Mol Gen Genomics (2006)
DOI 10.1007/s00438-006-0115-y

ORIGINAL PAPER

Jonathan D. Todd - Gary Sawers - Dmitry A. Rodionov
Andrew W. B. Johnston

The Rhizobium leguminosarum regulator IrrA affects the transcription
of a wide range of genes in response to Fe availability

Received: 8 November 2005/ Accepted: 20 February 2006
© Springer-Verlag 2006

Abstract We show that an unusual transcriptional reg-
ulator, called IrrA, regulates many genes in the symbi-
otic N»-fixing bacterium Rhizobium leguminosarum in
response to iron availability. Several operons in R. /le-
guminosarum are expressed at lower levels in cells grown
in Fe-depleted compared to Fe-replete medium. These
include hemAl, which encodes the haem biosynthesis
enzyme amino-levulinic acid synthase; sufS2BCDSI1XA,
which specify enzymes for FeS cluster synthesis; rir4, a
global, Fe-responsive transcriptional repressor; RL0400,
which likely encodes an unusual FeS cluster scaffold;
and the possible ferri-siderophore ABC transporter rrpl.
Reduced expression in Fe-depleted medium was effected
by IrrA, a member of the Fur super-family, which in
Bradyrhizobium, the symbiont of soybeans, and in the
mammalian pathogen Brucella, is unstable in Fe-replete
conditions, due to an interaction with haem. The
R. leguminosarum IrrA likely interacts with ICE (iron-
control element) motifs, conserved sequences near the
promoters of its target genes. The rirA, sufS2BCDS1XA
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and rrpl genes are also known to be regulated by RirA,
which represses their expression in Fe-replete medium.
We present a possible model for iron-responsive gene
regulation in Rhizobium, in which the IrrA and RirA
regulators, working in parallel, respond to the intracel-
lular availability of haem and, possibly, of FeS clusters
respectively. Thus, these regulators may sense the
physiological consequences of extraneous Fe concen-
trations, rather than the concentration of Fe per se, as
happens in those bacteria (e.g. Escherichia coli) in which
the ferric uptake regulator Fur is the global Fe-respon-
sive gene regulator.

Introduction

Rhizobia are symbiotic a-proteobacteria, with different
biovars, species and genera inducing N,-fixing nodules
on the roots of many different legumes. These bacteria
require iron, not only in the nodule (where the enzyme
nitrogenase and various ancillary proteins needed for N,
fixation have Fe in their cofactors), but also in the oli-
gotrophic soils, where they must obtain Fe in competi-
tion with other organisms. It has been established that
the Rhizobia can acquire Fe in many different ways,
including siderophores (Fe-binding, chelating mole-
cules), haem, ferric citrate and individual strains also
have multiple ABC transporters that may import inor-
ganic Fe (see Johnston 2004). It is also clear that the
ways in which genes in these bacteria are regulated in
response to iron availability are very different from those
that have been described for model bacteria, such as
Escherichia coli. In the present study, we describe an
unusual Fe-responsive transcriptional regulator in Rhi-
zobium leguminosarum and show that it affects the
expression of several different types of structural genes.

In R. leguminosarum biovar viciae, which nodulates
peas and vetches, the genes for the synthesis (vbs) and
uptake (fhu) of the siderophore vicibactin, and those for
the uptake of haem (hmu), as well as some of the ABC



transporter genes, are repressed in response to Fe, this
being mediated by a transcriptional regulator termed
RirA (Todd et al. 2002). Proteomic analyses (Todd et al.
2005) confirmed that RirA is a global regulator, since
> 80 proteins whose synthesis was normally repressed in
Fe-replete (+ Fe) conditions were synthesized constitu-
tively in a RirA™ mutant. Also, the expression of some
other proteins was enhanced in + Fe conditions in the
wild type but was deregulated in RirA™ mutants (Todd
et al. 2005). Similarly, mutations in rird of the closely
related Sinorhizobium meliloti (which nodulates alfalfa)
abolish Fe-dependent repression of genes involved in Fe
uptake (Viguier et al. 2005) and in other functions that
impinge on Fe metabolism (Chao et al. 2005). In the cis-
acting regulatory regions of many RirA-repressible
genes is a conserved sequence, the iron-responsive ele-
ment (IRO), the likely RirA-binding site (Yeoman et al.
2004).

Global control of gene expression in response to Fe
availability is not in itself unexpected. What is unusual
is the identity of the regulator, RirA, compared to
other Fe-responsive gene regulators. Best known of
these is Fur (ferric uptake regulator), which has been
intensively studied in the y-proteobacteria E. coli and
Pseudomonas aeruginosa and in some Gram positive
bacteria, including Bacillus subtilis (see Andrews et al.
2003). Fur, when complexed with Fe?™, binds cis-act-
ing fur boxes that precede many (> 100) Fur-repressed
genes, in at least some bacteria (Andrews et al. 2003).
E. coli Fur also activates expression of some genes by a
two-step process in which Fur represses ryhB, which
encodes a small inhibitory RNA, preventing expression
of several genes at a post-transcriptional level (see
Gottesman 2004). Another class of wide-ranging Fe-
responsive regulators, found in Gram positive bacteria,
includes DtxR, whose structure resembles that of Fur,
despite a lack of amino acid sequence similarity (de
Peredo et al. 2001). R. leguminosarum and S. meliloti
both have a Fur homologue, but it has a different,
minor, role compared to conventional Fur. It is a
manganese-responsive regulator, termed Mur, which in
Mn? " -replete media represses expression of the Mn>™"
uptake sitABCD operon by binding to cis-acting reg-
ulatory MRS (manganese-responsive sequence) boxes
(Chao et al. 2004; Diaz-Mireles et al. 2004, 2005; Pla-
tero et al. 2004).

The sequence of RirA is wholly different from Fur
and DtxR, and TRO motifs have no similarity to
canonical fur boxes. RirA is in the large (>350 mem-
bers) and taxonomically widespread Rrf2 super-family,
only three other members of which have been exam-
ined. These are Rrf2 of Desulfovibrio (Keon et al.
1997), NsrR in Nitrosomonas (Beaumont et al. 2004),
and IscR of E. coli, which, respectively regulate genes
that specify cytochromes, nitrite reductase and the Isc
proteins involved in FeS cluster synthesis. IscR can
form reversible complexes with FeS clusters and, in its
FeS-IscR holo form, binds tightly to the isc promoter,
repressing its transcription (Schwartz et al. 2001). Close

homologues (~70% identity) of RirA only occur in
some genera of the order Rhizobiales, namely, Sino-
rhizobium, Mesorhizobium, the mammalian pathogens
Brucella and Bartonella, the phytopathogen Agrobac-
terium, but not, perhaps surprisingly, the more dis-
tantly related Bradyrhizobium japonicum.

Another Fe-responsive regulator, Irr, was identified
in B. japonicum, which nodulates soybeans (Hamza
et al. 1998). Irr is in the Fur super-family, the Irr
branch being confined to a-proteobacteria, some genera
of which (Bradyrhizobium, Brucella, Rhizobium) have
two versions of this gene (see Fig. 1). Irr of B. japoni-
cum (Irrgj) represses hemB, which encodes J-amino-
levulinic acid dehydratase, the second catalytic step in
haem biosynthesis. This repression occurs only in -Fe
conditions; in + Fe media, Irr is degraded through an
interaction between Irr and haem (Qi and O’Brian
2002; Yang et al. 2005). The interaction between haem
and Irrg; occurs at two different regions of the protein.
One of these, at its N-terminus (Qi and O’Brian 2002)
resembles a haem regulatory motif (HRM), which is
involved in various haem-—protein interactions, in pro-
and eukaryotes (Zhang and Guarente, 1995). The sec-
ond region is at the C-terminal part of Irrg; and in-
cludes three consecutive His residues (Yang et al
2005).

