
profile of gene expression in a more subtle and physiolog-
ically relevant manner than those bacteria that use Fur as

their global Fe-responsive regulator. Thus, e.g., in E. coli, iron
is sensed more directly by an interaction between Fe and Fur,
but the bacteria that use RirA in combination with Irr can
integrate both the availability and the biological need for the
metal, as reflected by the intracellular concentrations of Fe-S
and heme, two important and central Fe-containing mole-
cules.
Among the Rhizobiales order, the RirA regulators (as well

as candidate RirA-boxes) are well conserved in the Rhizobia-
ceae, Mesorhizobiaceae, Brucellaceae, and Bartonellaceae
groups but are not present in the Bradyrhizobiaceae group.
The closest relatives of these RirA proteins are the nitrite-
responsive repressors NsrR from b-proteobacteria and c-
proteobacteria, and some a-proteobacteria, including Rho-
dobacteraceae, where they are scattered among the species
and do not correlate with the presence of candidate iron
regulatory motifs (Figures 1 and 3A). The involvement, if any,
of these RirA homologs in the regulation of iron metabolism
is unknown. We noted close positional linkage of some of
these rirA-like hypothetical regulatory genes with the nitro-
sative stress response genes, suggesting that these RirA

Table 1. Comparison of the Predicted Irr Regulon and ICE Motifs with the Published Expression Microarray Data for Iron- and Irr-
Affected Genes in Bradyrhizobium japonicum

Gene Likely Operon Microarray Data ICE Site Position Score Functional Role

aFeþ bIrr� cFe�

bll0466 acnA þ ND � cGgTTAGAAaGcTTCTAtAag �134 4.41 Aconitase

blr0512 sdh operon ND þ ND gGcTTAGAgcCgTTCcAAtag �267 4.79 Succinate

dehydrogenase

bll0768 irr � ND þ cGaTTAGAAcCtcTCTAgttg �95 4.63 Iron response regulator

blr0778 katG ND ND ND gGcTTAGAgTGgTTCTAcctg 113 4.64 Catalase

blr1720 hup operon ND ND ND AcTTTtGAATCgcTCcAggCT �82 4.43 Hydrogenase

bll2737 bll2737-bll2736 þ þ � tGaTTtGAAcagTTCcAAttT �51 4.56 Putative Fe-S

oxidoreductase

blr2933 blr2933 ND ND ND tGaTTgGAATGATTtcAgACT �45 4.44 Probable aerotaxis

receptor

bll3138 nuoEF-fdhFD-bll3134 ND þ ND AtcTTcGAATGATTCcAAAta �57 4.57 Formate

dehydrogenase

blr3904 fiu-piuC-exbBD-tonB � � þ gtTTTAGAAcGAcTCcAAttT �185 4.83 Iron transport

components

blr4339 suf operon ND þ þ cGgcTtGAAcGgTTCTAAgCg �103 5.07 Fe-S cluster

biosynthesis

blr4504 fhuA1-blr4505 � � þ cGTcTAGAAgGATTCcAAAtc �170 4.90 Outer membrane

iron receptor

bll4919 nuo operon ND ND � gGcTcAGAATaATTCcAAAtc �68 4.43 NADH ubiquinone

oxidoreductase

bll4920 fhuA2 � � þ AtgTTgGAtcGcTTCTAAgag �120 4.43 Outer membrane

iron receptor

bll5701 cycB-bll5700 � þ þ AaTTTtGAAcGATTCaAtttc �101 4.22 Cytochrome b561

bll5796 fumA þ þ � AGcTTAGAAcGcTTCTAtgCc �61 4.83 Fumarate hydratase, class I

bsr6522 feoA-feoB ND ND þ AcTTTAaAATCAcTCTAAggT �80 4.64 Ferrous iron transporter

bsl6680 bfr þ ND � caTTTAGAAgCgTTCTAAAtT �61 5.50 Bacterioferritin

bsl6681 bfd þ ND ND AtTTTAGAgcCgTTCTAggCT �127 5.19 Bacterioferritin ferredoxin

bll7076 hmuR-X-X-exbBD-tonB � � þ AaTTTAcAATCgaTaTAAACT �166 4.62 Hemin uptake components

blr7077 hmuTUV � � þ AGTTTAtAtcGATTgTAAAtT �303 4.62 Hemin ABC transporter

blr7895 mbfA þ ND � AaTTTAGAATCATTCTAAACT �39 5.95 Membrane-bound ferritin

bll7968 fhuA3-piuB � � þ cGcTTAGAAcCATTCaAcACT �115 5.12 Outer membrane iron receptor

