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Abstract

The regulator Fur represses with Fe2+ as cofactor
iron uptake genes. The fhuF gene reacts very
sensitive to minor changes of Fe2+ and Fur. It is
assumed that FhuF helps in the mobilisation of iron
out of the hydroxamate siderophores transported
into the cell. Analysis of the protein revealed an
unusual [2Fe-2S] cluster bound to a Cys–Cys–X10–
Cys–X2–Cys motif in FhuF. suf genes responsible
for the synthesis of the iron sulfur center were
identified.

The Zur protein shows 27% identity to the Fur
protein of E. coli. It regulates as a repressor the
high affinity uptake system znuACB. Only two
additional Zur binding sites in the promoter region
of genes with unknown function were found.
Properties of Zur and Fur proteins from different
bacteria are compared.

The Fur Protein

The Fur protein of E. coli was detected as a regulator of
iron transport and siderophore biosynthesis. Later it
was found out that Fur in addition regulated genes of the
oxidative stress response, iron metabolism, and viru-
lence determinants from pathogenic bacteria (Hantke
and Braun, 2000). The protein was isolated and
characterised in different laboratories. It acts mainly
as a repressor with Fe2+ as corepressor. The N-terminal
domain contains an unusual helix-turn-helix motif
necessary for binding to a palindromic DNA sequence
operator site also called Fur-boxwhich ismostly found in
the promoter region of iron regulated genes (Figure 1).
The C-terminal half of Fur contains a little histidine
cluster and four cysteines two of which are binding zinc.
The regulatory Fe2+ is bound by histidine and aspartate
or glutamate.

Fur-like proteins were detected in gram negative
and gram positive bacteria – and most of them were
regulating genes for iron uptake. However, in E. coli a
second Fur-like protein was found which turned out to

be Zur, a zinc dependent repressor (see below). In the
genome sequence of Bacillus subtilis even three fur like
genes were found, one called fur regulating iron uptake,
the second one called perR regulating oxidative stress
response and the third one called zur regulated zinc
uptake genes (Gaballa and Helmann, 1998).

FhuF, a Gene Regulated by Fur

Important for the study of iron regulation was the
development of the reporter gene technology by
Casadaban and Cohen (1978). The lac gene expres-
sion is put under the control of the promoter of the gene
of interest. The regulation of this gene under different
growth conditions, for instance +/! iron, can be seen
directly on MacConkey lactose plates as an indicator of
b-galactosidase activity. The lac gene under control of
a promoter of an iron uptake gene responds to low iron
growth conditions by strong expression – the colonies
are red on MacConkey lactose plates – with high iron
the colonies are white. An iron regulated lacZ operon
fusion on the chromosome allowed to test for Fur-boxes
on plasmids. The high copy number of Fur binding sites
on the plasmid titrates the Fur proteins in the cell and
leads to a derepression of the lac gene and red colonies
appear on MacCokey lactose iron plates (Stojiljkovic
et al., 1994). One gene fusion routinely used for the Fur
titration assay was fhuF-lacZ since it was extremely
sensitive to even small perturbations of the iron and Fur
level in the cell.

The phenotype of fhuF mutants was a diminished
utilisation of the siderophore ferrioxamine B on low iron
plates. Ferrioxamine B is an inferior iron source for
E. coli – iron regulated genes are derepressed when
ferrioxamine B is the only iron source for E. coli. The
reason may be that E. coli K-12 does not have an outer
membrane receptor for ferrioxamine B like Yersinia
enterocolitica (Bäumler and Hantke, 1992). In addition,
it was shown that ferrioxamine B is a poor substrate for
the hydroxamate binding protein FhuD which is part of
the inner membrane ABC transporter for hydroxa-
mates (Rohrbach et al., 1995). From these observa-
tions and considerations FhuF was expected to be a
minor component in the hydroxamate uptake system.
So it was a surprise when the FhuF protein was found
to be a cytoplasmic protein.

