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The intracellular fate of iron acquired by bacteria during sid-
erophore-mediated assimilation is poorly understood. We investi-
gated this question in the pathogenic enterobacterium Erwinia
chrysanthemi. This bacterium produces two siderophores, chry-
sobactin and achromobactin, during plant infection. We analyzed
the distribution of iron into cytosolic proteins in bacterial cells sup-
plied with °°Fe-chrysobactin using native gel electrophoresis. A
parental strain and mutants deficient in bacterioferritin (5fr), mini-
ferritin (dps), ferritin (ftnA), bacterioferredoxin (bfd), or iron-sul-
fur cluster assembly machinery (sufABCDSE) were studied. In the
parental strain, we observed two rapidly **Fe-labeled protein sig-
nals identified as bacterioferritin and an iron pool associated to the
protein chain-elongation process. In the presence of increased
59Pe-chrysobactin concentrations, we detected mini-ferritin-
bound iron. Iron incorporation into bacterioferritin was severely
reduced in nonpolar sufA, sufB, sufD, sufS, and sufE mutants but
not in a sufC background. Iron recycling from bacterioferritin did
not occur in bfd and sufC mutants. Iron depletion caused a loss of
aconitase activity, whereas ferric chrysobactin supplementation
stimulated the production of active aconitase in parental cells and
in bfir and bfd mutants. Aconitase activity in sufA, sufB, sufD, sufS,
and sufE mutant strains was 10 times lower than that in parental
cells. In the sufC mutant, it was twice as low as that in the parental
strain. Defects observed in the mutants were not caused by altered
ferric chrysobactin transport. Our data demonstrate a functional
link between bacterioferritin, bacterioferredoxin, and the Suf pro-
tein machinery resulting in optimal bacterial growth and a bal-
anced distribution of iron between essential metalloproteins.

Iron is necessary for most forms of life, being required for the
catalytic activity of essential proteins mediating electron trans-
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fer and redox reactions. The importance of this metal relies on
its electronic structure, which can undergo changes through
several oxidation states differing by one electron. The ferric
form of iron predominates in aerobic environments, but its bio-
availability is severely compromised by its poor solubility (1).
Ferrous iron is present at significant levels in the cell but can be
toxic as a consequence of its participation in “Fenton-type”
redox chemistry (2, 3). Thus, iron acquisition, utilization, and
storage are subject to different levels of homeostatic regulation.

Microorganisms have developed powerful iron acquisition
systems based on production of siderophores, which are selec-
tive ferric ion chelators secreted in response to iron deficiency
(4). Once loaded with iron, the siderophore is specifically
imported into the cell. This requires active transport which,
in Gram-negative bacteria, is achieved by a TonB-dependent
outer membrane receptor and a permease belonging to the
ABC transporter family (5). Regulation of siderophore produc-
tion and uptake involves the metalloprotein Fur® or functional
analogs, acting as transcriptional repressors of iron-responsive
genes (6). Although major advances have improved under-
standing of the processes involved in ferric siderophore uptake,
there is still little information on the intracellular fate of iron,
once released from its ligand. Enzymatic degradation of the
ferric siderophore complex and/or enzymatic reduction to the
ferrous state are effective mechanisms for iron removal (7). It
remains to be determined how the cell prioritizes its intracellular
iron utilization so that iron-containing proteins preferentially
receive iron, at the same time avoiding toxic side reactions. Of the
various classes of iron-containing proteins, iron-sulfur proteins
and ferritins are of particular interest.