Recently, the Irr protein of the pathogen Brucella
abortus was shown to be involved in regulating haem
synthesis and, as in B. japonicum, to exhibit post-trans-
lational instability in cells grown in Fe-replete media
(Martinez et al. 2005). We had shown (Wexler et al.
2003) that an Irr~ mutant of R. leguminosarum was de-
regulated for haem biosynthesis, although the exact
target gene(s) were not established. We show here that
one of the Irr proteins of R. leguminosarum (IrrA) has a
wider role, regulating several genes in response to Fe
availability. These data, together with previous obser-
vations on the RirA regulator, lead us to propose a
model for Fe homeostasis in Rhizobium which differs
markedly from that which applies to E. coli.

Materials and methods
Strains and plasmids

These are shown in Table 1.

Media, bacterial growth conditions and in vivo genetic
manipulations

Bacteria were grown as in Beringer (1974). In high-Fe
medium, FeCl; (20 uM) was added; low-Fe medium had
no added Fe, but 20 uM of the Fe chelator 2,2-di-pyr-
idyl was present. Plasmids were conjugated into R. le-
guminosarum using helper plasmid pRK2013 (Figurski
and Helinski 1979). f-galactosidase assays were done as
in Rossen et al. (1985).
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Fig. 1 Phylogenetic tree of Irr and Fur/Mur regulators from o-
proteobacteria and Fur regulators in other species. The separate
branch containing Irr proteins in o-proteobacteria is shown by bold
lines. Experimentally characterized Fur regulators are from Bacillus
subtilis (Bsu), Escherichia coli (Eco), Symnechococcus sp. (Ssp),
Helicobacter pylori (Hpy), Vibrio cholerae (Vch), Pseudomonas
aeruginosa (Pae), and Neisseria meningitidis (Nme). Ccr and Zmo
stand for Caulobacter crescentus and Zymomonas mobilis, respec-
tively. The genomic abbreviations of the other a-proteobacteria are
as listed in the Materials and methods, and Irr proteins with a haem
regulatory motif (HRM) at their N-termini are boxed. Genomic
identifiers of Irr proteins are RLO115 (Rle-1)), pRL110146 (Rle-2),

In vitro DNA manipulations

Routine DNA manipulations were done essentially as
in Wexler et al. (2001). R. leguminosarum genomic
DNA was isolated using a Promega preparation Kkit.
Promoter-containing fragments were made using R.
leguminosarum genomic DNA as template and primers
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SMc00329 (Sme), AGR C 249 (Atu), mlr5570 (Mlo),
MBNCO03003186 (Msp), BQ01230 (Bqu), BMEI1563 (Bme-1),
BMEI1955 (Bme-2), blr0768 (Bja-1), blr1216 (Bja-2),
Rsph03001693 (Rsp), STM1w01001534 (Stm), SPOA0445 (Spo),
RPA0424 (Rpa-1), RPA2339 (Rpa-2). Genomic identifiers of Fur/
Mur proteins in o-proteobacteria are MBNC03003179 (Msp-1),
MBNCO03003593 (Msp-2), SMc02510 (Sme), BQO1860 (Bqu),
BMEI0375 (Bme), RPA0450 (Rpa), bll0797 (Bja), CC0057 (Ccr),
ZM01412 (Zmo), Rsph03000505 (Rsp), STM1w01000993 (Stm),
SP0O2477 (Spo), AGR C 620 (Atu), RL0397 (Rle). The dotted line
acts to distinguish the Irr and the Fur/Mur branches of the Fur
super-family

designed using the R. leguminosarum strain 3841 gen-
ome sequence (http://www.sanger.ac.uk/Projects/R_le-
guminosarum/). These primers contained appropriate
restriction sites as shown in Table 2. The PCR prod-
ucts were then cloned into the wide host-range pro-
moter-probe plasmid vector pMP220 (Spaink et al.
1987).

Table 1 Strains and plasmids

used in this study Bacteria

Properties

Source

E. coli

803

E. coli DH10B-T1R
R. leguminosarum

Used as host for plasmids
Used for site-directed mutations

Wood (1966)
Invitrogen

J251 Wild type; Str* Wexler et al. (2001)
J386 J251 irrd::TnSlac Wexler et al. (2003)
1397 J251 rird::Tns Todd et al. (2002)
Plasmids
pMP220 Wide host-range promoter probe; Tet" Spaink et al. (1987)
pRK2013 Used as helper in triparental conjugations Figurski and Helinski (1979)
pBIO1580 hemAl-lacZ fusion in pMP220 This work
PBIO1581 hemA2-lacZ fusion in pMP220 This work
pBIO1582 hemB-lacZ fusion in pMP220 This work
pBIO1439 rirA-lacZ fusion in pMP220 Todd et al. (2002)
pBIO1497 suf-lacZ fusion in pMP220 Todd et al. (2005)
pBIO1553 RL0400-lacZ fusion in pMP220 This work
pBIO1558 rrpl-lacZ This work
pBIO1586 Contains promoter of sufS2BCDSI1XA This work

with three site directed mutations in the

ICE motif cloned in pMP220
pBIO1587 Contains promoter of sufS2BCDSI1XA This work

with six site directed mutations in the
ICE motif cloned in pMP220




Table 2 Oligonucleotides used in this study

Name Sequence Comments

RL0400p1 GGAATTCCGCGAGGGCGGTGCTGC Amplifies RL0400 promoter

RL0400p2 AACTGCAGCCGGCTTAAGATGCTGC Amplifies RL0400 promoter

RLO0O400PE GCGGGGTTCGGCGTGGCTTCGG Used for RL0400 primer extension

hemAlpl GTGGGATCCTGGCCCATGCCGAGATAGTC Amplifies hemAl promoter

hemAl1p2 GGAATTCGCCGCTCGCATATTCTTTATC Amplifies hemAI promoter

hemA1PE CGGTGTGAAGCCCGTCCAGCGCGC Used for hemAI primer extension

hemA2pl GGAATTCTCAAGCTAGCGGCACTGC Amplifies hemA2 promoter

hemA2p2 AACTGCAGATCAGTGCCGCTTCCTTGC Amplifies hemA2 promoter

hemBpl GGAATTCCATAGCGCAGACATCGG Amplifies hemB promoter

hemBp2 AACTGCAGTCGAGATAGGGCAGGCCGGGC Amplifies hemB promoter

rrplplxbal GCTCTAGATGCGAGATGACGGCGGTGC Amplifies rrpl promoter

rrplp2xbal GCTCTAGAGCCGGTGACGACGATGACG Amplifies rrpl promoter

SufICE1 ccagtttagaacaaGCGgaaacttgcatggegatce First round of mutagenesis of the suf ICE motif
SufICE2 gatcgecatgeaagtttcCGCttgttctaaactgeg First round of mutagenesis of the suf ICE motif
SufICE3 cgcagtttagaacaaGCGgGGGettgeatggegatee Second round of mutagenesis of suf ICE motif
SufICE4 ggatcgecatgcaagCCCcCGCttgttctaaactgeg Second round of mutagenesis of suf ICE motif

Restriction sites in the oligonucleotides are underlined as appropriate. For the two pairs of mutagenic primers, the altered bases are shown

in capitals

Site-directed mutagenesis of the ICE box preceding
sufS2BCDS1XA was generated using a QuikChange XL
(Stratagene) mutagenic PCR kit according to the man-
ufacturer’s instructions. The template DNA was plasmid
pBIO1497, which contains a 808 bp DNA fragment
spanning the suf promoter and regulatory regions,
cloned in pMP220. Mutagenic primers, Sufl[CEl and
SufICE2, each 37 bp in length (Table 2) that spanned
the suf ICE motif, contained 3 bp substitutions (GCG
for TTC) compared to wild-type and were used in a
mutagenic PCR reaction. The products were trans-
formed into E. coli DH10B-T1R (Invitrogen), selecting
tetracycline resistance and mutant plasmids were ratified
by sequencing. One such verified mutated plasmid
(termed pBIO1586) was then used as the template in a
second round of mutagenesis using primers SufICE3 and
SufICE4 (Table 2). These change the wild type sequence
(AAA) to GGG. The resultant mutant plasmid,
pBIO1587, therefore has mutations in six of the highly
conserved nucleotides in the ICE motif.

