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It is generally accepted that iron is the most important mi-
cronutrient used by bacteria. With members of the family Lac-
tobacillae being the only exceptions so far (3), this metal is
essential for cellular metabolism, since it is needed as a cofac-
tor for a large number of enzymes (96). However, this element
is not easily available to microorganisms in aerobic environ-
ments. While in anaerobic conditions Fe21 is soluble at phys-
iological pH and cells obtain iron without much difficulty from
the external medium, the ion becomes quickly converted to
Fe31 upon exposure to oxygen and forms insoluble hydroxides
at neutral pH, making the available metal very scarce (20). In
order to acquire iron from the extracellular medium, virtually
all aerobic bacteria produce and secrete low-molecular-weight
compounds termed siderophores (sideros phoros, iron carri-
ers). These compounds chelate Fe31 with high affinity and
specificity (68). Subsequently, the cell recovers the ferri-
siderophore complexes through specific outer membrane re-
ceptors (30). Some of these high-affinity systems of iron uptake
are important virulence factors in bacteria infecting animal
fluids and tissues because they can chelate the metal bound to
host proteins (7, 36, 60, 71). Furthermore, because iron avail-
ability is generally growth limiting for bacteria thriving in an
animal millieu, the lack of the metal is a major environmental
signal to trigger expression of virulence determinants (60).
However, an excess of iron is toxic because of its ability to
catalyse Fenton reactions and formation of active species of
oxygen. Iron uptake has to be, therefore, exquisitely regulated
to maintain the intracellular concentration of the metal be-
tween desirable limits. Considering that excretion mechanisms
for iron are not known in bacteria, microorganisms appear to
control iron homeostasis, regulating its transport through the
membrane (5, 21).

THE fur GENE AND THE Fur PROTEIN

A key breakthrough in the understanding of how bacteria
regulate iron transport was the description by Hantke in 1981
(45) of an Escherichia coli mutant which behaved as if the
expression of all known functions inhibited by iron (sid-
erophore production and biosynthesis of distinct outer mem-
brane proteins) were constitutively expressed. This mutant,
which behaved like a Salmonella typhimurium mutant isolated
sometime before (31), was named fur (for ferric uptake regu-
lation), and its behavior clearly suggested that a metal-depen-
dent repression was at the basis of the control exerted by iron
on many, if not all, Fe-responsive genes. The fur gene was

subsequently mapped (4), cloned (46), and sequenced (79), its
protein product was purified (100), and some basic aspects of
the regulation mechanism were elucidated (4, 45, 46).

The Fur protein of E. coli is a 17-kDa polypeptide (6, 78)
which acts as a transcriptional repressor of iron-regulated pro-
moters by virtue of its Fe21-dependent DNA binding activity
(5, 25, 32, 33). Figure 1 shows the long-accepted model of
Fur-mediated repression of metalloregulated genes. Under
iron-rich conditions Fur binds the divalent ion, acquires a
configuration able to bind target DNA sequences (generally
known as Fur boxes or iron boxes, Fig. 2), and inhibits tran-
scription from virtually all the genes and operons repressed by
the metal. On the contrary, when iron is scarce, the equilibrium
is displaced to release Fe21, the RNA polymerase accesses
cognate promoters, and the genes for the biosynthesis of sid-
erophores and other iron-related functions are expressed (41,
55). In some cases (notably in Pseudomonas aeruginosa [58])
Fur may control expression of a sigma factor which, in turn,
causes a discrete set of genes to be expressed. Homologues of
the fur gene have been described for many Gram-negative
bacteria, including several important human pathogens like
Yersinia (82), Salmonella (31), Vibrio (59, 61, 90, 104), Pseudo-
monas (76, 95), Helicobacter pylori (8), Bordetella (14), Campy-
lobacter (103), Acinetobacter baumannii (23), Legionella (51),
Neisseria (9, 88, 89), and Haemophilus (17) and even for plant
pathogens like Erwinia chrysanthemi (36). Fur-like proteins
have been found also in Gram-positive bacteria, e.g., Bacillus
subtilis (15) and Staphylococcus (49), and even in cyanobacteria
(40). Most of these homologues are able to complement an E.
coli fur mutant, suggesting that the molecular mechanisms that
control transcriptional regulation by iron are shared by many
microorganisms.