Position relative to the start of translation. Lowercase letters represent positions that do not conform to the consensus. Microarray data: ‘‘þ’’, upregulated; ‘‘�’’ downregulated; ND,
differential expression was not detected.
aFe-regulated genes identified by Rudolph et al. in microarray analysis of B. japonicum cells grown under iron-replete conditions compared with Fe-depleted cells [46].
bGenes that are aberrantly regulated in the B. japonicum irr mutant strain grown in iron-limited media compared with parent strain in the same conditions [48].
cGenes that are differently regulated in parent strain in response to iron limitation relative to iron replete cells [48].
doi:10.1371/journal.pcbi.0020163.t001
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homologs may have a role analogous to NsrR for regulation of
the nitrogen oxide metabolism [40]. In a most parsimonious
scenario, the RirA branch was duplicated from one of these
Fe-S–containing regulators of the nitrosative stress metabo-
lism in the last common ancestor of the Rhizobiaceae after
the branching of the Bradyrhizobiaceae, and evolved to sense
iron concentrations, most likely via the status of the bound
Fe-S cluster. In the Bradyrhizobiaceae group, Irr seems to be
the only global iron regulator, and thus the Irr regulon
includes most of the genes that are regulated by Fur or RirA
in other lineages. An alternative scenario involves secondary
loss of RirA in the Bradyrhizobiaceae with subsequent
extension of the Irr regulon. The choice between these two
possibilities may depend on the resolution of the a-
proteobacterial taxonomy, which has not been finally
established yet [64].

In the Rhodobacterales, the Iron-Rhodo-box motif ap-
peared upstream of genes encoding iron uptake and storage
proteins. The iron uptake genes are regulated only via the
Iron-Rhodo-boxes, whereas for the iron storage genes the
division of roles between this motif and Irr depends on the
particular genome. The identity of the regulator binding to
this motif is discussed in the next section. From phylogenetic
analyses, we suggest that Irr began to evolve in an ancestral a-
proteobacterium as an unusual member of the Fur super-
family before the branching of the Rhizobiales, Rhodobacter-
ales, Rhodospirillales, and SAR11 lineages (Figure 2B). The
reconstructed Irr regulons in the Rhodobacterales, Rhodo-
spirillales, and Pelagibacter ubique contain only one to five
target genes that are involved in the iron usage (Fe-
containing enzymes), the heme and Fe-S cluster biosynthesis,
and the iron storage (Figure 7). This minimal Irr regulon is
significantly extended in a number of the Rhizobiales species.
Furthermore, in the absence of RirA, Irr became the major
iron regulatory factor in the Bradyrhizobiaceae group, where
it has both positive and negative regulatory activities,
depending on the location of the ICE motif relative to the
promoter. In other groups of the Rhizobiales, there is a
division of labor, when RirA represses the iron uptake genes
and Irr activates the iron storage and usage genes in Fe-
replete conditions. However, this regulatory strategy is not
universal, since in some species (e.g., Agrobacterium), the
candidate Irr regulon became extended to include many
RirA-controlled operons (Figure 7). Finally, the obligate
intracellular pathogens from the Rickettsiales order (Rickettsia
and Ehrlichia) lack the RirA, Irr, and Fur/Mur regulons, and
retain only the IscR-mediated control of their Fe-S synthesis

suf operons. A small oceanic bacterium from the Rickettsiales
order, Pelagibacter ubique, is predicted to have the minimal iron
regulatory system, which includes only the ferric iron
transporter and rubrerythrin genes under possible control
of Fura and Irr, respectively, and also the candidate IscR-
regulated suf operon.

Evolution of Motifs and the Identity of the Transcription
Factor that recognizes the Rhodo-Iron-Box
The reconstructed iron regulatory network suggests that

bacteria from the Rhodobacteraceae group have at least two
different iron regulons, the Irr regulon controlling mostly the
iron usage genes and another candidate regulon, which
operates via the Iron-Rhodo-box motif and includes most of
the iron uptake and storage genes (Figure 7). The Iron-
Rhodo-box motif has a significant similarity to the RirA-box
motif in the Rhizobiales (Figure 4A and 4B). However, the
absence of close RirA homologs in twelve analysed species of
the Rhodobacteraceae suggests that another transcription
factor mediates the global control of iron transport genes.
One reasonable candidate for this role is the Fe-S synthesis

regulator IscR, which is present in all Rhodobacteraceae
species as well as in other lineages of a-proteobacteria except
the Rhizobiales group (Figure 1). IscR and RirA regulators
belong to the same protein superfamily (Rrf2). The predicted
DNA-recognition motifs of RirA from the Rhizobiales, and
IscR from the Rhodobacteraceae, are rather similar (Figure
4B and 4E), and, in some a-proteobacteria (e.g., in Loktanella,
Rhodobacter, Roseobacter, and Silicibacter species), the Iron-
Rhodo-box profile identifies the same candidate sites as the
IscR profile. Intriguingly, the Iron-Rhodo-box profile identi-
fies the candidate IscR site preceding the iscR-suf operon in
Pelagibacter ubique.
The tantalizing hypothesis that IscR may have a more

global role in the regulation of iron homeostasis in the
Rhodobacteraceae is supported by the similarity of DNA
motifs, the complementary distribution of the RirA and IscR
factors in the analysed genomes, and the multiple alignment
of IscR protein sequences. The IscR proteins from the
Rhodobacteraceae group have an interesting feature that
distinguishes them from other IscR regulators. Three Cys
residues involved in Fe-S cluster binding, which are highly
conserved in most other IscR proteins, are absent from the
IscR proteins of the Rhodobacteraceae. Thus we tentatively
propose the following possible strategy of the iron-dependent
transcriptional control in the Rhodobacteraceae lineage. The
IscR protein recognizes Iron-Rhodo-boxes and thus regulates
the iron uptake and storage genes. Another iron-responsive