RNA extractions from R. leguminosarum, primer
extensions and DNA sequencing were done as previ-
ously described, to determine the transcriptional starts
of hemAl and RL0400 (Sawers and Bock 1989; Wexler
et al. 2001). The oligonucleotides used are shown in
Table 2.

Bioinformatic analyses
Sequence data of a-proteobacterial genomes

Complete genomes of Agrobacterium tumefaciens (Atu),
Bartonella quintana (Bqu), Bradyrhizobium japonicum
(Bja), Brucella melitensis (Bme), Mesorhizobium loti
(Mlo), Rhodopseudomonas palustris (Rpa), Silicibacter
pomeroyi (Spo), Sinorhizobium meliloti (Sme), and
unfinished annotated genomic sequences of Mesorhiz-
obium sp. BNC1 (Msp), Rhodobacter sphaeroides (Rsp),

and Silicibacter sp. TM1040 (Stm) were downloaded
from GenBank (Benson et al. 2005). Unpublished ge-
nomes of Rhizobium leguminosarum (Rle) and Rho-
dobacter capsulatus (Rca) were downloaded from the
Web sites of the Wellcome Trust Sanger Institute
(http://www.sanger.ac.uk) and Integrated Genomics
Inc. (http://www.integratedgenomics.com), respectively.

Identification of regulatory signals

An iterative signal detection procedure implemented in
the program SignalX (Gelfand et al. 2000) was used to
identify a common regulatory DNA motif in the up-
stream regions of the IrrA-regulated genes, hemAl,
rirA and sufS2 in R. leguminosarum. This motif with
consensus ANTTTRGAAYnRTTCYAAANT (where R
and Y are puRine and pYrimidine, respectively) was
scanned against the genomes of a-proteobacteria
using the GenomeExplorer software (see http://
www.bioinform.genetika.ru/projects/reconstruction/index.
htm), and additional genes with candidate ICE motifs
in the upstream regions were selected (Table 1; Sup-
plementary Table 1). Positional nucleotide weights in
the recognition profile and Z scores of candidate
sites were calculated as the sum of the respective
positional nucleotide weights as described in Mironov
et al. (1999). The threshold for the site search was
defined as the lowest score observed in the training
set.

Genomic analyses (protein similarity searches using
the Smith—Waterman algorithm, analysis of orthology,
and identification of candidate sites in genomic se-
quences) used Genome Explorer (Mironov et al. 2000).
Multiple protein alignments were done using ClustalX
(Thompson et al. 1997). Phylogenetic trees were created
by the maximum likelihood method implemented in
PHYLIP (Felsenstein 1981). Additional protein simi-
larity searches were done using BLAST (McGinnis and



Madden 2004). Conserved protein domain annotations
used the PFAM database (Bateman et al. 2002).

Results

Inspection of the genome sequence of R. leguminosarum
strain 3841 revealed two genes whose deduced products
were in the Irr branch of the Fur superfamily (Fig. 1).
One of these, which we term irrA, is the chromosomal
RLOI15 (shown as Rle-1 in Fig. 1) which is closely re-
lated to the version of Irr in Brucella described by
Martinez et al. (2005). The other, which we term irrB, is
on the large plasmid, pRLI11, and has the identifier
PpRL110146 (shown as Rle-2 in Fig. 1). We had shown
that IrrA is involved in regulating haem synthesis in R.
leguminosarum, so the following work focusses on this
gene.

Irr of B. japonicum acts as a transcriptional repressor
in cells grown in Fe-depleted media. We therefore
investigate if one of the Irr’s of R. leguminosarum was
responsible for our previous findings that several genes
in this species were transcribed at higher levels in + Fe
than in —Fe media (Wexler et al. 2003; Todd et al. 2005)
These included hemA (haem biosynthesis), rird (iron-
responsive regulator) and sufS2BCDSI1XA (synthesis of
FeS clusters). To do this, we made (or used pre-existing)
reporter fusions in which the promoters of genes that
displayed this pattern of regulation were cloned into the
wide host-range reporter plasmid pMP220. The resul-
tant constructs were mobilized into the IrrA™ mutant
strain J386 and, for comparison, into the wild type J251
and into the RirA™ mutant J397. The transconjugants
were assayed for f-galactosidase activity after growth in
Fe-replete and Fe-depleted media. The results obtained
with these assays are presented in the sections below.

IrrA regulates the haem biosynthetic gene hemAl,
but not hemA2 or hemB

Transcription of R. leguminosarum hemA is higher
(~threefold) in + Fe compared to —Fe medium (Wexler
et al. 2003). We now rename this gene (RL4379) hemAl
because the R. leguminosarum strain 3841 genome
(http://www.sanger.ac.uk/Projects/R_leguminosarum/)
reveals two hemA genes, whose products are 99.5%
identical to each other, with hemAl corresponding to the
hemA that was studied by Wexler et al. (2003). The
other, hemA2 (pRL9000S), is on the native plasmid
pRLY. Three other o-proteobacteria, M. loti, R. sph-
aeroides and S. pomeroyi, also have two copies of hemA
(Neidle and Kaplan 1993; our observations); perhaps
surprisingly, S. meliloti, a close relative of R. legumin-
osarum, only has only one hemA, which is required for
symbiotic N, fixation (Leong et al. 1982).

We constructed hemAl-lacZ and hemA2-lacZ plas-
mids (respectively pBIO1580 and pBIO1581) and
mobilized them into wild type R. leguminosarum and

into the J386 and J397 mutants. As anticipated, in the
wild type and in J397, hemAl-lacZ was expressed at
higher levels in + Fe medium, but in the IrrA™ mutant,
it was expressed at similar, relatively high levels in + Fe
and —Fe media (Fig. 2a). In contrast, transcription of
hemAZ2-lacZ was very low (~50 Miller Units), barely
above the background level with the vector pMP220
alone (data not shown). This lack of expression was
found in both + Fe and —Fe media and in the wild type,
and the IrrA™ and RirA™ mutants (not shown). Other
studies (J. D. Todd, unpublished) show that hemA?2
expression is subject to control by O, availability, being
transcribed only when the cells are grown in microaer-
obic conditions.

The deregulated expression of hemAl in the R. legu-
minosarum IrrA~ mutant would account for its accu-
mulation of protoporphyrin IX (PPIX), the immediate
precursor of haem (Wexler et al. 2003). B. japonicum
Irr~ mutants also accumulate PPIX, but by deregulation
of hemB, not hemA (Hamza et al. 1998). We therefore
examined if R. leguminosarum IrrA affected R. legu-
minosarum hemB (RLI1616) expression by cloning its
promoter region into pMP220, to form pBIOI1582.
Expression of this hemB-lacZ fusion was at relatively
low levels (~150 Miller Units), irrespective of Fe avail-
ability in the medium or the rird or irrA genotypes.
Thus the regulation of the haem biosynthetic pathway
differs in R. leguminosarum and B. japomicum, even
though IrrA is a transcriptional regulator of at least one
hem gene in both species.