Biosynthesis of iron-sulfur proteins involves complex pro-
tein machineries that build iron-sulfur clusters from cytosolic
iron and sulfur sources and transfer them to their cognate pro-
tein acceptors. Studies in various bacterial species, including
Escherichia coli, Erwinia chrysanthemi, and cyanobacteria have
led to the identification of the Isc and Suf machinery, which
have homologs in eukaryotes (8—10). The mechanisms by
which Isc or Suf proteins work together have been an area of
intense investigations (11, 12). The proteins encoded by the isc
operon appear to mediate a general pathway for the assembly of

3 The abbreviations used are: Fur, ferric uptake regulation; Isc, iron-sulfur clus-
ter; Suf, sulfur utilization factor; Ftn, ferritin; Bfr, bacterioferritin; Dps, DNA
protein from starved cells; Bfd, bacterioferredoxin; FMP, fast migrating
proteins.
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a variety of iron-sulfur proteins, whereas those encoded by the
suf operon play a role in iron-sulfur cluster biosynthesis under
conditions of iron deficiency or oxidative stress (13—15). The
iron donation step for cluster assembly in vivo is unknown (16,
17). In eukaryotes, the mitochondrial frataxin protein has been
proposed to act as an iron donor for assembly of iron-sulfur
clusters (18, 19) and a similar function was assigned to the bac-
terial homolog CyaY for the Isc machinery, although this still
needs to be confirmed (16). The ability of the Suf pathway to
function when iron is limiting suggests not only that Suf is
involved in iron-sulfur cluster assembly but also that Suf may
act as an iron trap.

Ferritins are iron storage proteins that sequester iron in a
nonreactive form, protecting the cell from iron-induced toxic-
ity (20, 21). In bacteria, these proteins are present in the same
compartment as other iron-requiring proteins falling into three
categories: heme-free ferritins (Ftn), found in prokaryotes and
eukaryotes; heme-containing bacterioferritins (Bfr), found only
in bacteria; and Dps proteins, also called mini-ferritins, present
only in prokaryotes (22, 23). Ferritins and bacterioferritins are
composed of 24 identical subunits, and Dps proteins contain 12
identical subunits. These subunits assemble to make a spherical
protein shell surrounding a central cavity able to hold up to
between 2,000 and 3,000 ferric iron atoms for ferritins and
500 atoms for mini-ferritins (21, 24). Ferritins have a binu-
clear di-iron center constituting the ferroxidase center,
which is involved in the oxidation of the ferrous iron (25—
28). Ferritins can act as acceptors and donors of ferrous ions,
but their precise contribution in bacterial iron metabolism is
not well understood.

An appropriate system physiologically relevant and repre-
sentative of the bacterial world is needed to address these unre-
solved issues. We have developed E. chrysanthemi (Dickeya
dadantii) as a model plant pathogen to investigate the role of
iron during infection (29). The genome sequence of this bacte-
rium is available and like many other bacterial species patho-
genic to mammals, E. chrysanthemi requires powerful iron
transport routes to obtain iron from host tissues. Notably, this
bacterium produces two siderophores, chrysobactin and ach-
romobactin, which are important for its virulence (30). Suc-
cessful infection also requires a functional Suf system (31). The
E. chrysanthemi FtnA ferritin and Bfr bacterioferritin have dif-
ferent roles in vivo. Like in E. coli, expression of the cognate
ftnA gene is positively controlled by iron and the Fur repressor
through a mechanism involving the small antisense RNA RyhB
(32). The E. chrysanthemi bfr gene is clustered into an operon
with the bfd gene that encodes a 64-amino acid peptide (Bfd).
This peptide shows 70% of sequence identity with the bacterio-
ferritin-associated [2Fe-2S] ferredoxin from E. coli K-12 (33,
34). The operon is expressed at a basal level and up-regulated at
the stationary phase of growth by the sigma S factor (32). The E.
chrysanthemi genome sequence also revealed the existence of a
gene (dps) encoding a putative mini-ferritin (Dps).

