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Summary

The role of iron in mycobacteria as in other bacteria
goes beyond the need for this essential cofactor. Lim-
itation of this metal triggers an extensive response
aimed at increasing iron acquisition while coping with
iron deficiency. In contrast, iron-rich environments
prompt these prokaryotes to induce synthesis of iron
storage molecules and to increase mechanisms of
protection against iron-mediated oxidative damage.
The response to changes in iron availability is strictly
regulated in order to maintain sufficient but not
excessive and potentially toxic levels of iron in the
cell. This response is also linked to other important
processes such as protection against oxidative stress
and virulence. In bacteria, iron metabolism is regu-
lated by controlling transcription of genes involved in
iron uptake, transport and storage. In mycobacteria,
this role is fulfilled by the iron-dependent regulator
IdeR. IdeR is an essential protein in 

 

Mycobacterium
tuberculosis

 

, the causative agent of human tubercu-
losis. It functions as a repressor of iron acquisition
genes, but is also an activator of iron storage genes
and a positive regulator of oxidative stress
responses.

Introduction

 

For most bacteria, iron is an essential, elusive and
potentially hazardous element. Iron is essential as a
cofactor of enzymes involved in vital cellular functions
ranging from respiration to DNA replication. It is elusive
because, in the presence of oxygen, at physiological pH,
it exists mainly in insoluble ferric complexes. In higher
organisms, iron is maintained in solution bound to iron

transport and storage proteins such as transferrin, lacto-
ferrin and ferritin; therefore, in a mammalian host, the
levels of free iron are far lower than those required for
bacterial survival (Weinberg, 1999). Iron is potentially haz-
ardous because of its ability to catalyse the Fenton reac-
tion, which leads to the generation of toxic oxygen radicals
from normal products of aerobic metabolism (Imlay 

 

et al

 

.,
1988). As a consequence of these three properties, iron
has a decisive role in infectious diseases. On one hand,
pathogens have to compete for iron in the host so that
they can multiply and establish a successful infection but,
on the other hand, they must regulate iron metabolism to
prevent excess iron that can initiate a cascade of lethal
reactions.

Mycobacteria have solved the problem of iron solubili-
zation and acquisition by secreting high-affinity iron
chelators (siderophores) that sequester Fe

 

3

 

+

 

. The ferric–
siderophore complexes are transported into the bacteria
by an as yet undefined process, and iron is released in
the cytoplasm, probably by reduction. Ferrous iron is then
available for cellular functions including incorporation into
metalloproteins. Recent comprehensive reviews have
covered iron acquisition as well as the synthesis and
biochemistry of mycobacterial siderophores (De Voss

 

et al

 

., 1999; Ratledge, 1999), and this article will focus on
regulation of iron metabolism and iron-dependent pro-
cesses in these bacteria. Regulation of iron metabolism
involves sensing intracellular iron concentrations and
modulating uptake and storage accordingly. Failure to do
so can lead to iron deficiency or to toxic iron overload.
Understanding the adaptive response of mycobacteria to
changes in iron levels and the mechanisms by which this
response is orchestrated will allow the development of
new ways of interfering in those events. Interestingly, iron
acquisition systems and virulence determinants are often
co-regulated in an iron-dependent fashion (Litwin and
Calderwood, 1993), a fact that further demonstrates the
importance of understanding iron-dependent regulation in
pathogenic bacteria.

 

Mycobacterial response to iron availability

 

The first experiments to evaluate the response to iron
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deprivation in mycobacteria were conducted by Ratledge,
Winder and colleagues nearly 40 years ago (Ratledge
and Winder, 1962; Winder and O’Hara, 1964). 

 

Mycobac-
terium smegmatis

 

, cultured in iron-deficient medium, was
shown to undergo several metabolic changes including
decreases in DNA–protein ratio, in the levels of porphyrins
(haem precursors) and in the activity of iron-containing
enzymes such as aconitase and succinate dehydroge-
nase. Increases in the levels of salicylic acid as well as
the activities of several enzymes including a DNA poly-
merase were also observed. Subsequent studies have
examined the production of iron-binding molecules, the
changes in protein synthesis and the modulation of gene
expression in mycobacteria cultured in low- or high-iron
concentrations.