The Fur protein appears to be a dimer in solution regardless
of the presence or absence of Fe21 (19, 67, 69). On this basis,
the protein has been proposed to have two different domains
(19, 85). The C terminus is implicated in dimerization, whereas
the N-terminal module accounts for the ability of the repressor
to bind DNA (52, 85). Although several mutant alleles of fur
have been described (12, 19, 43) and some protein variants
have been purified, the constellation of amino acids that define
the main metal binding site, as well as those implicated in
dimerization or in interactions with DNA, remain to be eluci-
dated. Furthermore, Fur is able to multimerize through pro-
tein-protein interactions (56), but the protein domains in-
volved, perhaps different from those for dimerization, are
unknown. In addition, Fur appears to be an abundant protein.
Watnick et al. (98) found in Vibrio around 2,500 Fur molecules
per cell during the logarithmic phase, which increased to 7,500
in the stationary stage. This relatively high amount of protein
sharply contrasts with the generally low concentrations of
other regulators. As discussed later, this might be connected
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not only to the large regulon controlled by the repressor but
also to the unusual fashion with which this protein binds DNA
(26, 34; see below).

BEYOND SIDEROPHORES: THE MANY ROLES OF Fur

In the last few years, the number of genes described as
Fur-controlled have increased significantly for E. coli as well as
for other bacteria (72, 84, 92). The large variety of genes
controlled by this regulator has been revealed through the use
of ingenious genetic and biochemical techniques. For instance,
FURTA (Fur titration assays [84]), allow the detection of
iron-regulated promoters from a cosmid or plasmid library.
This method is based on the use of a chromosomal iron-
regulated lacZ fusion to the fhuF gene. This fusion is excep-
tionally sensitive to small changes in iron concentration
because of the weak affinity of the fhuF promoter for the
Fur-Fe21 repression complex. Introduction of a multicopy
plasmid carrying Fur-binding sites into the test strain appears
to deplete the intracellular Fur pool. This gives rise to the
dissociation of the repressor from the fusion promoter, thereby
allowing lacZ transcription. The screening of a plasmid gene
bank from E. coli or S. typhimurium with this method led to the
identification of numerous new Fur-controlled genes (84, 92;
see below). On the other hand, the technique called SELEX
(systematic evolution of ligands by exponential enrichment)
has also been used successfully for isolating 16 novel Fur-
dependent genes in P. aeruginosa (72). In this case, mixtures of
chromosomal DNA fragments were passed through a filter
bearing immobilized Fur protein, from which they were later
extracted and amplified with the PCR. All newly found DNA
sequences were protected by Fur in DNase I footprinting as-
says and, accordingly, were transcribed preferentially when
cells faced iron starvation. In addition many of them bore
similarity to siderophore receptors and alternative sigma fac-
tors (72).

An interesting counterpart of searching for iron-responsive
promoters has been the identification of fur mutants in bacteria
other than E. coli. In this respect, screening for manganese-
resistant colonies has been a very effective method to pinpoint
such mutants (47). This procedure is based on the observation
that, at high concentrations, Mn21 mimics Fe21 and thus
causes a lethal repression of the iron uptake systems (47). Cells
that lack Fur escape such a repression and can thus be selected
on plates. An overall picture of the complement of genes
whose expression is affected by Fur in a given species can be
drawn by comparing bidimensional protein electrophoresis
patterns of the wild-type versus fur mutant variants. This ap-
proach has been successful in examining strains of various
species such as Campylobacter jejuni (93), Vibrio cholerae (62),
Yersinia pestis (83), Neisseria gonorrhoeae (89), and S. typhi-
murium (38). The combination of two-dimensional electro-
phoresis followed by reverse genetics for all these microorgan-
isms has permitted identification of a large number of proteins
and genes which are regulated or at least influenced by the Fur
protein. More recently, the combined use of two-dimensional
electrophoresis, mass spectrometry, and bioinformatic tools
has allowed the identification of 10 iron-regulated proteins
within the genome of Mycobacterium tuberculosis and their
patterns of expression (102).

Inspection of the genes found to be regulated by Fur has
revealed that this protein participates also in functions not
directly related to iron metabolism. These include cellular pro-
cesses as varied as the acid shock response (43), defense
against oxygen radicals (70, 87), chemotaxis (54), metabolic
pathways (47, 84), bioluminescence (65), swarming (66), and
production of toxins and other virulence factors (60). In fact, as
mentioned above, coupling expression of virulence factors to
iron starvation makes sense given the lack of available metal
that is predominant in host fluids and tissues. This seems to be
the case for Shiga toxin in Shigella (60) for Shiga-like toxin I
(60) and colicin V and hemolysin (37) in E. coli, and for