In this study, we investigated the distribution of iron bound
to cytosolic proteins from E. chrysanthemi mutant cells defec-
tive in siderophore biosynthesis, supplied with **Fe via chry-
sobactin. The addition of iron stimulates growth and leads to
global metabolic recovery in iron-deprived cells. We compared
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mutants deficient in bacterioferritin, bacterioferredoxin, ferri-
tin, mini-ferritin, various Suf proteins, and Fur protein. We
demonstrated a functional link between Bfr, Bfd, and the Suf
protein machinery, which results in the balanced distribution of
iron between essential proteins.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Plasmids, and Microbiological Techniques—
The bacterial strains and plasmids used are described in sup-
plemental Table S1. The cbsE-1, cbsC-1, acsA-37, acsF:() and
dps::{) mutations were introduced into the appropriate bfr,
[finA, suf; and fur deficient mutants by transduction using phage
¢EC2 as described previously (35). The rich media used were L
broth and L agar (36). Tris medium was used as a low iron
minimal medium (37). Glassware for Tris medium was treated
as described previously (37). For iron-replete conditions, Tris
medium was supplemented with ferric chrysobactin at the con-
centrations indicated. Ferric chrysobactin was prepared by
adding FeCl, to chrysobactin in 0.1 m Tris, pH 7.5, at a ligand/
iron ratio of 3:1. Glucose (2 g/liter) was used as carbon source.
The antibacterial agents and chemicals were used as reported
previously (35, 37) unless otherwise specified.

Construction of the dps and bfd Deficient Mutants and Gen-
eral DNA Methods—A genomic fragment from the dps locus
was amplified by PCR with the primers 5’ sense dpsls (5'-att-
atcgcctegetggga-3') and 3’ reverse dpslr (5'-catcaaaacgtcct-
tccte-3') and cloned using the pGEM-T Easy vector. This
fragment was then subcloned into the pBC plasmid using
appropriate restriction enzymes to introduce a unique
EcoRV restriction site into the dps gene. The ()-Spec interposon
from pHP45(Q) hydrolyzed with Smal was inserted into the
EcoRYV site to obtain plasmid pAB12 (38, 39). To introduce a
nonpolar mutation in the bfd gene, the apha-3 cassette,
obtained by Smal digestion of pUC18K, was inserted into the
T4 Polymerase blunted Nsil site of pAB3 (40). Plasmid trans-
formation and marker exchange recombination with the chro-
mosome were performed as described previously (37). Correct
recombination was confirmed by PCR and Southern blot
hybridization experiments. For construction of plasmid pAB14,
a genomic fragment from the bfd-bfr encoding locus was ampli-
fied by PCR with the primers sense bfrls (5'-ggtcgtgtagagcg-
gca-3') and reverse bfdr (5'-gtagaagcggtcaacacagag-3') and
inserted into the pGEM-T Easy vector. This fragment was sub-
cloned into the Apal and Spel sites of the pBC plasmid. DNA
manipulation techniques (chromosomal DNA isolation, clon-
ing, and electrophoresis) were described previously (35). Plas-
mids were extracted using the QIAprep spin miniprep kit (Qia-
gen). All of the cloning experiments were performed in the
DHb5q strain of E. coli. PCR was performed in a DNA thermo-
cycler (Hybaid PCR Express System) with denaturation at 94 °C
for 60 s, annealing at 52 °C for 75 s, an extension at 72 °C for
90 s, and a final extension at 72 °C for 10 min. PCR products
were cloned using the plasmid pGEM-T Easy, according to the
manufacturer’s instructions. Nucleotide sequences of PCR
products and plasmids were obtained from Genome Express.