Figure 9. Multiple Alignment of the Upstream Regions of the iscR-suf Operons in the Rhodobacteraceae Species

doi:10.1371/journal.pcbi.0020163.g009
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transcription factor (Irr) regulates the iron usage genes,
including the Fe-S synthesis iscR-suf operon, thus forming a
possible regulatory cascade with IscR.

In the above model, it is not clear that IscR regulates
expression of the cognate iscR-suf operon. Multiple alignment
of the iscR-suf upstream regions from 12 analyzed Rhodo-
bacteraceae genomes (Figure 9) shows a strong conservation
of the candidate Irr recognition motif (ICE) in all but two
species, as well as an additional highly conserved sequence 59-
cTTGACgr-39 (‘‘r’’ denotes a purine) located 12 nt upsteam of
the ICE. The latter sequence resembles the left half of the
IscR motif. At the same time, only some of these sequences
have the right half of the candidate IscR site, suggesting that
possible autoregulation of iscR-suf operon by IscR is not well-
conserved among the Rhodobacteraceae. Another possibility
is that IscR does not regulate the iscR-suf operon, and the 59-
cTTGACgr-39 sequence is conserved for some other reason,
e.g., because it is the ‘‘–35’’-box of a promoter (the ‘‘–35’’-box
consensus is TTGACA).

The sequence logos constructed for candidate Fura-boxes,
RirA-boxes, Iron-Rhodo-boxes, and IscR-boxes in a-proteo-
bacteria all show a faint similarity to each other (consensus
TG-N11-CA, see Figure 4) that is also shared by both the
conventional Fur-boxes in c-proteobacteria. Thus, very
speculatively, the iron-regulatory signals in a-proteobacteria
may have evolved from a canonical Fur-box. Indeed,
theoretical calculations demonstrate that sites even weakly
conforming to the requirements of the binding protein may
provide sufficient initial advantage for the positive selection
to come into action and perfect them to a higher-affinity
state [65].

Concluding Remarks
The results of this comparative genomics study demon-

strate significant novelty and variability of iron and man-
ganese regulatory networks in a-proteobacteria, both in their
proposed mechanisms (Figure 10) and in the functional
content of target genes (Figure 7). We recognize that nearly
all direct work on regulation of iron homeostasis in this

group has been done only in three rhizobia species [50].
However, this information, complemented by the computa-
tional ab initio reconstruction of the regulons, allows us to
form some general conclusions and several speculations
about the nature of this process in the ‘‘alphas.’’
Although the emerging overall picture of regulatory

interactions seems to be rather consistent and robust, it is
unlikely that the described regulatory network is responsible
for all the Fe-responsive gene regulation in a-proteobacteria.
Even in Bradyrhizobium and Rhizobium, two genera that have
been studied more than the others, several genes are
differentially expressed in Fe-replete and Fe-depleted cells
but not via any of the regulators studied so far.
Given the explosion in bacterial genome sequencing, with

more than 1,000 complete and ongoing genome projects,
more and more functional analyses are being done in silico.
While these, of course, can point the way to revealing
patterns and phenomena, there is no escape from the need
for direct experimentation. We believe that numerous
bioinformatic predictions of components of the iron regu-
latory network in the a-proteobacteria presented in this work
are sufficiently interesting to warrant experimental verifica-
tion.

Materials and Methods

Complete and partial bacterial genomes were downloaded from
GenBank [66]. Preliminary sequence data were also obtained from the
Web sites of the Institute for Genomic Research (http://www.tigr.org),
the Wellcome Trust Sanger Institute (http://www.sanger.ac.uk), and
the US Department of Energy Joint Genome Institute (http://jgi.doe.
gov). The gene identifiers from Genbank are used throughout.
Genome abbreviations are listed in Figure 1. Protein similarity
searches were done using the Smith-Waterman algorithm imple-
mented in the GenomeExplorer program [67]. Orthologous proteins,
or homologs that diverged following a speciation event, were defined
by the bidirectional best hits criterion [68] and named by either the
common name of a characterized protein or by an identifier in the
Clusters of Orthologous Groups (COG) database for uncharacterized
proteins [69]. The phylogenetic trees were constructed by the
maximum likelihood method implemented in the PROML program
of the PHYLIP package [70] using multiple sequence alignments of
protein sequences produced by the CLUSTALX program [71]. In

Figure 10. Combined Regulatory Network for Iron and Manganese Homeostasis Genes in a-Proteobacteria