FIG. 1. Regulation of iron transport in E. coli. This classical model of response to iron starvation still remains basically correct (4). It is based on the existence of
two configurations of the Fur protein in an equilibrium which is displaced by Fe21 towards the form competent for binding DNA and thus for repression of transcription.
The lack of iron results in the derepression of an entire collection of genes for the biosynthesis and transport of siderophores and hence the activity of one or more
high-affinity iron uptake systems. These scavenge the Fe31 present in the medium and drive ferrisiderophore complexes through an elaborate transport scheme which
includes not only specific outer membrane receptors but also periplasmic and inner membrane proteins. The metal is then reduced intracellularly to Fe21. Transport
of this chemical element in aerobically grown cells is subjected to a very fine tuning, since iron overload promotes generation of the highly reactive forms of oxygen.
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exotoxin A in P. aeruginosa (76, 94). The same applies to the
observed inhibition by iron of fimbrial expression in entero-
toxigenic E. coli (54) and the involvement of Fur in virulence of
plant pathogens such as E. chrysanthemi (36).

In other cases, the meaning of the iron regulation of some
genes is more obscure. For instance, Fur appears to control
flagellum assembly and chemotaxis through the regulation of
one of its main transcriptional activators, FlhD (positive in the
FURTA assay [84]). In this case, Fur seems to couple iron
status to motility, so that expression of the flagella is inhibited
when bacteria have an excess of the metal. This may prevent
the departure of the cells towards other environments with less
available iron (66, 84). Along the line, Fur-mediated repres-
sion of key metabolic genes such as purR or metJ (again posi-
tives in the FURTA assay [84]) might help the fine-tuning of
cell metabolism for optimal growth conditions. Fur also re-
presses some genes induced in response to oxidative stress like
the Mn-dependent superoxide dismutase (MnSOD) gene,
sodA, in E. coli (87) and P. aeruginosa (48) or the 8-hydroxy-
guanine endonuclease gene in E. coli (57). Since MnSOD is a
key enzyme in defense against oxygen toxicity, the physiologi-
cal significance of this negative regulation is unclear. Given
that an excess of iron may lead to Fenton chemistry reactions
and thus to oxidative stress, perhaps expression of MnSOD
along with siderophore production prevents the damaging ef-
fects of a transient iron overload (91).

While these functions are not directly related to iron trans-
port they can at least be understood mechanistically, consid-
ering Fur as a transcriptional repressor. However, a few in-
triguing cases have been reported in recent years in which Fur
appears to act positively rather than negatively in the expres-
sion of certain promoters. The most remarkable instance is the
expression of the acid tolerance response of S. typhimurium.
This phenomenon requires Fur, the absence of which prevents
expression of key acid shock proteins (43). The acid-sensing
and the iron-sensing mechanisms mediated by Fur in this mi-
croorganism can be separated by mutations in the protein. A
change in the H90 residue of the repressor makes Fur blind to
iron (i.e., it becomes unable to repress cognate promoters),
while it still maintains its function as mediator of the acid
shock response (43). The proteins which act as indicators of
such a response belong to the group of at least 34 polypeptides
of S. typhimurium whose expression is affected by the loss of
the Fur product (38). The existence of positively regulated
genes in the E. coli Fur regulon has been also suggested (47,
70). The observation that the fur mutant grew poorly on suc-
cinate suggested that the protein activates the uptake and/or
the catabolism of this carbon source (47). In addition, it has
been proposed that expression of sodB, encoding an Fe-depen-
dent superoxide dismutase (FeSOD), is controlled positively
by Fur (70). Moreover, fur mutants have low levels of several
iron-containing proteins such as fumarases A and B and acon-
itase A, thus raising the possibility that Fur is implicated in
more activities involving iron metabolism in the cell (1). On the
other hand, the operons for bacterioferritins (brfA-katA [64])
and catalase/peroxidase (brfB-aphA [73]) in P. aeruginosa are
expressed in response to oxidative stress and to the presence of
iron. Although cases where given genes or given products (38,
62, 83, 89, 93, 102) appear to be activated rather than repressed
by Fur, the hard fact is that the function of the protein as a
transcriptional activator has never been rigorously proven. Di-
rect interactions between the Fur protein and the promoter
regions of the iron-activated genes have never been shown.
Therefore, so far Fur appears to be exclusively a repressor and
its positive effects on certain promoters are likely to be the
result of indirect rather than direct effects.