In Vivo Labeling of Bacterial Cultures, Preparation of Whole
Cell Extracts, and Analysis of Protein-bound *°Fe Iron—An
overnight culture in L broth of the strain to be studied was
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diluted 1:40 in 5 ml of Tris medium supplemented with glucose
placed in a 50-ml Erlenmeyer flask and incubated with shaking
until Agyy hm = 0.4 was reached. Iron labeling was started by
adding a ferric chrysobactin complex solution prepared with
**FeCl, (3-20 mCi/mg iron in 0.5 M HC; GE Healthcare). Sam-
ples (1 ml) were taken at the indicated times. Excess unlabeled
ferric chrysobactin was added to each sample. Bacterial cells
were spun down in a microcentrifuge, at 7000 RPM at 4 °C. The
cells were washed in a solution containing 50 mm potassium
phosphate, pH 7.8, 0.1 mm EDTA, and 10 mm MgCl, and har-
vested by centrifugation. The bacterial pellets were resus-
pended in 20-40 ul of the same solution with DNase I and
lysozyme added at final concentrations of 0.1 and 0.2 mg/ml,
respectively, and incubated for 30 min at 4 °C. The cells were
lysed by six freeze/thaw cycles. The extracts were centrifuged at
15,000 X g for 5 min, and supernatant fluids were kept at
—20°C. To analyze the fate of iron during bacterial growth,
labeled cells were centrifuged at 3000 X g at 4 °C for 15 min.
The cells were washed twice in Tris medium; washing fluids
were eliminated by centrifugation. The washed cells were
resuspended in Tris medium with glucose and left to grow for
2 h. The samples (1 ml) were taken at the indicated times, and
bacterial cells were treated as described above. Whole cell
extracts (25 ug protein) were analyzed by native PAGE in 10%
acrylamide and Tris-glycine buffer. Protein concentration was
determined by the Bradford method (41). The dried gels were
autoradiographed at —80 °C, for 48 h, using KODAK BioMax
XAR films. For each bacterial strain, six independent time
course experiments were performed. The autoradiograms
shown are representative of one experiment. For each time
point, the amount of **Fe bound to relevant proteins was deter-
mined by scintillation counting of the excised bands from the
gels. The results are given as the relative percentages of total
counts measured on the gels, for each lane. The data reported
are the averages of six independent experiments, and the stand-
ard deviations are indicated.

Immunodetection of the Bfr Protein—Proteins (25 ug) were
loaded and run onto 15% polyacrylamide 0.1% SDS denaturat-
ing gels. The proteins were transferred onto nitrocellulose
membranes (Protran BA 83; Whatman) at 350 mA for 75 min in
30 mm Tris, 192 mMm glycine, 0.025% SDS, 20% v/v methanol, pH
8.3, using the Bio-Rad mini-Trans-Blot electrophoretic transfer
cell. Bfr antiserum was used at a dilution of 1/4000. Antibody
binding was detected with goat anti-rabbit immunoglobulin
conjugated to alkaline phosphatase.

Analysis of FMP Iron and Mass Spectrometry—Bands corre-
sponding to the *’Fe-labeled proteins doublet detected by auto-
radiography of native gels were cut out (Fig. 54, panel 1) and
analyzed by SDS-PAGE in 10% acrylamide and Tris-glycine
buffer (Fig. 5A, panel 3), as described by Schigger and Von
Jagow (42). The gels were stained with Coomassie Blue. For
control experiments, the protein bands excised from the gel
were analyzed a second time on native PAGE (Fig. 54, panel 2)
to check for the presence of a *°Fe spot corresponding to the
protein doublet detected on the first gel. Individual spots visu-
alized after SDS-PAGE were excised, reduced with dithiothre-
itol, alkylated with iodoacetamide, and digested with trypsin
overnight at 37 °C. Tryptinized peptides were extracted from
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the gel pieces with 50% acetonitrile, 0.1% trifluoroacetic acid,
concentrated, desalted, using a ZipTip (Millipore, Molsheim,
France), and spotted onto a steel target with a-cyano-4-hy-
droxycinnamic acid as a matrix. The peptide mass fingerprint
was acquired after external calibration with ions from des-
Arg'-Bradykinin, Angitensin I, Glu'-Fibrinopeptide B, and
neurotensin, on a 4800 TOF-TOF spectrometer (Applied Bio-
systems) equipped with a YAG-200 Hz laser (355 nm). Operat-
ing parameters for the Reflectron included 1500 laser shots/
spectrum. Monoisotopic masses were used with a maximum
deviation of = 100 ppm for mass assignment. For protein iden-
tification, the peptide mass fingerprint was searched against the
ASAP data base, using Mascot (Matrix Science, London, UK).
Protein hits were accepted if the Mascot score was greater than
the significance threshold. This procedure was carried out in six
independent samples isolated from cytosolic extracts of paren-
tal cells supplied with *’Fe-chrysobactin at concentrations of
0.25 uM, for 40 min.