Effect of a mutation in irr4 on the expression of rir4

Expression of rir4 is enhanced ~threefold in R. legu-
minosarum grown in +Fe compared to —Fe-media
(Todd et al. 2002). This was confirmed here, using the
rirA-lacZ fusion pBI01439 (Fig. 2b). Todd et al. (2002)
also found that RirA was auto-regulated, to some ex-
tent; in a RirA™ mutant, expression of rird-lacZ is fur-
ther enhanced in +Fe medium. When the rird-lacZ
fusion plasmid was in the IrrA™ mutant J386, the levels
of f-galactosidase activities were significantly enhanced
compared to the wild type background, but, impor-
tantly, this only occurred in the —Fe medium; in Fe-
replete conditions, the irr4 mutation had no discernible
effect (Fig. 2b). RirA is therefore under dual control,
being subject to auto-regulation under high-Fe condi-
tions, and IrrA-dependent repression under low-Fe
conditions.

The sufS2BCDS1XA operon is regulated by IrrA
and by RirA

The behavior of the rird fusions was reminiscent of
previous observations on Fe-responsive regulation of the
R. leguminosarum sufS2BCDSIXA operon (RL2583-
RL2577), which encodes the enzymes needed for the



Fig. 2 Expression of
transcriptional fusions in the R.
leguminosarum genes related to
iron metabolism. Strains of R.
leguminosarum wild type (J251),
IrrA™ (J386) and RirA™ (J397),
each containing the -/lacZ fusion
plasmid shown were grown in
minimal medium containing
(white bars) or lacking (hatched
bars) FeCls. In addition,
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Fig. 3 Locations of IRO and/or ICE motifs preceding IrrA-
regulated suf, hemAl, rirA, rrpl and RL0O400 genes. For each
panel, the IrrA-regulated genes are shown as hatched boxes. Filled
arrows indicate direction of transcription. The transcript starts,
determined by primer extensions are shown as arrows above the
DNA sequences. Note the two distinct transcript starts, TS1 and
TS2 for rirA and the “stuttering” starts with RLO400 and rirA4 TS2.
Proposed ATG translational start sites are in italics. The numbers
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at the ends of the sequences are those in the genome of R.
leguminosarum strain 3841 (ftp://www.ftp.sanger.ac.uk/pub/patho-
gens/rl/RL.pep). The ICE and IRO motifs are, respectively, under-
and over-lined, the highly conserved diagnostic nucleotides being
in capitals. In panel “a” the three altered bases in the muted suf
ICE motif in pBIO1586 are shown as “*”” and the additional three
mutant bases in pBIO1587 as “#7”; the mutated forms of the
sequence are shown above these symbols
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Fig. 3 (Contd.)

are revealed. Interestingly, in the wild type background,
sufS2ZBCDSIXA expression was somewhat greater in
+ Fe than in —Fe medium. This differs from what we
reported earlier, where the reverse was the case (Todd
et al. 2005). Because of this discrepancy, we re-assayed
the original wild type strain R. leguminosarum contain-
ing pBIO1497, which was used by Todd et al. (2005) and
we reintroduced the exact same suf-lacZ reporter plas-
mid into J251 and into other wild type strains of R.
leguminosarum in our collection. In all cases, expression
of the fusion was greater in + Fe than in —Fe medium.
Since the assays described by Todd et al. (2005) had been
done repeatedly, it seems that unknown and, presum-
ably, subtle, changes in the medium caused this differ-
ence. We discuss this unexplained observation below.

IrrA does not regulate previously identified genes
involved in iron uptake

Having shown that IrrA regulates at least three sets of
genes that are expressed at enhanced levels in + Fe

:
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medium, we investigated if it influenced transcription of
genes that are known to be repressed by RirA in +Fe
media. These included vbs and fhu genes that respectively
specify the synthesis and the import of the siderophore
vicibactin, and the Amu genes required for haem uptake
(Carter et al. 2002; Stevens et al. 1999; Wexler et al. 2001;
Yeoman et al. 2000). We therefore transferred into the
IrrA™ mutant a series of reporter plasmids in which the
promoters of the vbsC, fhuA and hmu genes had been
cloned 5 of lacZ in pMP220. All displayed the same
pattern of expression as in the wild type background,
with much higher f-galactosidase levels in —Fe than in
+ Fe medium (data not shown). Thus, at least some Fe-
regulated genes are negatively regulated by RirA in re-
sponse to Fe but are unaffected by IrrA.

A conserved sequence that may be a target for IrrA
recognition

Given that IrrA regulates hemAl, rirA and
sufS2BCDS1XA, we inspected their promoter regions



for any conserved sequence features. We had already
identified the two rird transcriptional initiation sites,
TS1 and TS2 (Todd et al. 2002) and the single TS for
sufS2ZBCDSIXA (Todd et al. 2005). We identified the
hemAI transcript start by isolating RNA from the wild
type, and the IrrA™ and RirA™ mutants each grown in
Fe-depleted and Fe-replete media, then performing pri-
mer extensions on these samples. There was a single
transcript start, located 114 bps 5 of hemAl (see
Fig. 3b).

We identified a highly conserved sequence motif that
spans the hemAl and sufS2BCDSIXA transcript starts
and which is just 3" of TS1 of rird (Fig. 3¢c). This motif,
AnTTTRGAAYnRTTCYAAANT, has inverted repeat
symmetry and resembles the iron control element (ICE)
identified by Nienaber et al. (2001) as a likely Fe-
responsive, cis-acting sequence for the smu genes in B.
Japonicum, which can bind to Irrg; (Rudolph et al. 2006).
This sequence has very little detectable similarity to
canonical fur boxes or to the MRS box, to which the
Fur-like, Mn? " -responsive regulator Mur of Rhizobium
binds (Supplementary Table 2). In the sufS2BCDSIXA
and rirdA operons, which are also subject to RirA-
dependent repression in Fe-replete conditions, their IRO
sequences (TGA-9 bp-TCA) lie upstream of their ICE
motifs (Fig. 3a, ¢).

Site-directed mutagenesis reveals the importance
of the ICE motif for IrrA-dependent regulation
of the sufS2BCDS1XA operon

To confirm the importance of the ICE motif in IrrA-
dependent gene regulation, two mutated forms of the
suf-lacZ reporter plasmid pBIO1497 were made. In one
of these, the highly conserved TTC in the ICE motif was
mutated to GCG, to form plasmid pBIO1586 (see
Fig. 3a). The other mutant plasmid (pBIO1587) had
these same three mutations but the highly conserved
AAA of the ICE motif was also mutated, to GGG
(Fig. 3a). These two mutant plasmids were mobilized
into wild type R. leguminosarum and the transconjugants
were assayed for f-galactosidase after growth in + Fe
and —Fe medium.

Replacement of 6 bps of the ICE motif, in pBIO1587,
had a very significant effect on the expression of the suf-
lacZ fusion, the levels of ff-galactosidase being increased
~sevenfold in the —Fe medium compared to the wild
type reporter pBIO1497 (Fig. 2c) Interestingly, in
pBIO1586, in which only three of the conserved bases of
the ICE motif were mutated, had intermediate expres-
sion, between those of the wild type and pBIO1587
(Fig. 2¢). These observations confirm the importance of
the ICE motif, 5-AnTTTRGAAYnRTTCYAAAnNT-3,
with its 12 particularly well-conserved nucleotides
(underlined). The substitution of both the “TTC” and
“AAA”, at the 3’ end of the motif almost abolished
IrrA-mediated repression, but if the latter was retained,
some regulation remained. Thus, both these trimers are

involved in the functioning of the ICE motif. It will be of
interest to see if the same is true for the “TTT” and
“GAA” at the 5" end of the ICE motif, which are in
inverse complementarity to the bases that were mutated
here.