That Fur could have different roles in distinct species has
been suggested by the observation that the gene is essential in
Neisseria (9, 88), Pseudomonas (76, 95), Rhizobium (28), and
Vibrio anguillarum (90) but not in E. coli (45), Bacillus (15),
Yersinia (82), or Vibrio cholerae (62). On the other hand, the
abundance of promoters that are regulated one way or another
by this protein is reminiscent of the effects of global regulators
such as Fis, integration host factor, HU, Lrp and H-NS, as has
been already proposed for the Fur protein of V. anguillarum
(18). These proteins control directly the output of only a few
specific promoters, while they exert a direct or indirect effect
on the performance of many others. Since iron influences so
many processes in the cell, it is tempting to also consider Fur
more like a global regulator which adjusts the entire metabo-
lism to changes in environmental iron than like a very specific
transcription factor for a few siderophore promoters. Being a
general regulator, however, requires that binding sites are not
limited to very specific sequences but can also be used for more
relaxed and abundant DNA targets. How does this fit with
what we know about the interactions of Fur with the promoters
of metalloregulated genes?

OPENING THE IRON BOX IN E. COLI

As soon as Fur became available as a purified protein (100)
it became possible to study in vitro the interaction between
Fur-Fe21 and a few iron-responsive promoters of E. coli (13,
25, 27, 42, 53, 87). The DNase I analyses of several Fur-binding
sites allowed the early definition of a 19-bp consensus Fur box
(i.e., the iron box; Fig. 2). Additional in vivo assays showed that
this sequence, cloned downstream of a heterologous promoter,
was sufficient to ensure that its transcriptional activity was
regulated by iron (16). At a later point, sequence alignment of
a collection of more than 30 iron-controlled promoters of
various origins (12) confirmed that the sequence 59GATAAT
GATAATCATTATC39 was the functional target of the Fur
protein. This, together with the apparent dimeric nature of the
protein (19, 67, 69), suggested a mode of Fur-DNA interaction
similar to that of classical bacterial repressors, in which a
protein dimer recognizes a palindromic DNA sequence (77).
But other results are not compatible with this notion. Hydroxyl
radical footprinting of Fur within the promoter of the aerobac-
tin (siderophore) operon (10, 24), revealed that protein bind-
ing to its target site gives rise to a distinct pattern of two
protected and four nonprotected base pairs which is repeated
three times along the primary binding site (26). On the other
hand, many iron-regulated promoters appear to have not just

FIG. 2. Alternative interpretations of the Fur box. The scheme shows differ-
ent views of the 19-bp sequence bound by the repressor and generally known as
the Fur box or the iron box in E. coli. The standard interpretation considers this
box as a palindromic sequence composed of two 9-bp inverted repeats. However,
it is also possible to conceive the same sequence as an array of three repeats of
6 bp (two directed and one inverted) of the invariable sequence NATA/TAT
(22). Fur binding sites can then be assembled by combining multiple repeats in
various orientations (see the text for explanation).
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one Fur box but multiple, sometimes overlapping, boxes (42,
53, 87), which is hardly compatible with the dimer-palindrome
model (77). Furthermore, it appears that Fur wraps helically
around the DNA, as indicated not only by the hydroxyl radical
data (26) but also by direct electron microscopy observations
(37, 56). How can all these observations be reconciled?

As shown in Fig. 2, the iron box motif can be interpreted as
a palindrome formed by two 9-bp inverted repeats, 59GATA
ATGAT39, separated by one unmatched A. But interestingly,
the same 19-bp sequence can be viewed as a combination of
three adjacent repeats, 59NATA/TAT39. Since the pattern of
Fur-DNA interaction revealed by hydroxyl radical footprinting
of the aerobactin promoter (26) consists of a succession of
equivalent protections with a periodicity of 6 bp, it became
plausible that the consensus sequence could in fact be recog-
nized by Fur as three repeats of 6 bp rather than as a 19-bp
palindrome. A recent study suggests that this could in fact be
the case (34). We have observed that while a minimum of three
repeats is required to produce an effective Fur binding site,
their relative orientation and their number may not be so
important. The hexamer NATA/TAT appears to be the unit of
interaction with Fur in a target site, although only the sum of
DNA-protein and protein-protein interactions involving at
least three units may endow the complex with enough strength
and specificity to be fully functional (34; Fig. 3).

These notions about the true nature of Fur boxes as an array
of shorter sequence motifs could explain why the target DNA
admits so many changes and why no individual bases essential
for the interaction have been found in mutagenesis experi-
ments (84). Fur-DNA interaction may therefore be quite dif-
ferent from the classical model of LacI, Cro, or catabolite gene
activator protein, in which a dimeric (or tetrameric) protein
binds a palindromic sequence (77). This type of interaction

could provide the protein with the ability to behave both as a
very specific repressor and as a more general regulator.