Transport Assays—Bacterial cultures were grown in the same
conditions used for in vivo labeling experiments. Transport
assays were carried out as described by Rauscher ez al. (43), with
the addition of °°Fe-labeled chrysobactin to the transport
medium at a concentration of 0.25 pM.

Enzyme Assays—Aconitase activity was assayed in bacterial
pellets from 100-ml cultures grown in the conditions indi-
cated and stored at —80 °C for 24 h, as described by Gardner
(44). The protein concentration was determined by the
Bradford method.

RESULTS

Intracellular Distribution of Iron in Cells Supplied with
*°Fe-Chrysobactin—Previous studies have shown that the ferric
chrysobactin complex is dissociated inside the cell through a
rapid reductive process, making iron available for metabolic
needs (43). Thus, we used *’Fe-chrysobactin to try to identify
intracellular protein targets of iron in E. chrysanthemi cells. We
used a double mutant strain deficient in biosynthesis of both
chrysobactin and achromobactin (PPV20) to avoid iron
exchange between both ligands. In the low iron minimal Tris
medium, the doubling time of this mutant was 160 min. The
addition of ferric chrysobactin to the medium stimulated the
growth rate, the doubling time being 100 min. Cytosolic protein
extracts were analyzed by PAGE on nondenaturing gels, and
protein-bound iron was visualized by autoradiography as
described under “Experimental Procedures.” We first tested a
concentration range of 0.06—1 um *°Fe-chrysobactin added
over a period of 40 min (Fig. 14). We detected a continuum of
bands increasing in intensity with higher *°Fe concentrations,
which could correspond to the banding region revealed by Coo-
massie Blue staining. In addition, two strong *°Fe signals (des-
ignated as 1 and 2 on Fig. 1A4), a slowly migrating protein species
and a quickly migrating protein doublet, were apparent. A third
signal (designated as 3 on Fig. 14) became visible with concen-
trations of *°Fe higher than 0.125 um. We then performed a
time course experiment. Protein-bound iron was probed at
10-min intervals over a 40-min period after adding 0.25 um
*°Fe-chrysobactin (Fig. 1B). We observed the same *Fe signals
increasing in intensity with time. Thus, iron binds a wide vari-
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FIGURE 1. Native PAGE analysis of protein extracts from E. chrysanthemi
cells supplied with **Fe-chrysobactin. Protein-bound iron was detected by
autoradiography. Further details are described under “Experimental Proce-
dures.” A, *°Fe-chrysobactin was supplied to parental cells at the indicated
concentrations for 40 min. The autoradiogram shown in the right panel cor-
responds to proteins visualized by Coomassie Blue staining in the left panel.
B, 0.25 um *°Fe-chrysobactin was supplied to parental cells for the indicated
times. C, parental and relevant mutant cells (as indicated by P and corre-
sponding genotypes) were supplied with 1 um *Fe-chrysobactin for 40 min.
Insoluble material is visible at the tops of some lanes. >°Fe-labeled signals are
designated by arrows 1, 2, and 3, respectively.

-3

ety of proteins. Those referred to as signals 1 and 3 could be
ferritin-like compounds.