 

Production of iron-binding molecules in response to 
iron deficiency

 

The onset of iron limitation in mycobacteria induces a
response aimed at increasing iron acquisition as sidero-
phore production is greatly enhanced (Raghu 

 

et al

 

.,
1993). Mycobacteria produce two classes of sidero-
phores, mycobactins and the exochelins, and details of
siderophore structure and biosynthesis have been pub-
lished elsewhere (Snow, 1965; Gobin 

 

et al

 

., 1995; Quadri

 

et al

 

., 1998; De Voss 

 

et al

 

., 1999). Pathogenic mycobac-
teria solely produce mycobactins, whereas saprophytic
mycobacteria such as 

 

M. smegmatis

 

 and 

 

Mycobacterium
neoarum

 

 produce both mycobactins and exochelins
(Ratledge and Ewing, 1996). Mycobactins are salicylate-
containing siderophores, and exochelins are peptidic mol-
ecules. Mycobactins are found in two forms that differ in
the length of an alkyl substitution and hence in polarity
and solubility. The less polar form remains cell associated
(mycobactin), whereas the more polar one (carboxymyco-
bactin) is secreted into the medium. Mycobacterial sidero-
phores, like most other siderophores, are synthesized by
non-ribosomal peptide synthetases. A genetic cluster con-
taining genes required for exochelin synthesis was iden-
tified in 

 

M

 

. 

 

smegmatis

 

 (Fiss 

 

et al

 

., 1994; Yu 

 

et al

 

., 1998;
Zhu 

 

et al

 

., 1998). Three genes from this cluster are essen-
tial for exochelin MS biosynthesis: 

 

fxbA

 

, 

 

fxbB

 

 and 

 

fxbC

 

.

 

fxbA

 

 encodes a putative formyltransferase, whereas 

 

fxbB

 

and 

 

fxbC

 

 encode peptide synthetases. Three open read-
ing frames (ORFs) located upstream of 

 

fxbA

 

 and tran-
scribed in the opposite direction encode proteins that have
similarity to the ferric-enterobactin transporters FepD,
FepG and FepC of 

 

Escherichia coli.

 

 Based on this homol-
ogy, it has been proposed that these proteins (FxuA, FxuB
and FxuC) might serve as ferric-exochelin transporters.
The function of the other two genes in this cluster, 

 

exiT

 

and 

 

fxuD

 

, is not clear. ExiT resembles an ABC transporter,

whereas FxuD is homologous to a family of proteins
involved in iron transport that includes the ferrichrome
receptor FhuD from 

 

Bacillus subtilis

 

 and the FepB protein
(involved in iron dicitrate transport) of 

 

Synechocystis

 

 sp.
Annotation of the complete genome sequence of 

 

M. tuber-
culosis

 

 identified a cluster of 10 genes, the 

 

mbt

 

 locus that,
based on homology with other systems, encodes the
appropriate enzymes for the synthesis of the mycobactin
and carboxymycobactin core. Three peptide synthetases
(MbtB, MbtE and MbtF), two polyketide synthases (MbtD
and MbtC), an isochorismate synthase (MbtI) that con-
verts chorismate to salicylate, a salicyloyl-AMP ligase
(MbtA) and a hydroxylase (MbtG) are encoded by the 

 

mbt

 

genes (Quadri 

 

et al

 

., 1998). The fact that an 

 

M. tubercu-
losis mbtB

 

 mutant was unable to produce either mycobac-
tin or carboxymycobactin demonstrated that both
mycobactin types are generated by the same biosynthetic
pathway (De Voss 

 

et al

 

., 2000). However, gene(s) encod-
ing the enzyme(s) responsible for transferring the alkyl
substitutions of different lengths that distinguish mycobac-
tin and carboxymycobactin are not found in this cluster
and have not been identified in the 

 