DO SIMILAR Fur-DNA INTERACTIONS APPLY TO
OTHER BACTERIA?

As mentioned above, fur gene homologues have been found
in a variety of gram-negative species. Since the cognate protein
sequences exhibit a high degree of similarity, it is predictable
that very closely related target sequences will also be found at
iron-regulated promoters in microorganisms such as members
of the family Enterobacteriaceae. In fact, this is the case in every
single instance where the issue has been examined. Bacteria
bearing Fur homologues systematically also possess Fur boxes
in front of the fur gene or other iron-regulated genes (29, 35,
51, 88). In many cases, binding of such sequences by FurEC (the
Fur protein from E. coli) has been observed in in vitro or in
vivo assays. For instance, some Pseudomonas genes that are
regulated by Fur are retarded in band-shift gels and protected
in footprinting assays with the protein from E. coli (71, 74).
Similarly, the fbpA gene of N. gonorrhoeae (encoding a
periplasmic binding protein) is both regulated by FurEC in in
vivo and protected from DNase I in vitro (9, 29). In vivo
FURTA assays using E. coli as a host have highlighted the
efficiency of DNA sequences of various origins in binding
FurEC. These include the promoter regions of the pfrI and
pupIR genes from Pseudomonas putida (95), the sfuA gene of
Serratia marcescens, and the genes hemPR (heme uptake
operon) and foxA/fcuA (extracellular ferrioxamin receptor)
from Yersinia enterocolitica (84). But this is not limited to
gram-negative bacteria. The genome of B. subtilis also contains
perfect Fur boxes in the promoter regions of siderophore-
related genes (15) whose functionality in binding FurEC in vivo

FIG. 3. Rules that govern the generation of Fur binding sites. Active targets for the Fur-Fe21 complex can be assembled by combining a minimum of three repeats
of NATA/TAT. (A) The thymines present in the core sequence AT-AT of each repeat are directly engaged in interactions with the repressor (22). The presence of
a central T residue in the upper or the lower strand probably determines the orientation of each minimal unit in the array. (B) The combination in any orientation of
three repeats (i.e., three units of 6 bp each) gives rise to a functional Fur box. Those found in natural promoters generally adopt the configuration two direct/one
inverted repeat. (C) The grouping of a Fur box with a number of adjacent hexamers with various degrees of similarity to NATA/TAT originate secondary sites (such
as sites II found in a number of promoters). In come cases, extended protections caused by the polymerization of the protein can be observed along neighboring DNA
segments with less sequence similarity.
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has been proved in some cases (81). The recognition of the
consensus Fur box of E. coli by the Fur protein of B. subtilis is
consistent with the similarity of the DNA binding motifs of
both repressors (15).

But what about interactions of Fur homologues with DNA
sequences in their cognate hosts? Although the data is more
scarce than for E. coli, the few instances where the issue has
been examined do indicate that all Fur proteins bind the same
consensus target DNA. Canonical iron boxes bind the Fur
products of C. jejuni (63), P. aeruginosa (48, 58), Vibrio anguil-
larum (18), and V. cholerae (99), as revealed with in vitro
band-shift assays. Furthermore, DNase I footprinting experi-
ments of FurPA with a large collection of P. aeruginosa DNA
fragments selected with SELEX have revealed that the general
organization of the Fur boxes and the protected sequences in
this microorganism are virtually identical to those described
for E. coli (48, 72). The promoters examined contained one or
two overlapping or tandemly organized Fur binding motifs
with a consensus identical to that of E. coli. In addition, the
protected sequences added up to the standard 30 to 38 bp
protected by the protein which have been repeatedly observed
in Fur sites of E. coli promoters. Likewise, the characterization
of the interaction between Fur and the promoter of the iron
transport fatDCBA operon in V. anguillarum has revealed sev-
eral complexes in gel retardation assays and extended pro-
tected sequences in DNase I gels (18). This promoter is AT
rich, but not all portions of the binding sequences showed a
clear conservation of the consensus Fur box or the character-
istic dyad symmetry. This is not unlike what has been described
for the Fur polymerization region in the aerobactin promoter
(25, 26). Most sequences of P. aeruginosa, V. anguillarum, and
other bacteria targeted by their native Fur proteins could be
reinterpreted as arrays of NATA/TAT sequences, as discussed
above. The generalization of this concept requires, however,
further investigation.