The connecting lines denote regulatory interactions, with the thickness reflecting the frequency of the interaction in the analyzed genomes.
doi:10.1371/journal.pcbi.0020163.g010
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addition we used Psi-BLAST [72] (http://www.ncbi.nlm.nih.gov/
BLAST) to conduct long-range similarity searches, the PFAM [73]
(http://www.sanger.ac.uk/Software/Pfam/) and Conserved Domain da-
tabases [74] (http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml) to
identify conserved functional domains, and TMpred [75] (http://www.
ch.embnet.org/software/TMPRED_form.html) to predict transmem-
brane segments. The conserved positional clusters of genes were
analyzed by the SEED comparative genomic database (http://theseed.
uchicago.edu/FIG/index.cgi) [76].

To identify candidate regulatory motifs, we started from sets of
potentially co-regulated genes (using previous experimental and
general functional considerations). An iterative motif detection
procedure implemented in the program SignalX was used to identify
common regulatory DNA motifs in a set of upstream gene fragments
and to construct the motif recognition profiles as previously
described [77]. For the RirA regulon, we started from a training set
of the upstream regions of known RirA targets in R. leguminosarum
and their orthologs in other RirA-encoding genomes [36,41]. For the
candidate iron regulon in the Rhodobacteraceae, we used a set of
upstream regions of the iron uptake and storage genes from 12
available genomes to construct the conserved recognition profile
(Figure 4). For the Irr regulon, we started from a training set of the
upstream regions of iron uptake and storage genes in the
Bradyrhizobiaceae, and from the training set of known Irr/iron-
regulated genes in R. leguminosarum [49] and their orthologs in other
Irr-encoding genomes from the Rhizobiaceae and Rhodobacteraceae
groups. Finally, for each representative of a-proteobacteria outside of
the Rhizobiales and Rhodobacteraceae groups, we used a separate
training set of the upstream regions of iron uptake and storage genes
to construct the Fura-box profile. The constructed group- or species-
specific recognition rules were used to scan a subset of genomes of
the a-proteobacteria that contains the respective regulator. Position-
al nucleotide weights in the recognition profile and z-scores of
candidate sites were calculated as the sum of the respective positional
nucleotide weights (as previously described in [78]). Genome scanning
for specific regulatory motifs by the GenomeExplorer software [67]
produced gene sets with candidate regulatory sites in the upstream
regions (Tables S1–S6). The threshold for the site search was defined
as the lowest score observed in the training set (indicated in red
numbers for each analyzed genome in the ‘‘Score’’ column of Tables
S1–S6). The threshold choice was adequate in our cases, since very
few clear false positives were encountered, and, on the other hand,
most functionally relevant genes were found to belong to at least one
of the studied iron regulons. The upstream regions of genes that are
orthologous to genes containing regulatory sites of any of the studied
iron-responsive regulators were examined for candidate sites even if
these were not detected automatically with a given threshold (weak
regulatory sites with scores below the threshold are underlined in
Tables S1–S6). Sequence logos for the derived group- or species-
specific regulatory motifs were drawn using the WebLogo package
version 2.6 [79] (http://weblogo.berkeley.edu).

Supporting Information

Figure S1. Species-Specific Deviations in Fura Recognition Signals of
a-Proteobacteria

Found at doi:10.1371/journal.pcbi.0020163.sg001 (163 KB PDF).

Figure S2. Genome Context of the Heme Uptake and Utilization
Genes in a-Proteobacteria
Found at doi:10.1371/journal.pcbi.0020163.sg002 (44 KB PDF).

Table S1. Candidate RirA-Box Iron Regulons in Rhizobiaceae,
Mesorhizobiaceae, Brucella, and Bartonella Species

Found at doi:10.1371/journal.pcbi.0020163.st001 (18 KB PDF).

Table S2. Candidate Iron-Rhodo-Box Regulons in the Rhodobacter-
aceae

Found at doi:10.1371/journal.pcbi.0020163.st002 (18 KB PDF).

Table S3. Candidate Irr-Box (ICE) Regulons in a-Proteobacteria

Found at doi:10.1371/journal.pcbi.0020163.st003 (26 KB PDF).

Table S4. Candidate Mur-Box (MRS) Regulons in a-Proteobacteria

Found at doi:10.1371/journal.pcbi.0020163.st004 (10 KB PDF).

Table S5. Candidate MntR-Box Regulons in a-Proteobacteria

Found at doi:10.1371/journal.pcbi.0020163.st005 (5 KB PDF).

Table S6. Candidate Fura-Box Regulons in a-Proteobacteria

Found at doi:10.1371/journal.pcbi.0020163.st006 (19 KB PDF).

Table S7. Candidate IscR-Box Regulons in a-Proteobacteria

Found at doi:10.1371/journal.pcbi.0020163.st007 (77 KB PDF).

Acknowledgments

JDT, ARJC, and AWBJ are grateful to Margaret Wexler for helpful
discussions.