Characterization of FhuF

The fhuF gene was identified as open reading frame
f262b at 99.2min on the genome sequence map of
E. coli K-12. The gene was cloned and the FhuF
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protein was labeled with a His-tag and then purified to
electrophoretic homogeneity. Based on sulfur determi-
nations and UV/VIS, Mössbauer and EPR spectro-
scopy, FhuF was identified as a [2Fe-2S] protein. The
g values (gx = 1.886, gy = 1.961, gz = 1.994) and some
of the Mössbauer parameters of FhuF obtained
[oxidized protein as isolated: DEQ,4.2K = 0.474mm s!1;
Fe3+ (reduced protein): DEQ = 0.978 mm s!1] are not
typical of common [2Fe-2S] proteins and indicate that
FhuF has unusual structural properties (Müller et al.,
1998). The primary sequence of FhuF does not show
any sequence similiarities to known [2Fe-2S] proteins.
By site-directed mutagenesis, each of the six cysteines
of FhuF was replaced by serine. EPR of the six
reduced mutant proteins revealed that the terminal
cysteine residues 244, 245, 256, and 259 form the
[2Fe-2S]cys4 cluster. Mutants having the Cys-to-Ser
replacement at positions 244, 245, 256, or 259 did not
complement a fhuF mutant (Müller et al., 1998). The
motif Cys–Cys–X10–Cys–X2–Cys in FhuF differs con-
siderably from the motif Cys–X2–Cys–X–9–15–Cys–X2–
Cys found in other [2Fe-2S] proteins. The unusual
Cys–Cys terminal group of the cluster may explain the
atypical EPR and Mössbauer spectroscopic properties
of the FhuF protein; possibly the tetrahedral symmetry
at the ferric ion site is distorted.

This result leads to a new interpretation of the
function of FhuF in ferrioxamine B uptake and utilisa-
tion. Transport of Fe3+ via iron binding siderophores
has been studied in many bacteria down to the
molecular level (Braun et al., 1998). However, the
release of iron from the siderophore is less well
known. It is assumed that Fe3+ is reduced and indeed,
in some cases the siderophore transported iron was
found 30 minutes later in the Fe2+ pool of the cells
(Matzanke et al., 1991).

Many siderophore reductases have been found in
in vitro assays but the purified proteins turned out to be

flavin reductases with other, well defined functions. No
specialised siderophore-iron reductases have been
identified. It has been suggested that the reduced
flavins from flavin oxidoreductases are the electron
donors for ferric iron reduction (Fontecave et al., 1994).
The phenotype of fhuF mutants and the structural
features of the FhuF protein suggest that FhuF is
involved in the reduction and/or mobilisation of iron out
of the claws of ferrioxamine B and other hydroxamate
siderophores (Hantke, unpublished).

Synthesis of the Iron Cluster in FhuF

In an attempt of further defining the function of FhuF
in ferrioxamine B uptake E. coli derivatives with the
phenotype of fhuFmutants were selected. Two mutants
were identified and characterised. The genes were
named sufD and sufS. The two genes were part of the
Fur regulated suf operon of six genes.

The protein SufS belongs to the family of NifS-like
cysteine desulfurases, which liberate sulfur from
cysteine and provide it for the [Fe-S] cluster synthesis
(Zheng et al., 1998; Agar et al., 2000). In E. coli three
NifS-like proteins are found, IscS, SufS and Csd. In
many bacteria and even in mitochondria IscS and its
homologs are part of a complex machinery for the
synthesis of [Fe-S] centres and the maturation of
[Fe-S] proteins (Lill and Kispal, 2000). The isc gene
cluster in E. coli encodes IscU, a scaffold for the
synthesis of an [Fe-S] cluster, heat shock proteins, a
ferredoxin and some other proteines with less well
characterised properties. The suf gene cluster may
fulfil similar functions, however, their genes have
not been characterised and only two of them are
similar to proteins from other isc gene clusters. The T7
expression system and a His-tag allow the isolation in
good yield of the FhuF protein from a wild-type strain.
In contrast, overproduction of the protein in a DsufD

Figure 1. Structure predictions for the Fur protein according to Holm et al., 1994 and the zinc binding site (Jaquamet et al., 1998), the Fe2+ binding
sites have not been defined. The Fur-box, the consensus sequence of Fur binding sites on the DNA is given. The larger the size of the letters the
better conserved are the bases (Stojiljkovic et al., 1994).
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strain failed. Radioactive labeling of N-His-FhuF with
[35S]methionine showed that the protein was unstable
in the DsufD mutant (Patzer and Hantke, 1999). These
observations indicate that the isc gene cluster is not
the only responsible for [Fe–S] centre synthesis in
E. coli. From our observations it seems that the mature
FhuF protein can only be synthesised with the help of
suf gene products. In addition it is interesting to note
that the inability to mature FhuF labilised the protein in
the cell.