Although B. subtilis and Staphylococcus aureus do possess a
distinct Fur-like homologue (15, 49), the protein known as the
diphtheria toxin regulator (DtxR) of Corynebacterium diphthe-
riae constitutes the archetype of a class of iron-related regula-
tors found in gram-positive bacteria (11). This class includes
SirR of Staphylococcus epidermidis (50) and IdeR of M. tuber-
culosis (80). DtxR does not have much similarity to Fur (less
than 20% identity at the amino acid level), and complementa-
tion between these proteins is weak or nonexistent (11). The
crystal structure of DtxR has revealed that two dimeric repres-
sor proteins are bound to opposite sides of the tox operator
(101). Although the operator sequences bound by DtxR bear
some similarity to the Fur box and the primary region pro-
tected from DNase I also spans 30 bp, it is plausible that DtxR
and Fur have different DNA binding mechanisms (86, 97).

A FAMILY OF Fur-RELATED METALLOREGULATORY
PROTEINS?

The type of regulation described for Fur may also be appli-
cable to other metal-dependent repressors. In this respect, the
Zur (zinc uptake regulator) protein, described thus far in E.
coli (75), B. subtilis (39), and Listeria monocytogenes (22), is
worth a comment. Similar to iron, Zn is an element that,
depending on the concentration, can be an essential micronu-
trient or a potent toxin. The uptake of this metal is regulated
by the Zur protein in combination with zinc, resembling the
phenomenology already discussed for Fur. Furthermore, Zur
and Fur have a significant sequence identity (24% in B. subtilis
and 27% in E. coli [39, 75]). Nothing is known about the
repression mechanism, but some Zur-binding sequences have

been described for promoters of genes related to Zn uptake,
and, intriguingly, they are similar to the Fur box (39). This may
allow a degree of regulatory cross-talk but must also permit
each repressor to recognize and regulate specifically their own
set of genes. It will be interesting to analyze whether Zur uses
the same molecular mechanisms as Fur to repress transcription
and bind DNA. Some proteins initially found through genomic
search and classified as Fur homologues are certainly more
similar to Zur than to Fur (75) and perhaps could be reclassi-
fied as regulators of zinc uptake. Moreover, the fact that Fur
has been recently defined as a Zn-metalloprotein containing
one structural ion of Zn21 per polypeptide makes the relation
between these proteins even more complex (2).

Analysis of the growing number of the genomes of bacterial
species which have been or are being completely sequenced, as
well as direct experimental observations, have started to unveil
the existence of an entire family proteins structurally related to
Fur which control gene expression in response to different
stress signals. Besides Fur and Zur, B. subtilis harbors one
more related protein called PerR (15). The PerR regulon in-
cludes genes involved in the response to oxidative stress such
as katA (encoding catalase A) and aphC (alkyl hydroperoxide
reductase) as well as fur and perR. Although these genes can be
repressed by either manganese or iron, the PerR-Fe21 com-
plex is the form that reacts with hydrogen peroxide to cause
derepression (15). The Per boxes are thus associated with
oxidative stress genes in several gram-positive bacteria rather
than with iron transport. The Irr product of Bradyrhizobium
japonicum also bears a considerable similarity (29% identity
[44]) to the Fur protein of E. coli. The Irr protein regulates
heme biosynthesis and appears to coordinate this pathway with
iron homeostasis (which is in itself regulated by a genuine Fur
homologue in this bacterium). In contrast to Fur, Irr is active
under iron limitation. As in the case of Zur, some proteins
described as Fur homologues could functionally be Irr-like
regulators (44).

CONCLUSION

The abundance of the protein, the form of interaction with
target DNA sequences, and the involvement of Fur in many
cell functions indicate that this protein performs more like a
general regulator than as a specific repressor. The reinterpre-
tation of Fur binding sites with the NATA/TAT array model
affords not only an explanation of many thus far unaccounted
for results about the interaction of the protein with its target
sequences but also provides a basis for understanding the dif-
ferences observed in the responses of various genes to physi-
ological iron status. The combination of repetitive sequence
elements that allow cooperative binding of the Fur protein in
extended promoter regions would explain how a relatively sim-
ple protein controls a complex regulon in a gradual fashion.
The intracellular iron concentration and the variability and
extension of the sequences targeted by the protein may cause
an ample range of responses in each specific case. On this
basis, some genes like fur undergo mild regulation or coregu-
lation by iron, while others like the aerobactin operon in E. coli
are subject to a strong repression/induction switch.
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