Author contributions. DAR, JDT, ARJC, and AWBJ conceived and
designed the experiments. JDT and ARJC performed the experi-
ments. DAR, MSG, and AWBJ analyzed the data. DAR, MSG, and
AWBJ wrote the paper.

Funding. This study was partially supported by grants from the
Howard Hughes Medical Institute (55005610 to MSG), the Russian
Fund of Basic Research (04-04-49361 to DAR), INTAS (05-1000008-
8028 to MSG), and the Russian Academy of Sciences (Molecular and
Cellular Biology Program). AWBJ, JDT, and ARC are grateful to the
Biotechnology and Biological Sciences Research Council of the UK
for financial support.

Competing interests. The authors have declared that no competing
interests exist.

References
1. Andrews SC, Robinson AK, Rodriguez-Quinones F (2003) Bacterial iron

homeostasis. FEMS Microbiol Rev 27: 215–237.
2. Cartron ML, Maddocks S, Gillingham P, Craven CJ, Andrews SC (2006)

Feo—Transport of ferrous iron into bacteria. Biometals 19: 143–157.
3. Anderson DS, Adhikari P, Nowalk AJ, Chen CY, Mietzner TA (2004) The

hFbpABC transporter from Haemophilus influenzae functions as a binding-
protein–dependent ABC transporter with high specificity and affinity for
ferric iron. J Bacteriol 186: 6220–6229.

4. Johnston AWB (2004) Mechanisms and regulation of iron uptake in the
Rhizobia. In: Crosa JH, Payne SM, editors. Iron transport in bacteria:
Molecular genetics, biochemistry, microbial pathogenesis and ecology.
Washington (D.C.): ASM Press. pp. 469–488.

5. Genco CA, Dixon DW (2001) Emerging strategies in microbial haem
capture. Mol Microbiol 39: 1–11.

6. Grass G, Otto M, Fricke B, Haney CJ, Rensing C, et al. (2005) FieF (YiiP)
from Escherichia coli mediates decreased cellular accumulation of iron and
relieves iron stress. Arch Microbiol 183: 9–18.

7. Hantke K (2001) Iron and metal regulation in bacteria. Curr Opin
Microbiol 4: 172–177.

8. Alahari A, Tripathi AK, Le Rudulier D (2006) Cloning and characterization
of a fur homologue from Azospirillum brasilense Sp7. Curr Microbiol 52: 123–
127.

9. Quatrini R, Lefimil C, Holmes DS, Jedlicki E (2005) The ferric iron uptake
regulator (Fur) from the extreme acidophile Acidithiobacillus ferrooxidans.
Microbiology 151: 2005–2015.

10. Delany I, Spohn G, Rappuoli R, Scarlato V (2001) The Fur repressor

controls transcription of iron-activated and -repressed genes in Helicobacter
pylori. Mol Microbiol 42: 1297–1309.

11. Parker D, Kennan RM, Myers GS, Paulsen IT, Rood JI (2005) Identification
of a Dichelobacter nodosus ferric uptake regulator and determination of its
regulatory targets. J Bacteriol 187: 366–375.

12. Grifantini. R, Sebastian S, Frigimelica E, Draghi M, Bartolini E, et al. (2003)
Identification of iron-activated and -repressed Fur-dependent genes by
transcriptome analysis of Neisseria meningitidis group B. Proc Natl Acad Sci
U S A 100: 9542–9547.

13. Hernandez JA, Peleato ML, Fillat MF, Bes MT (2004) Heme binds to and
inhibits the DNA-binding activity of the global regulator FurA from
Anabaena sp. PCC 7120. FEBS Lett 577: 35–41.

14. Zhou D, Qin L, Han Y, Qiu J, Chen Z, et al. (2006) Global analysis of iron
assimilation and fur regulation in Yersinia pestis. FEMS Microbiol Lett 258:
9–17.

15. Wan XF, Verberkmoes NC, McCue LA, Stanek D, Connelly H, et al. (2004)
Transcriptomic and proteomic characterization of the Fur modulon in the
metal-reducing bacterium Shewanella oneidensis. J Bacteriol 186: 8385–8400.

16. Fuangthong M, Helmann JD (2003) Recognition of DNA by three ferric
uptake regulator (Fur) homologs in Bacillus subtilis. J Bacteriol 185: 6348–
6357.

17. McHugh JP, Rodriguez-Quinones F, Abdul-Tehrani H, Svistunenko DA,
Poole RK, et al. (2003) Global iron-dependent gene regulation in Escherichia
coli. A new mechanism for iron homeostasis. J Biol Chem 278: 29478–29486.

18. Masse E, Gottesman S (2002) A small RNA regulates the expression of genes
involved in iron metabolism in Escherichia coli. Proc Natl Acad Sci U S A 99:
4620–4625.