M. tuberculosis

 

genome.
It is presently unclear why mycobacteria require two

siderophores: a cell-associated (mycobactin) and a
secreted molecule (carboxymycobactin in pathogenic
mycobacteria and carboxymycobactin and exochelin in
saprophytic mycobacteria). It has been suggested that the
association of mycobactin with the membrane could allow
it to participate in iron internalization and/or to serve as a
temporary iron-holding molecule to prevent sudden influx
of excess iron if the metal suddenly becomes available
after a period of iron limitation (Ratledge 

 

et al

 

., 1982;
Ratledge, 1999). Disruption of the production of one type
of siderophore independently of the other is necessary to
understand the contribution of each to iron uptake. In this
regard, examination of iron uptake in the 

 

M. smegmatis

 

mutants defective in exochelin synthesis (Fiss 

 

et al

 

., 1994;
Yu 

 

et al

 

., 1998; Zhu 

 

et al

 

., 1998) would help to address
this question.

Salicylic acid is another iron-binding molecule, the pro-
duction of which is enhanced in mycobacteria maintained
in iron-deficient conditions (Ratledge and Winder, 1962),
but its function is not fully understood. It has low affinity
for iron, which rules out a role as a siderophore (Ratledge

 

et al

 

., 1974; Chipperfield and Ratledge, 2000). Although
salicylic acid is a precursor for mycobactin biosynthesis
(Ratledge and Hall, 1970), this is not its only role, as the
requirement for salicylate in a salicylate-requiring aux-
otrophic mutant of 

 

M. smegmatis

 

 cannot be satisfied by
providing mycobactin, carboxymycobactin or exochelin.
Furthermore, these mutants require salicylate to assimi-
late iron from ferri-siderophores fully (Adilakshmi 

 

et al

 

.,
2000).
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Protein changes in response to different iron levels

 

Iron-regulated proteins (IRPs) have been identified by
comparing the gel electrophoresis patterns of proteins
extracted from mycobacteria grown in low- and high-iron
conditions (Hall 

 

et al

 

., 1987; Lundrigan 

 

et al

 

., 1997; Wong

 

et al

 

., 1999). The IRPs found in the bacterial envelope
(iron-regulated envelope proteins or IREPs) have received
special attention, as they might be involved in the trans-
port of ferric–siderophore complexes into the cytoplasm.
At least five IREPs were detected in membrane extracts
from 

 

M. smegmatis

 

 grown in iron-deficient conditions
including the extensively studied 29 kDa IREP (Hall 

 

et al

 

.,
1987). This protein can associate directly 

 

in vitro

 

 with ferri-
exochelin, and the addition of a polyclonal antiserum
generated against it to 

 

M. smegmatis

 

 cells significantly
inhibits ferri-exochelin-mediated iron uptake (Dover
and Ratledge, 1996). Based on these observations, the
29 kDa protein has been postulated to be a ferri-exochelin
receptor in 

 

M. smegmatis.

 

 However, gene inactivation
experiments must be done in order to confirm its role in
ferric-exochelin uptake.

Induction of the stress-related proteins DnaK and
GroEL by H

 

2

 

O

 

2

 

 is inhibited in 

 

M. smegmatis

 

 growing
under iron limitation (Lundrigan 

 

et al

 

., 1997). However,
these proteins are induced normally by heat and
ethanol shock in both iron-deficient and iron-sufficient
bacteria. This observation and the fact that iron-
deficient bacteria are more sensitive to H

 

2

 

O

 

2

 

 suggests a
close connection between iron metabolism and oxidative
stress response. This relationship has become evident
from other experiments that are discussed later in this
article.

Studies in 

 

M. tuberculosis

 

 (Calder and Horwitz, 1998;
Wong 

 

et al

 

., 1999), using one- and two-dimensional gel
electrophoresis combined with mass spectrometry and
sequence information, have shown that the levels of sev-
eral proteins change in response to iron availability.
Among these, a putative cation-transporting ATPase, a
mycobacterial homologue of PEPCK (phosphoenolpyru-
vate carboxykinase) and an NADP-dependent dehydroge-
nase were induced in bacteria grown in a low-iron
medium. On the other hand, FurA (a putative metal regu-
lator), a homologue of EF-Tu and an aconitase were syn-
thesized in higher amounts in bacteria grown in iron-rich
medium.