To test this possibility, we performed similar experiments
with bfr, dps, and ftnA mutant strains carrying defects in the
production of Bfr, Dps, or FtnA protein (PPV51, PPV52, and
PPV53), respectively. Iron-deprived bacterial cells were sup-
plied with 0.25 um *°Fe-chrysobactin for 40 min, and protein-
bound iron was analyzed (supplemental Fig. S1). Signal 1, iden-
tified in the parental strain as a slowly migrating protein, was
absent from the bfr mutant but present in dps and ftnA mutants,
suggesting that this protein could be Bfr. Signal 3 (Fig. 1, A and
B), another slowly migrating protein identified in the parental
strain, was present in the ftnA mutant but absent from the dps
mutant. This signal was therefore likely to correspond to Dps. A
fur mutant, which displays a low level of transcriptional activity
of the bfd-bfr operon, showed a particularly strong Dps signal
(supplemental Fig. S1). To confirm these data, we increased the
concentration of *Fe-chrysobactin in the medium to 1 um and
compared the signal patterns obtained from mutant strains to
those from the parental strain (Fig. 1C). In the parental strain,
the signals corresponding to Bfr and Dps were strong, whereas
they were absent from the respective mutants. Both signals
were absent from the bfr dps double mutant (PPV54) (Fig. 1C).
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FIGURE 2. Distribution of iron in bacterioferredoxin-proficient and -defi-
cient cells supplied with *°Fe-chrysobactin. Native PAGE analysis of pro-
tein extracts was performed as described in Fig. 1. A, *°Fe-chrysobactin was
supplied at the concentration of 0.25 um for the indicated times. B, *°Fe-
chrysobactin was supplied at the concentration of 0.5 um for 40 min as indi-
cated. The cells were then washed and grown for the indicated times (details
are under “Experimental Procedures”); optical density at 600 nm (ODy,,) of
bacterial cultures is indicated. The strains are designated as in Fig. 1. Plasmid
pAB14 contains the bfd gene under the control of its own promoter.
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The doublet corresponding to the quickly migrating protein
species was present in all of the mutant strains. Its signal inten-
sity increased over time, as observed for the parental strain
(supplemental Fig. S1). Thus, some of the iron released from
chrysobactin is sequestered by Bfr, Dps, and a set of proteins
unrelated to ferritins, designated FMP. The amounts of *°Fe
bound to these various protein species were quantified (supple-
mental Table S2). In parental cells supplied with 0.25 pm **Fe-
chrysobactin for 40 min, iron bound to Bfr represented ~5%,
Dps iron represented ~1%, and FMP iron 16% of total *°Fe
detected on the gels. In the bfr mutant, levels of FMP iron were
similar to those of the parent strain, whereas they reached 20%
in the dps mutant. In the fur mutant, iron bound to Dps and
FMP represented 16 and 20% of total *°Fe signal, respectively.
We did not detect iron bound to FtnA, probably because the
ftnA gene is not expressed in iron-deprived cells (32).

Release of Iron from Bacterioferritin Requires Bacterio-
ferredoxin—The roles of bacterioferritin and bacterioferredoxin
in iron metabolism are not well understood. As in E. coli, E.
chrysanthemi bacterioferritin is not involved in long term iron
storage (21, 32). To gain insight into the roles of these proteins,
we constructed a nonpolar bfd-negative mutant (PPV55) and
examined the distribution of iron in this mutant, and in the
parental strain, over time. Cultures of iron-depleted cells were
supplied with 0.25 um **Fe-chrysobactin for 40 min (Fig. 24). In
the bfd mutant, the signal intensity for Bfr-bound iron was 2.8
times greater than in the parental strain. However, the intensity
of signals corresponding to Dps and FMP, was similar in both
strains (supplemental Table S2). We carried out the same
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FIGURE 3. Growth and transport characteristics of parental and relevant mutant strains treated with >°Fe-chrysobactin. A, growth of bacterial cultures
with (solid circles) or without (open circles) the addition of 1 um **Fe-chrysobactin. *°Fe-chrysobactin was added when A4, = 0.4. Genotypes are shown on each
graph. Growth curves of the sufD and sufE mutants (not shown) were similar to those obtained for the sufB and sufS mutants, respectively. The experiments
were performed five times, and the data reported are the means of three independent experiments with standard deviation corresponding to less than 5%.
B, amounts of iron (X 10° atoms) incorporated into parental and relevant mutant cells after treatment with 0.25 um *°Fe-chrysobactin for 40 min. Transport
assays were performed as described under “Experimental Procedures.” The data are the means of measurements obtained in three separate experiments, with

error bars representing S.D.