PLoS Computational Biology | www.ploscompbiol.org December 2006 | Volume 2 | Issue 12 | e1630016

Regulation of Iron and Manganese Homeostasis



19. Pohl E, Haller JC, Mijovilovich A, Meyer-Klaucke W, Garman E, et al. (2003)
Architecture of a protein central to iron homeostasis: Crystal structure and
spectroscopic analysis of the ferric uptake regulator. Mol Microbiol 47:
903–915.

20. Chou CJ, Wisedchaisri G, Monfeli RR, Oram DM, Holmes RK, et al. (2004)
Functional studies of the Mycobacterium tuberculosis iron-dependent regu-
lator. J Biol Chem 279: 53554–53561.

21. Schmitt MP (2002) Analysis of a DtxR-like metalloregulatory protein, MntR,
from Corynebacterium diphtheriae that controls expression of an ABC metal
transporter by an Mn(2þ)-dependent mechanism. J Bacteriol 184: 6882–
6892.

22. Que Q, Helmann JD (2000) Manganese homeostasis in Bacillus subtilis is
regulated by MntR, a bifunctional regulator related to the diphtheria toxin
repressor family of proteins. Mol Microbiol 35: 1454–1468.

23. Ikeda JS, Janakiraman A, Kehres DG, Maguire ME, Slauch JM (2005)
Transcriptional regulation of sitABCD of Salmonella enterica serovar
Typhimurium by MntR and Fur. J Bacteriol 187: 912–922.

24. Braun V, Mahren S, Ogierman M (2003) Regulation of the FecI-type ECF
sigma factor by transmembrane signalling. Curr Opin Microbiol 6: 173–
180.

25. Pradel E, Guiso N, Locht C (1998) Identification of AlcR, an AraC-type
regulator of alcaligin siderophore synthesis in Bordetella bronchiseptica and
Bordetella pertussis. J Bacteriol 180: 871–880.

26. Venter JC, Remington K, Heidelberg JF, Halpern AL, Rusch D, et al. (2004)
Environmental genome shotgun sequencing of the Sargasso Sea. Science
304: 66–74.

27. Giovannoni SJ, Tripp HJ, Givan S, Podar M, Vergin KL, et al. (2005)
Genome streamlining in a cosmopolitan oceanic bacterium. Science 309:
1242–1245.

28. Wexler M, Todd JD, Kolade O, Bellini D, Hemmings AM, et al. (2003) Fur is
not the global regulator of iron uptake genes in Rhizobium leguminosarum.
Microbiology 149: 1357–1365.

29. Diaz-Mireles E, Wexler M, Sawers G, Bellini D, Todd JD, et al. (2004) The
Fur-like protein Mur of Rhizobium leguminosarum is a Mn(2þ)-responsive
transcriptional regulator. Microbiology 150: 1447–1456.

30. Platero R, Peixoto L, O’Brian MR, Fabiano E (2004) Fur is involved in
manganese-dependent regulation of mntA (sitA) expression in Sinorhizobium
meliloti. Appl Environ Microbiol 70: 4349–4355.

31. Chao TC, Becker A, Buhrmester J, Puhler A, Weidner S (2004) The
Sinorhizobium meliloti fur gene regulates, with dependence on Mn(II),
transcription of the sitABCD operon, encoding a metal-type transporter. J
Bacteriol 186: 3609–3620.

32. Hamza I, Hassett R, O’Brian MR (1999) Identification of a functional fur
gene in Bradyrhizobium japonicum. J Bacteriol 181: 5843–5846.

33. Friedman YE, O’Brian MR (2004) The ferric uptake regulator (Fur) protein
from Bradyrhizobium japonicum is an iron-responsive transcriptional repress-
or in vitro. J Biol Chem 279: 32100–32105.

34. Todd JD, Wexler M, Sawers G, Yeoman KH, Poole PS, et al. (2002) RirA, an
iron-responsive regulator in the symbiotic bacterium Rhizobium legumino-
sarum. Microbiology 148: 4059–4071.

35. Viguier CO, Cuiv P, Clarke P, O’Connell M (2005) RirA is the iron response
regulator of the rhizobactin 1021 biosynthesis and transport genes in
Sinorhizobium meliloti 2011. FEMS Microbiol Lett 246: 235–242.

36. Todd JD, Sawers G, Johnston AW (2005) Proteomic analysis reveals the
wide-ranging effects of the novel, iron-responsive regulator RirA in
Rhizobium leguminosarum bv. viciae. Mol Genet Genomics 273: 197–206.

37. Chao TC, Buhrmester J, Hansmeier N, Puhler A, Weidner S (2005) Role of
the regulatory gene rirA in the transcriptional response of Sinorhizobium
meliloti to iron limitation. Appl Environ Microbiol 71: 5969–5982.

38. Schwartz CJ, Giel JL, Patschkowski T, Luther C, Ruzicka FJ, et al. (2001)
IscR, an Fe-S cluster-containing transcription factor, represses expression
of Escherichia coli genes encoding Fe-S cluster assembly proteins. Proc Natl
Acad Sci U S A 98: 14895–14900.