High Affinity Zinc Uptake

During our studies on iron and Fur regulated genes
lacZ operon fusions were isolated that were dere-
pressed under iron repletion and repressed under iron
depletion. Two fusions were localized in genes that
formed an operon, whose gene products had char-
acteristics of a binding-protein-dependent transport
system, which had low similarity to a Mn2+ transporter
in Synechocystis spc. (Bartsevich and Pakrasi, 1995).
The growth defect of these mutants on TY medium
containing 5 mM EGTA was compensated for by the
addition of Zn2+. In the presence of 0.5 mM EGTA, only
the parental strain was able to take up 65Zn2+. This
high-affinity transport was energized by ATP. The
genes were named znuABC (for zinc uptake; former
name yebLMI) and localized at 42 min on the genetic
map of E. coli. At high Zn2+ concentrations, the znu
mutants took up more 65Zn2+ than the parental strain
(Patzer and Hantke, 1998).

Regulation of High Affinity Zinc Uptake by Zur

The high-affinity 65Zn2+ uptakewas repressed by growth
in the presence of 10 mM Zn2+. A znuA-lacZ operon
fusion was repressed by 5 mM Zn2+ and showed a more
than 20-fold increase of b-galactosidase activity when
Zn2+ was bound to TPEN [tetrakis-(2-pyridylmethyl)
ethylenediamine].

In order to identify the Zn2+-dependent regulator,
constitutive mutants were isolated and tested for
complementation by a gene bank of E. coli. A com-
plementing gene, yjbK of the E. coli genome, was
identified and named zur (for zinc uptake regulation).
The Zur protein showed 27 % sequence identity with the
iron regulator Fur. High-affinity 65Zn2+ transport of the
constitutive zur mutant was tenfold higher than that of
the uninduced parental strain (Patzer and Hantke,
1998). In additon to Zur regulating zinc uptake, there
is a zinc dependent MerR type regulator for ZntA, the
P-type ATPase, which exports zinc (Brocklehurst et al.,
1999). This system operates at concentrations above
0.5 mM Zn2+ while the Znu uptake system is induced
below 10 mM Zn2+.The two component sensor/regulator
system ZraS and ZraR senses high zinc in the periplasm
and regulates the periplasmic zinc binding protein ZraP
(Leonhartsberger et al., 2001).

By inactivation of the zur gene, it was demon-
strated that Zur acts as a repressor and not as an
activator. Eight chromosomal mutant zur alleles were
sequenced to correlate the loss of Zur function with

individual mutations. The purified proteins of wild-type
Zur and of ZurD46–91 formed homo- and heterodi-
mers. Dimerization was independent of metal ions
since it also occurred in the presence of metal che-
lators (Patzer and Hantke, 2000). Using an in vivo
titration assay, the site affording Zur regulation was
narrowed down to a 31-bp region in the promoter region
of znuA and znuCB. This location was confirmed by
DNase I footprinting assays. A single region compris-
ing a nearly perfect palindrome was protected, which
indicated direct binding of Zur. Zinc chelators com-
pletely inhibited DNA binding of Zur, and addition of
Zn2+ in low concentrations enhanced binding. Zur
occupied its binding site only in the presence of zinc
or other divalent metal cations at low concentrations,
as shown by the DNase I footprinting data. Zur
protected a 29-nt approximate palindrome on each
strand of the znu operator with a 30 stagger of 4 nt
(Patzer and Hantke, 2000). This footprint resembles
that of typical DNA binding dimers, such as classical
helix-turn-helix proteins, e.g., the CI repressor from
bacteriophage l (Jordan and Pabo, 1988). The
observed 30 stagger is indicative for coverage of the
minor groove at the ends, but provides no information
about the protein–DNA recognition contacts. Analysis
of the mutant Zur proteins suggested an amino-
terminal DNA contact domain around residue 65 and
a carboxy-terminal dimerization and Zn2+-binding
domain. Footprinting experiments indicated that
although most of the mutant Zur proteins bound to
the znu promoter in vitro, no protection was observed
in vivo (Patzer and Hantke, 2000).