Identification of ICE sequences in the genome
of R. leguminosarum

To identify other candidate members of the IrrA regu-
lon, the recognition profile for the ICE motif was used to
scan the genome of R. leguminosarum 3841. In addition
to hemAl, sufS2BCDSIXA and rirA, five other R. le-
guminosarum transcriptional units have ICE sequences
in their likely cis-acting regulatory regions, and, signifi-
cantly, all of these have obvious links with iron metab-
olism (Table 3). For example, RL0322, or irpA,
resembles an uncharacterized iron-responsive gene from
Synechococcus sp. PCC 7942 that is required for Fe-
limited growth (Durham et al. 2003), and RL2703 is
predicted to encode the fumarate hydratase FumA, a
Krebs cycle enzyme containing a [4Fe—4S] cluster. Three
other genes with ICE sequences in their regulatory re-
gions were of interest for several reasons, as follows.

The RL2713-RL2714-RL2715 operon likely encodes
a ferri-siderophore ABC transporter similar to the iron-
DtxR-regulated IRP6 transporter from Corynebacterium
diphtheriae (Qian et al. 2002). Interestingly, the RL2713
product corresponds to Rrpl, whose production was
shown in a proteomic analysis to be enhanced in Fe-
depleted conditions and to be regulated by RirA (Todd
et al. 2005). As with the sufS2BCDSI1XA and rirA pro-
moter regions, the rrpl gene has both an ICE and IRO
motif (Fig. 3d), suggesting that it might be regulated by
both IrrA and by RirA (see below).

The product of RL0O263, has an N-terminal domain
with significant similarity to the bacterioferritin-like
rubrerythrin (PFAM accession number PF02915), but
which also, and most unusually, has a C-terminal do-
main in the DUF125 family (PF01988), which is pre-
dicted to be an inner membrane protein. Significantly, R.
leguminosarum RL0263 is an ortholog of the blr7895
gene that Rudolph et al. (2006) found to have an ICE
motif and to be expressed at higher levels in B. japoni-
cum in Fe-replete conditions, most likely under the
control of Irr.

Another R. leguminosarum gene with an ICE motif is
RL0400, whose product is remarkably similar (~48%
identity) throughout its length to a eukaryotic protein,
known as Nful in yeast and HIRIPS5 (HIRA-interacting
protein 5, the HirA protein being a transcriptional reg-
ulator of histone gene transcription) in mammals. HI-
RIP5 and Nful are thought to act as scaffolds to
transfer FeS clusters to different acceptor proteins
(Lorain et al. 2001). Among prokaryotes, the only bac-
teria with proteins sharing extended homology to the
RL0400 gene product are in the o-proteobacteria.
However, there is low-level homology between the



Position® Score® ICE conservation in other species’

ICE sequence®

Function®

Table 3 Presence of ICE sequences in R. leguminosarum and in related bacterial species

Gene ID * Operon®

Milo, Msp, Atu, Bme, Bqu, Bja, Rpa, Rca, Rsp, Spo

Mlo, Atu, Bme

Mlo, Msp, Atu, Bme, Bqu, Bja, Rpa, Stm, Spo
Atu

Mlo, Msp, Atu, Ssp, Spo

Mlo, Atu

Bja, Rpa
Sme, Atu

Sme
Sme
Sme
Sme
Sme
Sme

6.36
6.06
5.95
5.36
5.30
5.24
491
4.79

-35
—68
—113
—43
—205
—55
-93
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ICE sequences in those genomes see Supplementary Table 1

4Gene ID numbers are as in the R. /e,

Consensus
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C-terminal region of the RL0400 gene product and parts
of NifU, a scaffold protein that delivers FeS clusters to
nitrogenase (Agar et al. 2000).

Interestingly, we noted that these newly identified
ICE motifs also occur 5” of orthologous genes in several
other members of the Rhizobiales and Rhodobacteri-
ales, consistent with the presence of irr genes in these
lineages (see Table 3 and Discussion).

Confirmation that RL0O400 and rrpl are regulated
by IrrA

Having identified several new transcriptional units that
are predicted to be regulated by IrrA, we directly exam-
ined the behavior of two of them, RL0O400 and the rrpl
operon. We cloned the promoter regions of rrpl and
RL0O400 into pMP220 to form pBIO1558 and pBIO1553
respectively, then mobilized both plasmids into the wild
type and into the IrrA™ and RirA™ mutants of R. legu-
minosarum. The transconjugants were grown in + Fe and
—Fe media, before assaying ff-galactosidase activities.

The p-galactosidase assays with the rrpl-lacZ fusion
pBIO1558 showed that it was regulated by Fe, the
activity being substantially less in the + Fe media when
the fusion was in the wild type strain (Fig. 2d). Inter-
estingly, the expression of rrpl was much enhanced in the
IrrA™ mutant, but only in —Fe media, showing that IrrA
could repress rrpl expression in such conditions. Also,
and as predicted from the proteomic study (Todd et al.
2005), Fe-dependent repression in + Fe media was lost in
the RirA mutant J397 (Fig. 2d). Thus, like rird and
sufS2BCDS1XA, the rrpl gene is regulated by both IrrA
and RirA, consistent with the presence of IRO and ICE
motifs in its likely regulatory region (Fig. 3d).

In contrast, RL0O400 is regulated by IrrA but not
RirA. Thus, in both the wild type and RirA~ mutant
backgrounds, RL0400-lacZ was expressed at higher
levels in +Fe than in —Fe¢ media, but in the IrrA™
mutant, expression in —Fe media was only slightly re-
duced, compared to when the cells were grown in + Fe
medium (Fig. 2e).

To locate the RL0O400 ICE motif relative to its tran-
scriptional initiation site, primer extensions were done.
These showed higher levels of expression in the IrrA™
mutant than in the wild type, consistent with the /lacZ
fusion data (Fig. 4). The RL0400 transcriptional start
site was in the same position in the wild type and in the
IrrA™ mutant and was located within the ICE motif that
had been predicted above (Fig. 3e). The DNA in the
vicinity of the RL0O400 transcript start had no detectable
IRO motif, consistent with the fact that its expression
was unaffected by the rird genotype.

Discussion

The results presented here, together with previous
studies on Fe-responsive gene regulation in R. legumin-
osarum, confirm and extend our previous conclusions
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Fig. 4 Location of RL0400 transcriptional start by primer exten-
sion. Using RNA obtained from wild type and IrrA™ mutant R.
leguminosarum grown in Fe-depleted media and the primer
RLO400PE (Table 2) the 5" ends of the RL0400 transcripts are
shown in relation to the sequence of the corresponding region,
which was determined using the same primer and the cloned
RL0400 promoter DNA as template

that the regulatory response to this metal is very differ-
ent and more complex than in E. coli and other bacteria
whose primary Fe-responsive regulator is Fur. It is clear
that R. leguminosarum has two wide-ranging regulators,
IrrA and RirA, which probably act, respectively, on the
ICE and IRO motifs in the operator regions of their own
sets of target genes. Intriguingly, they appear to respond
in opposite senses to external Fe concentrations, IrrA
being a repressor in Fe-deficient media and RirA in Fe-
replete conditions. Since at least some genes are regu-
lated by both IrrA and RirA, there are at least three sets
of Fe-responsive genes, some being regulated by IrrA,
some by RirA and some or by both.