 

Iron-responsive changes in gene expression

 

Transcriptional profiling was used to examine the
response of 

 

M. tuberculosis

 

 to low- and high-iron condi-
tions. The transcription of 155 ORFs was modulated by
the levels of iron in the growth medium. Iron deficiency
induced about two-thirds of those genes, while the

remainder were upregulated in iron-rich medium
(Rodriguez 

 

et al

 

., 2002). Half the genes induced in low-
iron conditions were of unknown function. Among the
others, two functional groups were distinguished: one part
of the response is clearly focused in overcoming iron
deficiency by increasing iron uptake. For instance, the
siderophore biosynthesis genes as well as several
putative transporters are upregulated by iron deficiency.
The other part of the response adjusts the general metab-
olism of the cell to meet the challenge imposed by iron
restriction. It is evident that the bacterium needs to
maintain vital processes that depend on iron-containing
cofactors, including electron transport, energy metabolism
and DNA synthesis. Induction of genes involved in iron
sulphur cluster assembly (

 

nifS

 

 and 

 

nifU

 

) and a gene
encoding a putative haem biosynthesis protein (Rv0693)
suggests an attempt by the bacteria to use any available
iron for the synthesis of these essential cofactors and
the assembly of indispensable iron-containing proteins.
Consistent with this is the induction of genes of the
biosynthetic pathways for histidine (

 

hisI

 

) and cysteine
(

 

cysH

 

), two critical amino acids that are part of metal-
binding centres on haem and non-haem iron-containing
proteins. Genes encoding the essential iron-containing
proteins, ribonucleoside reductase and a cytochrome P-
450 (Rv0766c), are also induced. Increased glycolysis
under iron deprivation is suggested by the induction of

 

pfkA

 

 encoding phosphofructokinase, the most important
control point in glycolysis. This could reflect an attempt to
increase substrate-level phosphorylation to keep produc-
ing ATP in the face of decreased cytochrome biosynthesis
and presumably diminished oxidative phosphorylation.
Lipid metabolism may also be affected, as several genes
encoding enzymes annotated as being involved in this
process are induced. As the function of these enzymes,
i.e. biosynthetic or degradative, has not been demon-
strated, the full significance of these observations is
unknown. All these changes could be orchestrated by
more than one regulatory network, as genes encoding
putative transcriptional regulators and two sigma factors
i.e. sigma E and sigma B, are also upregulated under iron
deficiency. When cultured in iron-rich medium, 

 

M. tuber-
culosis

 

 upregulates 

 

bfrA

 

, 

 

bfrB

 

 and 

 

katG

 

, indicating that,
under those conditions, it is important to increase iron
storage capacity and prevent oxidative damage that might
be caused by excess iron. 

 

bfrA

 

 and 

 

bfrB

 

 encode two
putative iron storage proteins, bacterioferritin and ferritin,
respectively, whereas 

 

katG

 

 codes for catalase-
peroxidase, which catalyses the dismutation of hydrogen
peroxide into water and molecular oxygen. The induction
of 

 

katG

 

 is consistent with the need to scavenge hydrogen
peroxide to prevent the oxidation of ferrous iron and the
generation of oxygen radicals through the Fenton
reaction.
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Iron-dependent regulation in bacteria

 

The response to changing iron concentrations is con-
trolled in bacteria at the transcriptional level by specialized
iron-dependent regulatory proteins. These can be divided
into two distinct groups: the Fur and the DtxR families. Fur
(ferric uptake regulator) was identified in 

 

E. coli

 

 and 

 

Sal-
monella

 

 sp. mutants unable to repress the production of
siderophores and their receptor proteins under high-iron
conditions (Bagg and Neilands, 1987). Fur homologues
are widespread among prokaryotes, including Gram-
negative bacteria and Gram-positive species. In general,
proteins of the Fur family act as transcriptional repressors,
as they bind to Fe

 

2

 

+

 

 and to a specific sequence in iron-
regulated promoters inhibiting the transcription of down-
stream genes (de Lorenzo 

 

et al

 

., 1987). However, Fur can
also positively regulate the transcription of some genes in
an indirect way (Niederhoffer 