Characteristics of Zur in Comparison to Fur

Zur just as Fur seems to be widespread among bac-
teria, even in gram-positive bacteria and cyanobac-
teria, as indicated by sequence similarity searches.
However, only in some cases a functional zinc
dependent regulator was shown. Since small changes
in the sequence may change the metal specificity one
always has to check the prediction. In B. subtilis, apart
from Fur and PerR (regulator of the peroxide stress
response) (Bsat et al., 1998), the third Fur-like homo-
logue YqfV can act as Zur (Gaballa and Helmann,
1998). The sequence similarity to E. coli Zur is not
strong (Figure 2). A zur gene has also been found
in L. monocytogenes (Dalet et al., 1999). Based on
sequence similarity, we expect that the proposed Fur
protein in Staphylococcus epidermidis (Heidrich et al.,
1996) is Zur rather than Fur. It is possible that other
proteins designated as Fur homologues will turn out
to be Zur proteins. In many of the partially sequenced
genomes of various bacterial species, a Zur equivalent
is found, e.g., in Salmonella strains, Klebsiella pneu-
moniae, Yersinia pestis, Vibrio cholerae, Bordetella
pertussis, Caulobacter crescentus, Pseudomonas aer-
uginosa, and Neisseria strains. Since these organisms
also possess a system homologous to Znu, we
propose that these proteins likewise are regulators of
zinc uptake. Some of these Zur-like proteins are
aligned in Figure 2. In the dendrogram two groups of
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Figure 2. Alignment and dendrogram of selected members of the Zur protein family. For comparison the Fur protein of E. coli has been included in
the dendrogram and is shown in italics below the aligned Zur sequences. The two groups of Zur proteins were aligned seperately and their
consensus sequence is given in between the alignments. A * indicates an identical residue, a ^ indicates a similar residue. The abbreviation for the
organisms are LISMO Listeria monocytogenes, BACSU Bacillus subtilis, STAEP Staphylococcus epidermidis, YERPE Yersinia pestis, VIBCH Vibrio
cholerae, PSEAE Pseudomonas aeruginosa, XYLFA Xylella fastidiosa, NEIGO Neisseria gonorrhoeae. The ClustalW server at EBI was used
(Thompson et al., 1994).
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Zur proteins show up, one is found in Gram negative
bacteria, the second one in Gram positive bacteria.
Zur from Gram positive bacteria is more similar to the
E. coli Fur than Zur from Gram negative ones.

It is generally observed in Gram negative bacteria
that the sequence variation within the Zur proteins is
larger than within the iron dependent Fur proteins
(Table 1). In addition, it is astonishing that the Fur
binding site in different organisms is very similar. Even
in the promoter region of iron regulated genes of the
gram positive B. subtilis a Fur-box is recognised by
the E. coli Fur protein. This similarity is the basis for
the use of the Fur titration test for promoters of iron
regulated genes from very divers bacteria (Stojiljkovic
et al., 1994). In contrast, the Zur binding sites seem to
differ distinctly in different organisms.

In footprinting experiments at high concentrations
of Fur, polymerization and extension of the protected
region occurred at several Fur-dependent promoters
(de Lorenzo et al., 1987). This was also observed by
electron and atomic force microscopy (Le Cam et al.,
1994). Even at high concentrations of Zur no enlarge-
ment of the protected regions was observed, which is
a clear-cut difference in the behaviour of the two
repressors (Patzer and Hantke, 2000).