Those genes that are most obviously involved in the
acquisition of Fe are, not surprisingly, expressed at
higher levels in —Fe media, this being mediated by the
RirA protein, most likely acting on the IRO motifs of
(e.g.) the fhu, vbs and hmu genes (Todd et al. 2002, 2005).
As shown here, such genes are unaffected by the IrrA
regulator.

The genes in the second class, of which we have
identified two examples, hemAl and RL0O400, are tran-
scribed at higher levels in + Fe media, this regulation
involving IrrA but not RirA. The hemA of B. japonicum
is also expressed at higher levels in response to Fe
availability, but this is mediated by Fur, not by RirA
(Hamza et al. 2000). Interestingly, transcription of the
single hemA gene of B. japonicum is also affected by O,
availability, this being mediated by the FixK regulator
(Hamza et al. 2000; Page et al. 1994; Page and Guerinot
1995). It is unclear why R. leguminosarum has two hemA
genes, one of which (hemAl) is regulated by Fe via the

IrrA regulator and the other, (hemA2), which responds
to O, availability, being virtually quiescent in aerobic
conditions. It will be of interest to know which, if either,
of the R. leguminosarum hemA genes is important in
supplying haem in nodules.

The product of the other gene, RL0O400, which is
regulated by IrrA but not RirA and whose expression is
enhanced in + Fe media, is a homologue of the likely
FeS-transfer protein HIRIPS, as well as of proteins in
other o-proteobacteria. The exact function of the
RL0O400 gene product is unknown, but presumably in-
volves a process that occurs more actively at higher
levels in Fe-replete conditions. We did not show directly
that RL0263, a third gene with an ICE motif near its
likely promoter, is regulated by IrrA. However, it seems
likely that this is the case, given that Irrg;j can bind to the
ICE motif of the corresponding gene in B. japonicum
(Rudolph et al. 2006). As with that of RL0400, the
function of the RL0263 gene product is unknown, but its
very unusual domain structure suggests that it might be
an inner membrane protein that can bind to Fe and
hence may afford resistance to the metal; if so, it would
be an advantage to be expressed in Fe-replete media.
Homologues of RL0263 occur in eleven other analyzed
bacteria from the Rhizobiales and Rhodobacteriales
orders and in all cases, they have ICE sequences in their
likely regulatory regions (Table 3, Supplementary Ta-
ble 1), suggesting that the RL0263 gene product has an
important role in the Fe metabolism in these bacteria.

In terms of their regulation, perhaps the most inter-
esting sets of genes are those that are regulated by both
IrrA and RirA. We identified three of these,
sufS2BCDS1XA, rirA and rrpl, all of which contained
both an ICE and an IRO motif in their operator regions.
In R. leguminosarum, it seems that under our growth
conditions RirA-mediated repression exerts a greater
influence than IrrA in the regulation of rrpl, since in
J251 the rrpl-lacZ fusion was expressed at higher levels
in —Fe than in +Fe medium. In contrast, for
sufS2BCDSIXA and rirA, the reverse was true, sug-
gesting that the repressive effect of IrrA in —Fe medium
was more important than the RirA-mediated repression
in +Fe medium. We cannot explain why we now find
that the sufS2BCDSIXA operon is expressed at higher
levels in + Fe medium, whereas previously the reverse
was true (Todd et al. 2005). We can only suggest that
there may be some difference in the media when the two
sets of experiments were done, and that this caused a
switch from RirA being the dominant regulator to a
situation in which the effects of IrrA are more pro-
nounced. Perhaps only minor differences may tip the
balance between an overall appearance of induction or
repression in response to extracellular Fe concentra-
tions.

We had shown (Todd et al. 2002) that irr4 expression
is regulated by RirA in + Fe media; the fact that IrrA
also regulates rir4 transcription reveals an even more
intimate link between these two regulators, over and
above the fact that they can act on the same genes.



R. leguminosarum and B. japonicum each have a second
irr gene, of unknown function(s) which we term irrB; in
contrast, the genome of S. meliloti has only one irr gene;
but the significance of this is not clear. Despite the wide
range of genes regulated by R. leguminosarum irrA and/
or rirA, it is surprising that mutations in neither gene
affect symbiotic N, fixation on peas (Todd et al. 2002;
Wexler et al. 2003). It remains to be seen if this is
because a different regulon comes into action within the
bacteroids.

A microarray study lists ~300 S. meliloti genes whose
expression was affected (either greater or lower) by Fe
availability and 200 whose transcription differed in the
wild type compared to that in a RirA™ mutant (Chao
et al. 2005). Not surprisingly, there was some overlap
between the two sets of data and it remains to be seen
how many of the genes whose expression is affected by
Fe but not by RirA are regulated by IrrA. For reasons
that are not clear, some of the genes that are regulated
by RirA in R. leguminosarum (e.g. tonB) were not de-
tected by Chao et al. (2005) as being differentially ex-
pressed nor were the IrrA-regulated genes RL0263 or
RL0O400 even though S. meliloti has orthologues of all
these genes, and have IRO or ICE sequences as appro-
priate.

The Irr transcriptional regulator was first identified in
B. japonicum as a regulator of hemB. Ironically, as
pointed out by Rudolph et al. (2006), this hemB has no
ICE motif, so the first gene shown to be regulated by Irr
may be controlled by a different mechanism that does
not involve direct binding of Irrg; to an ICE motif. In R.
leguminosarum, IrrA is not involved in the control of
hemB, but, instead, it regulates hemAl. In + Fe condi-
tions, Irrg; is highly unstable, and so cannot exert its
repressive abilities. This post-translational instability in
Fe-replete media is mediated by haem availability,
through a complex interaction whereby haem is deliv-
ered by ferrochelatase to an HRM and to at least one
more site in the Irrg; protein. This provides a nice system
of feedback control, linked to the flux through the haem
biosynthetic pathway (Qi and O’Brian 2002; Yang et al.
2005). It remains to be seen if the R. leguminosarum IrrA
is unstable in response to haem, particularly since it
lacks the high affinity HRM, though it does have the
“HHH” motif that is involved in the interaction with
haem in B. japonicum (Wexler et al. 2003; Yang et al.
2005). In fact, the only Irr proteins to have a high
affinity HRM are those of B. japonicum and the very
closely related Rhodopseudomonas palustris (Fig. 1).
However, Irr of Brucella can bind to haem in vitro, even
though it, too, lacks the high affinity HRM (Martinez
et al. 2005). As in Rhizobium, Irr~ mutants of Brucella
accumulate protoporphyrin, showing that there is a link
with haem biosynthesis even when the Irr has no high
affinity HRM motif.

As stated, ICE motifs precede several Fe-responsive
genes in B. japonicum. Interestingly, these motifs occur
in the cis-acting regulatory regions of some genes whose
expression was enhanced in —Fe compared to +Fe

conditions and in others where the reverse was true. The
former group included the Amu genes involved in haem
uptake. In R. leguminosarum, the hmu genes are re-
pressed by RirA, but not by IrrA. In the Fe-repressed
genes of B. japonicum, the ICE sequences are located
some distance upstream of the promoters, but in those
genes whose expression is enhanced in + Fe media, the
ICE motif overlaps their promoters, just as in R. legu-
minosarum. Interestingly, Irrg; could bind in vitro to
these promoters but not to those, (e.g. Aimu) whose ICE
motifs were upstream and appeared to act positively on
gene expression (Rudolph et al. 2006). Similar work,
using purified protein from R. leguminosarum will show
if its IrrA binds to all of the ICE motifs that we have
identified.