 

et al

 

., 1990; Gruer and
Guest, 1994; Tsolis 

 

et al

 

., 1995). The mechanism of this
indirect action, at least in 

 

E. coli

 

, is the iron-dependent Fur
repression of the synthesis of a small RNA that blocks
translation of mRNAs for bacterioferritin and ferritin
among other proteins (Masse and Gottesman, 2002). The
effect of Fur on the iron-activated ferritin-encoding gene
from 

 

Helicobacter pylori

 

 (

 

pfr

 

) is another example of this
indirect effect. Fur binds to the 

 

pfr

 

 promoter in low iron,
and it dissociates from this DNA sequence when iron
levels are high. This suggests that the iron-dependent
release of Fur from this promoter will derepress its tran-
scription (Delany 

 

et al

 

., 2001). Fur is a pleiotropic regula-
tor, as it controls not only iron metabolism but diverse
processes including oxidative stress response, acid toler-
ance, chemotaxis, swarming, general metabolism and the
synthesis of toxins and other virulence factors (Touati,
2000; Hantke, 2001).

DtxR was identified as the iron-dependent toxin regula-
tor in 

 

Corynebacterium diphtheriae

 

 (Boyd 

 

et al

 

., 1990;
Schmitt and Holmes, 1991). DtxR-like proteins were later
identified in other actinomycetes, including strepto-
mycetes, 

 

Brevibacterium lactofermentum

 

 and mycobacte-
ria (Doukhan 

 

et al

 

., 1995; Gunter-Seeboth and Schupp,
1995; Oguiza 

 

et al

 

., 1995; Schmitt 

 

et al

 

., 1995). Although
there is no sequence similarity between DtxR and Fur,
these two proteins are functional homologues, as DtxR
also acts as a metal-dependent transcriptional repressor.
It regulates genes encoding iron transport systems, a
haem oxygenase, virulence determinants and also genes
involved in protecting bacteria from oxidative stress
(Schmitt and Holmes, 1991; Schmitt 

 

et al

 

., 1997; Oram

 

et al

 

., 2002; Qian 

 

et al.

 

, 2002). A group of DtxR-like pro-
teins that includes ScaR from 

 

Streptococcus gordonii

 

(Jakubovics 

 

et al

 

., 2000), TroR from 

 

Treponema pallidum

 

(Posey 

 

et al., 1999), MntR from B. subtilis (Que and Hel-
mann, 2000) and E. coli (Patzer and Hantke, 2001) con-

trols genes encoding Mn2+ transport systems. In B.
subtilis, MntR is a bifunctional regulator as it represses
the Mn2+ ABC transporter mntABC in high Mn concentra-
tions, while positively regulating it when the levels of Mn
are low (Que and Helmann, 2000).

Members of both Fur and DtxR families of metal regu-
lators are found in mycobacteria. The annotation of the M.
tuberculosis genome sequence revealed two Fur-like pro-
teins, FurA and FurB, and two DtxR homologues, IdeR
and SirR. The Mycobacterium leprae genome sequence
has genes coding for IdeR, FurB, FurA and SirR, but the
last two are pseudogenes. In several mycobacteria
including M. tuberculosis, M. leprae, Mycobacterium
marinum and M. smegmatis, furA is located immediately
upstream of the catalase:peroxidase-encoding gene katG
(Milano et al., 2001; Pym et al., 2001; Zahrt et al., 2001).
In M. tuberculosis (Pym et al., 2001) and M. smegmatis
(Zahrt et al., 2001), FurA negatively regulates the expres-
sion of katG, thereby modulating the response to oxidative
stress. This effect, however, is iron independent in M.
smegmatis (Pym et al., 2001). Nothing is known about
the function of FurB and SirR. Currently, IdeR is the
metalloregulator that has been best characterized as to
structure and function. As will be discussed below, this
protein is the main regulator of iron metabolism in M.
tuberculosis.