39. Giel JL, Rodionov DA, Liu M, Blattner FR, Kiley PJ (2006) IscR-dependent
gene expression links iron-sulfur cluster assembly to the control of O2-
regulated genes in Escherichia coli. Mol Microbiol 60: 1058–1075.

40. Rodionov DA, Dubchak IL, Arkin AP, Alm EJ, Gelfand MS (2005)
Dissimilatory metabolism of nitrogen oxides in bacteria: Comparative
reconstruction of transcriptional networks. PLoS Comput Biol 1(5): 415–
431.

41. Yeoman KH, Curson AR, Todd JD, Sawers G, Johnston AW (2004) Evidence
that the Rhizobium regulatory protein RirA binds to cis-acting iron-
responsive operators (IROs) at promoters of some Fe-regulated genes.
Microbiology 150: 4065–4074.

42. Hamza I, Chauhan S, Hassett R, O’Brian MR (1998) The bacterial irr protein
is required for coordination of heme biosynthesis with iron availability. J
Biol Chem 273: 21669–21674.

43. Friedman YE, O’Brian MR (2003) A novel DNA-binding site for the ferric
uptake regulator (Fur) protein from Bradyrhizobium japonicum. J Biol Chem
278: 38395–38401.

44. Yang J, Ishimori K, O’Brian MR (2005) Two heme binding sites are involved
in the regulated degradation of the bacterial iron response regulator (Irr)
protein. J Biol Chem 280: 7671–7676.

45. Martinez M, Ugalde RA, Almiron M (2005) Dimeric Brucella abortus Irr

protein controls its own expression and binds heme. Microbiology 151:
3427–3433.

46. Rudolph G, Semini G, Hauser F, Lindemann A, Friberg M (2006) The iron
control element (ICE), acting in positive and negative control of iron-
regulated Brabyrhizobium japonicum genes, is a target for the Irr protein. J
Bacteriol 188: 733–744.

47. Nienaber A, Hennecke H, Fischer HM (2001) Discovery of a heme uptake
system in the soil bacterium Bradyrhizobium japonicum. Mol Microbiol 41:
787–800.

48. Yang J, Sangwan I, Lindemann A, Hauser F, Hennecke H, et al. (2006)
Bradyrhizobium japonicum senses iron through the status of haem to regulate
iron homeostasis and metabolism. Mol Microbiol 60: 427–437.

49. Todd JD, Sawers G, Rodionov DA, Johnston AWB (2006) The Rhizobium
leguminosarum regulator IrrA affects the transcription of a wide range of
genes in response to Fe availability. Mol Genet Genomics 275: 564–577.

50. Rudolph G, Hennecke H, Fischer HM (2006) Beyond the Fur paradigm:
Iron-controlled gene expression in rhizobia. FEMS Microbiol Rev 30: 631–
648.

51. Outten FW, Djaman O, Storz G (2004) A suf operon requirement for Fe-S
cluster assembly during iron starvation in Escherichia coli. Mol Microbiol 52:
861–872.

52. Doerks T, Andrade MA, Lathe W III, von Mering C, Bork P (2004) Global
analysis of bacterial transcription factors to predict cellular target
processes. Trends Genet 20: 126–131.

53. Diaz-Mireles E, Wexler M, Todd JD, Bellini D, Johnston AW, et al. (2005)
The manganese-responsive repressor Mur of Rhizobium leguminosarum is a
member of the Fur-superfamily that recognizes an unusual operator
sequence. Microbiology 151: 4071–4078.

54. Singh A, Severance S, Kaur N, Wiltsie W, Kosman DJ (2006) Assembly,
activation, and trafficking of the Fet3p.Ftr1p high affinity iron permease
complex in Saccharomyces cerevisiae. J Biol Chem 281: 13355–13364.

55. Dubbels BL, DiSpirito AA, Morton JD, Semrau JD, Neto JN, et al. (2004)
Evidence for a copper-dependent iron transport system in the marine,
magnetotactic bacterium strain MV-1. Microbiology 150: 2931–2945.

56. Durham KA, Porta D, McKay RM, Bullerjahn GS (2003) Expression of the
iron-responsive irpA gene from the cyanobacterium Synechococcus sp strain
PCC 7942. Arch Microbiol 179: 131–134.

57. Nair S, Finkel SE (2004) Dps protects cells against multiple stresses during
stationary phase. J Bacteriol 186: 4192–4198.

58. Panek H, O’Brian MR (2002) A whole genome view of prokaryotic haem
biosynthesis. Microbiology 148: 2273–2282.

59. Hassan HM, Schrum LW (1994) Roles of manganese and iron in the
regulation of the biosynthesis of manganese-superoxide dismutase in
Escherichia coli. FEMS Microbiol Rev 14: 315–323.

60. Graeff-Wohlleben H, Killat S, Banemann A, Guiso N, Gross R (1997)
Cloning and characterization of an Mn-containing superoxide dismutase
(SodA) of Bordetella pertussis. J Bacteriol 179: 2194–2201.