In E. coli, B. subtilis and P. aeruginosa (and several
other genera that have been studied less intensively), in
which Fur is the global Fe-responsive regulator, the
bacteria monitor iron levels directly, by a relatively
simple process in which Fe?" complexes with Fur,
causing it to bind its cognate fur boxes and to repress
transcription (Andrews et al. 2003). In E. coli even for
those genes in which Fur appears to be an activator, the
underlying mechanism is the same; Fur-Fe?" represses
ryhB expression, alleviating the inhibitory effects of
RyhB sRNA on its various targets (Gottesman 2004).
However, there is at least one case in which Fur can act
directly as a positive regulator; Fur of Neisseria menin-
gitides can activate or repress various genes required for
virulence depending on its binding site, relative to the
start of transcription (Delany et al. 2004).

Even taking these non-conventional behavior pat-
terns of ““classical” Fur into account, the work presented
here on R. leguminosarum, together with our earlier
work on this species and the observations of others on
other rhizobia, prompt us to put forward a novel model
for Fe-responsive gene regulation in these bacteria (see
Fig. 5). We suggest that R. leguminosarum does not
sense Fe availability, per se, but does so secondarily,
through at least two, wide-ranging, transcriptional reg-
ulators, RirA and IrrA, which act in opposing ways. In
this model, we propose that IrrA responds, directly or
indirectly, to the intracellular haem concentration and
that RirA senses the availability (and/or particular
chemical form) of FeS clusters within the cell. It has
been experimentally verified, at least for B. japonicum
and Brucella (see above) that Irr interacts with haem and
it seems likely that RirA is an FeS protein since it is the
same Rrf2 superfamily as the ratified FeS protein IscR
and preliminary evidence shows that purified R. legu-
minosarum RirA protein binds to FeS clusters in vitro
(JDT, J. Crack and N. le Brun, unpublished observa-
tions). So, RirA may act as a repressor in response to the
availability of FeS clusters, which, as with haem for Irr,
may be a secondary, not a primary outcome of extra-
neous Fe availability.

Importantly, all five genera (Agrobacterium, Barto-
nella, Brucella, Mesorhizobium and Sinorhizobium) that
are closely related to R. leguminosarum, as well as
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Fig. 5 Possible model for Fe-dependent gene regulation in R.
leguminosarum. In Fe-replete conditions (on the left), RirA, bound
to FeS clusters, represses transcription of the genes as indicated by
striped arrows, whereas IrrA fails to function, due to haem-
dependent instability. In Fe-replete media (on the right), RirA lacks
its FeS cluster and does not repress, but IrrA represses its target
genes (intact arrows). Those genes (RL0263, irpA and fumA) whose
levels of expression were not assayed experimentally have a stippled
background)

Rhodobacter and Silicibacter, not only have close ho-
mologues of RirA and of IrrA, but they have ICE or
IRO motifs in the likely promoter regions of their
sufS2BCDS1XA, hemAl, RL0O400, RL0O263, rrpl and
rirA genes (Table 3; Table 1 in supplementary material).
It is therefore likely that these bacteria, too, have a very
different way of maintaining their intracellular iron
homeostasis from that in other model, bacteria. Further
work on the biochemistry and the physiology of iron
metabolism of these and other, less well-studied bacteria
may reveal still more novel features that relate to this
important part of bacterial metabolism and gene regu-
lation.

Acknowledgements Our thanks go to Nick le Brun and Jason Crack
for useful discussions and to the BBSRC for funding. D.R. was
supported by the Russian Fund of Basic Research (04-04-49361)

and the Russian Academy of Sciences (Program “Molecular and
Cellular Biology’’). We are grateful to Gesine Rudolph and Hans-
Martin Fischer for useful discussions.

References

Agar JN, Yuvaniyama P, Jack RF, Cash VL, Smith AD, Dean
DR, Johnson MK (2000) Modular organization and identifi-
cation of a mononuclear iron-binding site within the NifU
protein. J Biol Inorg Chem 5:167-177

Andrews SC, Robinson A., Rodriguez-Quinones F (2003) Bacterial
iron homeostasis. FEMS Microbiol Lett 27:215-237

Bateman A, Birney E, Cerruti L, Durbin R, Etwiller L et al (2002)
The Pfam protein families database. Nucleic Acids Res 30:276—
280

Beaumont HJ, Lens SI, Reijnders WN, Westerhoff HV, van
Spanning RJ (2004) Expression of nitrite reductase in Nitroso-
monas europaea involves NsrR, a novel nitrite-sensitive tran-
scription repressor. Mol Microbiol 54:148-158

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

Beringer JE (1974) R factor transfer in Rhizobium leguminosarum.
J Gen Microbiol 84:188-198

Carter RA, Worsley PS, Sawers G, Challis GL, Dilworth MJ,
Carson KC, Lawrence JA, Wexler M, Johnston AWB, Yeoman
KH (2002) The vbs genes that direct synthesis of the sidero-
phore vicibactin in Rhizobium leguminosarum: their expression
in other genera requires ECF ¢ factor Rpol. Mol Microbiol
44:1153-1166

Chao TC, Becker A, Buhrmester J, Piithler A, Weidner S (2004) The
Sinorhizobium meliloti fur gene regulates, with dependence on
Mn(11), transcription of the sitA BCD operon, encoding a metal-
type transporter. J Bacteriol 86:3609-3620

Chao TC, Buhrmester J, Hansmeier N, Puhler A, Weidner S (2005)
The role of the regulatory gene rirdA for the transcriptional
response of Sinorhizobium meliloti to iron limitation. Appl Env
Microbiol 71:5969-5982

Delany I, Rappuoli R, Scarlato V (2004) Fur functions as an
activator and as a repressor of putative virulence genes in
Neisseria meningitides. Mol Microbiol 52:1081-1090

de Peredo AG, Saint-Pierre C, Latour JM, Michaud-Soret I, Forest
E (2001) Conformational changes of the ferric uptake regula-
tion protein upon metal activation DNA binding; first evidence
of structural homologies with the diphtheria toxin repressor.
J Mol Biol 310:83-91

Diaz -Mireles E, Wexler M, Sawers G, Bellini D, Todd JD,
Johnston AWB (2004) The Fur-like protein Mur of Rhizobium
leguminosarum is a Mn(2+ )-responsive transcriptional regula-
tor. Microbiol 150:1447-1456

Diaz-Mireles E, Wexler M, Todd JD, Bellini D, Johnston AWB,
Sawers RG (2005) The manganese-responsive repressor Mur of
Rhizobium leguminosarum is a member of the fur-superfamily
that recognises an unusual operator sequence. Microbiol
151:4071-4078

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

Felsenstein J (1981) Evolutionary trees from DNA sequences: a
maximum likelihood approach. J Mol Evol 17:368-376

Figurski DH, Helinski DR (1979) Replication of an origin-con-
taining derivative of plasmid RK2 dependent on a plasmid
function provided in trans. Proc Natl Acad Sci USA 76:1648—
1652

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

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



Hamza I, Qi Z, King ND, O’Brian MR (2000) Fur-independent
regulation of iron metabolism by Irr in Bradyrhizobium japon-
icum. Microbiol 146:669-676

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

Gottesman S (2004) The small RNA regulators of Escherichia coli:
roles and mechanisms. Ann Rev Microbiol 58:303-328