The IdeR protein

IdeR is found in pathogenic and non-pathogenic myco-
bacteria and is a closely related homologue of DtxR
(Doukhan et al., 1995). The two ª230-amino-acid proteins
are over 90% identical in the first 180 amino acids. IdeR
has two binding sites for divalent metals and three distinct
functional domains: the amino-terminal domain containing
a helix–turn–helix DNA-binding motif and the dimerization
domain that also bears most of the metal-binding residues
that are found in the first 180 amino acids, the sequence
with the greatest similarity to DtxR. The third domain in
the carboxy-terminal region is positioned in the groove
between the first two domains and is characterized by
having an SH3 (Src homology domain 3)-like fold, sug-
gesting possible interactions with other proteins (Pohl
et al., 1999; Feese et al., 2001). In addition to iron, IdeR
binds in vitro to other divalent cations including Mn, Zn,
Co, Ni and Mg. Crystal structures of IdeR complexed with
zinc and cobalt have been obtained and, in both cases,
the two metal binding sites are fully occupied. According
to the crystal structure, four IdeR monomers form two
functional dimers, as observed previously in DtxR (Qiu
et al., 1995; Schiering et al., 1995). Metal binding acti-
vates the protein’s DNA-binding ability by causing a con-
formational change in the DNA-binding domains. This
change is believed to be mediated by amino acids at the
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amino-terminal that also participate in metal binding and
therefore link the DNA- and metal-binding domains.

IdeR and regulation of iron metabolism

Based on its homology to DtxR, IdeR was initially pre-
dicted to function as an iron-dependent transcriptional
repressor. This hypothesis was proved correct when IdeR
was shown to bind to the DtxR-binding sequence in the
tox promoter and to restore iron regulation of the toxin in
a C. diphtheriae dtxR mutant (Schmitt et al., 1995). The
role of IdeR in mycobacteria was first explored in the
non-virulent mycobacterium M. smegmatis. Inactivation
of ideR resulted in iron-independent production of
siderophores (Dussurget et al., 1996) and salicylic acid
(Adilakshmi et al., 2000). A direct role for IdeR as a
repressor of siderophore production was supported by the
presence of putative IdeR binding sites in the promoter
regions of exochelin synthesis and transport genes (Yu
et al., 1998; Dussurget et al., 1999). Binding of IdeR to
one of these sequences, the one found directly upstream
of the fxbA gene, was demonstrated, and iron-dependent
repression of fxbA was shown to require IdeR, as this

gene was no longer iron regulated in an ideR mutant strain
(Dussurget et al., 1999).

IdeR is essential in M. tuberculosis, as ideR cannot be
disrupted unless a second copy of the gene is present or
when a secondary suppressor mutation arises (Rodriguez
et al., 2002). Although the nature of the suppressor muta-
tion remains unknown, complementation of the ideR
mutation with a wild-type gene demonstrated that IdeR is
required for the regulation of iron metabolism in M. tuber-
culosis. In the presence of iron, IdeR binds to a 19 bp
inverted repeat consensus sequence or iron box (TTAGG
TTAGGCTAACCTAA) at the promoters of genes for sid-
erophore synthesis (mbtA–J ) and iron storage (bfrA),
repressing the former and positively regulating the latter
(Gold et al., 2001). A comparison of the iron-dependent
transcriptional profile of the ideR mutant with the parental
and the complemented strains revealed that about one-
third of the iron-regulated genes in M. tuberculosis are
regulated by IdeR (Rodriguez et al., 2002). In addition to
genes involved in siderophore production and iron storage
(Fig. 1), IdeR controls genes encoding putative transport-
ers, transcriptional regulators, proteins involved in general
metabolism, members of the PE/PPE family of conserved