61. Hassett DJ, Howell ML, Ochsner UA, Vasil ML, Johnson Z, et al. (1997) An
operon containing fumC and sodA encoding fumarase C and manganese
superoxide dismutase is controlled by the ferric uptake regulator in
Pseudomonas aeruginosa: fur mutants produce elevated alginate levels. J
Bacteriol 179: 1452–1459.

62. Lynch D, O’Brien J, Welch T, Clarke P, Cuiv PO, et al. (2001) Genetic
organization of the region encoding regulation, biosynthesis, and transport
of rhizobactin 1021, a siderophore produced by Sinorhizobium meliloti. J
Bacteriol 183: 2576–2585.

63. Suzuki T, Okamura Y, Calugay RJ, Takeyama H, Matsunaga T (2006) Global
gene expression analysis of iron-inducible genes in Magnetospirillum
magneticum AMB-1. J Bacteriol 188: 2275–2229.

64. Gupta RS (2005) Protein signatures distinctive of alpha proteobacteria and
its subgroups and a model for alpha-proteobacterial evolution. Crit Rev
Microbiol 31: 101–135.

65. Mustonen V, Lassig M (2005) Evolutionary population genetics of
promoters: Predicting binding sites and functional phylogenies. Proc Natl
Acad Sci U S A 102: 15936–15941.

66. Benson DA, Karsch-Mizrachi I, Lipman DJ, Ostell J, Wheeler DL (2005)
GenBank. Nucleic Acids Res 33: D34–D38.

67. Mironov AA, Vinokurova NP, Gelfand MS (2000) GenomeExplorer:
Software for analysis of complete bacterial genomes. Mol Biol 34: 222–231.

68. Koonin EV, Galperin MY (2002) Sequence—Evolution—Function: Compu-
tational approaches in comparative genomics. Boston: Kluwer Academic
Publishers. 488 p.

69. Tatusov RL, Natale DA, Garkavtsev IV, Tatusova TA, Shankavaram UT, et
al. (2001) The COG database: New developments in phylogenetic
classification of proteins from complete genomes. Nucleic Acids Res 29:
22–28.

70. Felsenstein J (1997) Inferring phylogenies from protein sequences by
parsimony, distance, and likelihood methods. Methods Enzymol 266: 418–
427.

71. Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DG (1997)
The CLUSTAL_X windows interface: Flexible strategies for multiple
sequence alignment aided by quality analysis tools. Nucleic Acids Res 25:
4876–4882.

72. McGinnis S, Madden TL (2004) BLAST: At the core of a powerful and
diverse set of sequence analysis tools. Nucleic Acids Res 32: W20–W25.

PLoS Computational Biology | www.ploscompbiol.org December 2006 | Volume 2 | Issue 12 | e1630017

Regulation of Iron and Manganese Homeostasis



73. Finn RD, Mistry J, Schuster-Bockler B, Griffiths-Jones S, Hollich V, et al.
(2006) Pfam: Clans, web tools and services. Nucleic Acids Res 34: D247–
D251.

74. Marchler-Bauer A, Anderson JB, Cherukuri PF, DeWeese-Scott C, Geer LY,
et al. CDD: A conserved domain database for protein classification. Nucleic
Acids Res 33: D192–D196.

75. Hofmann K, Stoffel W (1993) Tmbase—A database of membrane spanning
proteins segments. Biol Chem Hoppe-Seyler 347: 166.

76. Overbeek R, Begley T, Butler RM, Choudhuri JV, Chuang HY, et al. (2005)
The subsystems approach to genome annotation and its use in the project
to annotate 1,000 genomes. Nucleic Acids Res 33: 5691–5702.

77. Gelfand MS, Koonin EV, Mironov AA (2000) Prediction of transcription

regulatory sites in Archaea by a comparative genomic approach. Nucleic
Acids Res 28: 695–705.

78. Mironov AA, Koonin EV, Roytberg MA, Gelfand MS (1999) Computer
analysis of transcription regulatory patterns in completely sequenced
bacterial genomes. Nucleic Acids Res 27: 2981–2989.

79. Crooks GE, Hon G, Chandonia JM, Brenner SE (2004) WebLogo: A
sequence logo generator. Genome Res 14: 1188–1190.

80. Spaink HP, Okker JH, Wijffelman CA, Pees E, Lugtenberg BJJ (1987)
Promoters in the nodulation region of the Rhizobium leguminosarum Sym
plasmid pRL1JI. Plant Mol Biol 9: 27–39.

81. Wexler M, Yeoman KH, Stevens JB, de Luca NG, Sawers G, et al. (2001) The
Rhizobium leguminosarum tonB gene is required for the uptake of siderophore
and haem as sources of iron. Mol Microbiol 41: 801–816.

PLoS Computational Biology | www.ploscompbiol.org December 2006 | Volume 2 | Issue 12 | e1630018

Regulation of Iron and Manganese Homeostasis