Zur is only active in the reduced form. As a cyto-
plasmic protein it has predominantly reduced thiols
rather than oxidized disulfides due to the reducing
conditions in the cytoplasm (Gilbert, 1990). In vitro, the
cysteine residues of Zur are easily oxidised to dis-
ulfides, as judged by the slower migration in SDS-
polyacrylamide gels under reducing conditions com-
pared to non-reducing conditions. Oxidised Zur does
not bind DNA or considerable amounts of Zn2+. This
may indicate that Zn2+ is mainly bound by some of the 9
cysteines found in Zur. In E. coli Fur only 4 cysteines
are found which are all conserved in Zur. At least two to
three zinc ions per dimer bind specifically to Zur (Patzer
and Hantke, 2000). It remains to be seen if one of these
zinc ions is bound to the same site in Zur as it was
found in Fur at the conserved cysteines (positions 92
and 95, see Figure 1; Jacquamet et al., 1998). These
two cysteines are found in all Fur-like proteins except
those from Pseudomonas and related organisms.

The Fur protein is not only auto-regulated and re-
gulated by the cAMP-CAP catabolite repression

system (De Lorenzo et al., 1988), but also by OxyR
and SoxRS (Zheng et al., 1999). After treatment of cells
with H2O2, OxyR induces a set of genes with clearly
antioxidant activities. OxyR induction of Fur synthesis
should diminish the formation of HO" radicals gener-
ated by H2O2 reacting with intracellular iron. SoxRS
induces oxidative stress response genes after treat-
ment of cells with O2"-generating compounds. The in-
duction of Fur by SoxRS should decrease the
generation of HO" radicals (Zheng et al., 1999). No
evidence for autoregulation of Zur or for the influence
of other regulators on Zur was found. This may indicate
that Zur has the very limited function to regulate zinc
uptake and metabolism in a zinc poor environment. Up
to now besides the znuA promoter only two other Zur
binding sites were identified in the E. coli chromosome;
the genes or the encoded proteins had no obvious
functions.

Acknowledgements

I thank Silke Patzer for her collaboration and her enthusiasm for the
project, Christian Bayertz and Kerstin Haible for technical assistance,
Volkmar Braun (this institute) for discussion and Karen A. Brune
(Konstanz) for critical reading of the manuscript. This work was
supported by the Deutsche Forschungsgemeinschaft (grant HA
1186/2-3).

References

Agar, J.N., Krebs, C., Frazzon, J., Huynh, B.H., Dean, D.R., and
Johnson, M.K. 2000. IscU as a scaffold for iron-sulfur cluster
biosynthesis: sequential assembly of [2Fe-2S] and [4Fe-4S] clusters
in IscU. Biochemistry 39: 7856–7862.

Bartsevich V.V., and Pakrasi H.B. 1995. Molecular identification of an
ABC transporter complex for manganese: analysis of a cyanobac-
terial mutant strain impaired in the photosynthetic oxygen evolution
process. EMBO J. 14: 1845–1853.
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hydH/G Genes from Escherichia coli code for a zinc and lead
responsive two-component regulatory system. J. Mol. Biol.
307: 93–105.

Lill, R., and Kispal, G. 2000. Maturation of cellular Fe-S proteins: an
essential function of mitochondria. Trends Biochem. Sci.
25: 352–356.

Matzanke, B.F., Berner, I . , Bi l l , E., Trautwein, A.X., and
Winkelmann, G. 1991. Transport and utilization of ferrioxamine-E-
bound iron in Erwinia herbicola (Pantoea agglomerans). Biol. Met. 4:
181–185.

Müller, K., Matzanke, B.F., Schünemann, V., Trautwein, A.X., and
Hantke, K. 1998. FhuF, an iron-regulated protein of Escherichia
coli with a new type of [2Fe-2S] center. Eur. J. Biochem. 258:
1001–1008.

Patzer, S.I., and Hantke, K. 1998. The ZnuABC high-affinity zinc
uptake system and its regulator Zur in Escherichia coli. Mol.
Microbiol. 28: 1199–1210.

Patzer, S.I., and Hantke, K. 1999. SufS is a NifS-like protein, and SufD
is necessary for stability of the [2Fe-2S] FhuF protein in Escherichia
coli. J. Bacteriol. 181: 3307–3309.

Patzer, S.I., and Hantke, K. 2000. The zinc-responsive regulator Zur
and its control of the znu gene cluster encoding the ZnuABC zinc
uptake system in Escherichia coli. J Biol Chem 275: 24321–24332.

Rohrbach, M.R., Braun, V., and Köster, W. 1995. Ferrichrome
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