Fig. 1. Iron-dependent regulatory function of IdeR. When intracellular iron levels increase, IdeR combines with Fe2+ and binds to specific 
sequences (iron boxes) in the promoter region of iron-regulated genes modulating their transcription. In these conditions, IdeR–Fe2+ downregulates 
iron uptake by repressing siderophore production and increases iron storage by activating transcription of bfrA and bfrB encoding bacterioferritin 
and ferritin. In an indirect manner, IdeR also positively modulates protection against oxidative stress. In low-iron conditions, the IdeR–Fe2+ complex 
is not formed, and IdeR-repressed genes are transcribed while iron storage genes are not expressed.
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mycobacterial proteins and the virulence determinant
MmpL4 (Camacho et al., 1999). Functional characteriza-
tion of those proteins is expected to identify unknown
components of the iron acquisition machinery and to link
iron metabolism to diverse aspects of mycobacterial phys-
iology. Like Fur, IdeR is a pleiotropic regulator controlling
iron metabolism and also other processes not obviously
related to iron metabolism. IdeR can negatively and also
positively regulate transcription. However, in the latter
case, IdeR activates transcription, unlike Fur, the positive
effect of which, as mentioned above, is indirect. Expres-
sion of the bacterioferritin-encoding gene bfrA requires
the binding of Fe2+-activated IdeR to tandem operator
sites that are located 100 bp upstream of the bfrA tran-
scriptional start point (TSP). Deletion of these IdeR
binding sites or inactivation of the ideR gene prevents
the expression of bfrA (Gold et al., 2001). The ferritin-
encoding gene bfrB is also activated by binding of IdeR
to a double iron box located 106 bp upstream of the TSP
(M. Rodriguez et al., unpublished results). According to
these results, IdeR activates transcription, presumably by
contacting the RNA polymerase and favouring initiation,
when it binds to tandem iron boxes that are located, in the
examples of bfrA and bfrB, ª100 bp upstream from the
TSP. Promoters that are repressed by IdeR have a single
iron box, generally overlapping the -10 region, and IdeR
binding to this sequence would be expected to block
access of RNA polymerase (Rodriguez et al., 1998; Gold
et al., 2001).

Regulation of expression of bacterioferritin and ferritin
by IdeR is likely to be critical in controlling iron availability
in the cytoplasm. Interestingly, bacterioferritin is one of the
most abundant proteins detected in in vivo-grown M. lep-
rae (Pessolani et al., 1994) and is a major antigen of
Mycobacterium paratuberculosis (Brooks et al., 1991).
bfrA and bfrB inactivation will be required to assess the
importance of these iron storage proteins in the physiol-
ogy and virulence of M. tuberculosis.

IdeR and the oxidative stress response in Mycobacteria

Oxidative stress occurs when abnormally high levels of
reactive oxygen species (ROS) are generated, causing
DNA, protein and lipid damage. Iron levels and oxidative
stress are closely linked in aerobic organisms. On one
hand, iron deficiency can lead to oxidative stress by
decreasing the activity of iron-containing enzymes such
as superoxide dismutase and catalase involved in protec-
tion against oxygen radicals. Conversely, increased intra-
cellular free iron available to participate in the Fenton
reaction results in the enhanced generation of oxygen
radicals and oxidative stress (Imlay et al., 1988). There-
fore, it is not surprising that many organisms couple reg-
ulation of iron metabolism with regulation of protection

against oxidative stress. Fur and Fur-like proteins regulate
genes induced by oxidative stress including the genes
encoding the Mn2+ and Fe2+ superoxide dismutases
(SODs) encoded by sodA and sodB (Niederhoffer et al.,
1990), catalase and peroxidase (Hassett et al., 1996; Bsat
et al., 1998), alkyl hydroperoxidase (Bsat et al., 1998), 8-
hydroxyguanine endonuclease (Lee et al., 1998) and the
SoxRS and OxyR regulators (Zheng et al., 1999).