Johnston AWB (2004) Mechanisms and regulation of iron uptake
in the rhizobia. In: Crosa JH, Payne SM (eds) Iron transport in
bacteria: molecular genetics, biochemistry, microbial patho-
genesis and ecology. ASM Press, pp 469-488

Keon RG, Fu RD, Voordouw G (1997) Deletion of two down-
stream genes alters expression of the /imc operon of Desulf-
ovibrio vulgaris subsp vulgaris Hildenborough. Arch Microbiol
167:376-383

Lee JH, Yeo WS, Roe JH (2004) Induction of the suf4 operon
encoding Fe-S assembly proteins by superoxide generators
hydrogen peroxide: involvement of OxyR, IHF and an
unidentified oxidant-responsive factor. Mol Microbiol 51:1745—
1755

Leong SA, Ditta GS, Helinski DR (1982) Heme biosynthesis in
Rhizobium. Identification of a cloned gene coding for delta-
aminolevulinic acid synthetase from Rhizobium meliloti. J Biol
Chem 257:8724-8730

Lorain S, Lecluse Y, Scamps C, Mattei MG, Lipinski M (2001)
Identification of human and mouse HIRA-interacting pro-
tein-5 (HIRIPS), two mammalian representatives in a family
of phylogenetically conserved proteins with a role in the
biogenesis of Fe/S proteins. Biochem Biophys Acta 1517:376—
383

Martinez M, Ugalde RA, Almiron M (2005) Dimeric Brucella
abortus Irr protein controls its own expression and binds haem.
Microbiol 151:3427-3433

McGinnis S, Madden TL (2004) BLAST: at the core of a powerful
and diverse set of sequence analysis tools. Nucl Acid Res
32(Web Server issue):W20-W25

Nienaber A, Hennecke H, Fischer HM (2001) Discovery of a haem
acquisition system in the soil bacterium Bradyrhizobium japon-
icum. Mol Micriobiol 41:787-800

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

Mironov AA, Vinokurova NP, Gelfand MS (2000) GenomeEx-
plorer: software for analysis of complete bacterial genomes.
Mol Biol (Moscow) 34:222-231

Neidle E L, Kaplan S (1993) Expression of the Rhodobacter sph-
aeroides hemA and hemT genes, encoding two S-aminolevulinic
acid synthase isozymes. J Bacteriol 175:2292-2303

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

Page KM, Connolly EL, Guerinot ML (1994) Effect of iron
availability on expression of the Bradyrhizobium japonicum
hemA gene. J Bacteriol 176:1535-1538

Page KM, Guerinot ML (1995) Oxygen control of the Bradyrhiz-
obium japonicum hemA gene. J Bacteriol 177:3979-3984

Panina EM, Mironov AA, Gelfand MS (2001) Comparative anal-
ysis of FUR regulons in gamma-proteobacteria. Nucleic Acids
Res 29:5195-5206

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

Qi Z, O’Brian MR (2002) Interaction between the bacterial iron
response regulator and ferrochelatase mediates genetic control
of heme biosynthesis. Mol Cell 9:155-162

Qian Y, Lee JH, Holmes RK (2002) Identification of a DtxR-
regulated operon that is essential for siderophore-dependent
iron uptake in Corynebacterium diphtheriae. J Bacteriol
184:4846-4856

Rodionov DA, Dubchak I, Arkin A, Alm E, Gelfand MS (2004)
Reconstruction of regulatory and metabolic pathways in metal-
reducing delta-proteobacteria. Genome Biol 5:R90

Rossen L, Shearman CA, Johnston AWB, Downie JA (1985) The
nodD gene of Rhizobium leguminosarum is autoregulatory and
in the presence of plant root exudate induces the nod4 BC genes.
EMBO J 4:3369-3374

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

Sawers G, Bock A (1989) Novel transcriptional control of the
pyruvate formate-lyase gene: upstream regulatory sequences
and multiple promoters regulate anaerobic expression. J Bac-
teriol 171:2485-2498

Schwartz CJ, Giel JL, Patschkowski T, Luther C, Ruzicka FJ,
Beinert H, Kiley PJ (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 USA 18:14895-14900

Spaink HP, Okker RJH, Wijffelman CA, Pees E, Lugtenberg BJJ
(1987) Promoters in the nodulation region of the Rhizobium le-
guminosarum symbiotic plasmid pRL1JI. Plant Mol Biol 9:27-39

Stevens JB, Carter RA, Hussain H, Carson KC, Dilworth MJ,
Johnston AWB (1999) The fhu genes of Rhizobium leguminosa-
rum specifying siderophore uptake proteins: fhuCDB are adja-
cent to a pseudogene version of fhuA. Microbiol 145:593-601

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

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

Todd JD, Wexler M, Sawers G, Yeoman KH, Poole PS, Johnston
AWB. (2002) RirA, an iron-responsive regulator in the symbi-
otic bacterium Rhizobium leguminosarum. Microbiol 148:4059—
4071

Viguier C, 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 Micro-
biol Lett 15:235-242

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

Wexler M, Todd JD, Kolade O, Bellini D, Hemmings AM, Sawers G,
Johnston AWB (2003) Fur is not the global regulator of iron
uptake genes in Rhizobium leguminosarum. Microbiol 149:1357—
1365

Wood WB (1966) Host specificity of DNA produced by Escherichia
coli; bacterial mutations affecting the restriction and modifica-
tion of DNA. J Mol Biol 16:118-133

Yang J, Ishimori K, O’Brian M R (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

Yeoman KH, Curson ARJ, Todd JD, Sawers G, Johnston
AWB ?tul?> (2004) Evidence that the Rhizobium regulatory
protein RirA binds to cis-acting iron-responsive operators
(IROs) at promoters of some Fe-regulated genes. Microbiol
150:4065-4074

Yeoman KH, Wisniewski-Dye F, Timony C, Stevens JB, deLuca
NG, Downie JA, Johnston AWB (2000) Analysis of the Rhi-
zobium leguminosarum siderophore-uptake gene fhuA: differen-
tial expression in free-living bacteria and nitrogen-fixing
bacteroids and distribution of an fhud pseudogene in different
strains. Microbiol 146:829-837

Zhang L, Guarente L (1995) Heme binds to a short sequence that
serves a regulatory function in diverse proteins. EMBO J
16:313-320



	The Rhizobium leguminosarum regulator IrrA affects the transcription �of a wide range of genes in response to Fe availability
	Abstract
	Introduction
	Materials and methods
	Strains and plasmids
	Media, bacterial growth conditions and in vivo genetic manipulations
	In vitro DNA manipulations
	Fig1
	Tab1
	Bioinformatic analyses
	Sequence data of  agr -proteobacterial genomes
	Identification of regulatory signals
	Tab2
	Results
	IrrA regulates the haem biosynthetic gene hemA1, �but not hemA2 or hemB
	Effect of a mutation in irrA on the expression of rirA
	The sufS2BCDS1XA operon is regulated by IrrA �and by RirA
	Fig2
	Fig3
	IrrA does not regulate previously identified genes�involved in iron uptake
	A conserved sequence that may be a target for IrrA recognition
	Fig3
	Site-directed mutagenesis reveals the importance �of the ICE motif for IrrA-dependent regulation �of the sufS2BCDS1XA operon
	Identification of ICE sequences in the genome �of R. leguminosarum
	Confirmation that RL0400 and rrp1 are regulated �by IrrA
	Discussion 
	Tab3
	Fig4
	Acknowledgements
	References
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	Fig5
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40
	CR41
	CR42
	CR43
	CR44
	CR45
	CR46
	CR47
	CR48
	CR49
	CR50
	CR51
	CR52
	CR53
	CR54
	CR55
	CR56
	CR57


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