The control of iron homeostasis and protection against
oxidative stress is also coupled in mycobacteria. M. smeg-
matis and M. tuberculosis ideR mutants are more sensi-
tive to hydrogen peroxide and superoxide (Dussurget
et al., 1996; Rodriguez et al., 2002). In M. smegmatis, this
effect may result from the decreased levels of catalase
and the major superoxide dismutase, SodA (Dussurget
et al., 1996), as IdeR is required for the full expression of
katG and sodA. However, this effect is not direct, as there
are no IdeR binding sites in the promoters of these genes
(Dussurget et al., 1998). In the case of M. tuberculosis, it
is not clear why inactivation of ideR results in increased
sensitivity to oxidative stress. No difference was found in
the expression of genes involved in oxidative stress pro-
tection between the ideR mutant and the wild-type strains.
It is possible that there is an increase in a redox-reactive
iron pool in the ideR mutant, and this, combined with
decreased expression of bacterioferritin and ferritin, may
result in increased sensitivity to oxidative stress. In fact,
ferritin in Campylobacter jejuni (Wai et al., 1996) and bac-
terioferritin A in Pseudomonas aeruginosa (Ma et al.,
1999) are necessary for protection against iron-mediated
oxidative stress. The role of IdeR as a positive modulator
of the oxidative stress response (Fig. 1) agrees with the
upregulation of ideR detected in M. tuberculosis-infected
macrophages (Hobson et al., 2002). Although the specific
cause of this induction is not known, it might be part of
the bacterial response to the macrophages’ oxidative
defence mechanisms.

Role of iron and iron regulation during infection

Significant efforts have been made in recent years to
understand the adaptive response of mycobacteria to the
conditions found during infection, and a variety of methods
have been used to identify genes that are selectively
expressed within macrophages (Barker et al., 1998;
Triccas et al., 1999; Dubnau et al., 2002; Hou et al.,
2002). Current evidence indicates that M. tuberculosis is
exposed to iron-limiting conditions during infection. For
example, the M. tuberculosis mbtB gene required for sid-
erophore biosynthesis is induced both in vitro under iron
deficiency and also in infected macrophages (Gold et al.,
2001) and in mice (J. Timm et al., unpublished observa-
tions). An mbtB mutant is defective in siderophore produc-
tion and replicates poorly in infected macrophages (De
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Voss et al., 2000). This indicates that M. tuberculosis is
exposed to a low-iron environment during macrophage
infection and requires siderophore biosynthesis for in vivo
growth. In addition, M. tuberculosis expressing a mutant
C. diphtheriae DtxR protein (E175K), which behaves as a
constitutive, iron-independent repressor under some
experimental conditions, is attenuated for growth in mice.
This effect is thought to result from constitutive repression
of iron acquisition systems in this strain, although this was
not demonstrated directly (Manabe et al., 1999). Regula-
tion of iron metabolism is also likely to be essential during
infection in order to maintain iron homeostasis. Transferrin
traffics to the mycobacterial phagosome (Clemens and
Horwitz, 1996) in M. tuberculosis-infected human mac-
rophages and can serve as iron source for intracellular
bacteria (Olakanmi et al., 2000). Intraphagosomal myco-
bacteria must induce the synthesis of siderophores in
order to acquire iron from transferrin but, when sufficient
iron has been acquired, regulatory pathways will down-
regulate iron uptake in response to the iron-sufficient con-
ditions that they may now face. Consistent with this
hypothesis, mycobacteria isolated from infected tissues
do not accumulate high levels of mycobactin, implying that
the bacilli are not permanently deprived of iron (Kato,
1985; Lambrecht and Collins, 1993) and, as discussed
above, certain mycobacterial pathogens grown in animal
models have large amounts of bacterioferritin. As IdeR is
necessary for an efficient oxidative stress response, it is
very likely that this regulator will also be important for
resistance of M. tuberculosis to the oxidative killing mech-
anisms encountered during infection of macrophages and
later stages in the lung.

Concluding remarks

The ability to respond and adapt to changes in the envi-
ronment is an essential quality that allows all living organ-
isms to survive and propagate. Mycobacterial pathogens,
with their capacity to cause disease and to exist for long
periods of time in humans, are remarkable examples of
this ability to adapt to changing environments. There is
now compelling evidence that iron acquisition is critical for
M. tuberculosis survival and replication in the infected host.
However, given the potential danger involved in having
excess iron, each aspect of the metabolism of this metal
is tightly regulated. Significant progress has been made in
understanding these mechanisms. The major iron regula-
tor IdeR controls iron uptake and storage in M. tuberculosis
by modulating the expression of genes involved in these
processes. It is predicted that characterization of proteins
encoded by IdeR-regulated genes will provide a complete
understanding of the M. tuberculosis iron acquisition
machinery. This knowledge should provide new targets for
therapeutic intervention against tuberculosis.
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