experiment with a bacterial construct containing extra copies
of the bfd gene expressed on a multicopy plasmid (pAB14) (Fig.
2A). The signal intensity for Bfr iron was strongly reduced,
whereas that observed for Dps was increased. We then analyzed
the fate of iron at different stages of cell growth. Iron-depleted
cultures from the parental strain and the bfd mutant were
treated with 0.5 um °°Fe-chrysobactin for 40 min. The cells
were washed and grown in fresh iron-free medium for an addi-
tional 2 h (see “Experimental Procedures”). Protein-bound iron
was analyzed at 40 min, 1 h, and 2 h after washing (Fig. 2B). In
parental cells, the signal intensity for Bfr iron progressively
decreased, indicative of the metal being released during cell
growth. We did not observe this effect in bfd cells. This suggests
that bacterioferredoxin is required for iron release from bacte-
rioferritin. The absence of Bfr-bound iron from cells overex-
pressing the bfd gene is likely to be due to overproduction of the
Bfd protein causing an exacerbation of the release process.
These data highlight the importance of a clustered organization
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of the bfd and bfr genes in an operon, allowing the coordinated
production of Bfd and Bfr proteins.

Delivery of Iron to Bacterioferritin Is Impaired in Nonpolar
sufA, sufB, sufD, sufS, and sufE Mutants—The sufABCDSE
operon is involved in iron-sulfur cluster biogenesis and is iron-
regulated (13). Thus, we determined whether the absence of Suf
proteins led to changes in intracellular iron distribution. We
first compared the growth of nonpolar sufA to sufE negative
mutants (PPV56 —PPV61) and bf and bfd mutants (PPV51 and
PPV55) in Tris medium, with or without ferric chrysobactin,
with that of parental strain (Fig. 3A). In Tris medium, all of the
strains grew slowly, although to various extents depending on
the genotype. Cell growth was most severely affected in the
sufA, sufC, sufS, and bfd mutants (p value = 0.03). The addition
of ferric chrysobactin greatly stimulated growth of the parental
strain and to a lesser extent that of the mutants. Growth of the
sufC mutant was only mildly stimulated. To confirm that these
growth defects were not caused by impaired ferric chrysobactin
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FIGURE 4. Iron metabolism in suf negative mutants supplied with *°Fe-chrysobactin. A, native PAGE anal-
ysis of protein extracts was performed as described in Fig. 1. >°Fe-chrysobactin was supplied at the concentra-
tion of 0.25 um for the indicated times. B, immunoblotting of bacterioferritin in protein extracts from *°Fe-
chrysobactin-treated cultures of relevant strains. C, native PAGE analysis of protein extracts from sufC cells was
performed as described for Fig. 2B. D, aconitase activity produced in parental and relevant mutant cells.
Enzyme activity was assayed in cells from iron-deprived cultures treated with 0.5 um *°Fe-chrysobactin for 4 h.
For the parental strain, enzyme activity was assayed with no iron supplementation (P-Fe). One unit of aconitase
activity corresponds to the conversion of 1 umol of citrate to isocitrate/min; specific activity is given in
units/mg of protein/min. The data are the means of measurements obtained in three separate experiments

with error bars representing S.D. The relevant genotypes are indicated.

transport, we quantified the iron incorporated into bacterial
cells after treatment with 0.25 um *°Fe-chrysobactin for 40 min
(Fig. 3B). Parental and bfr- and bfd-deficient cells contained
similar amounts of total *°Fe. In the sufA, sufD, sufS, sufE, and
fur mutants, *°Fe levels were 40% higher than those in the
parental strain (p value = 0.04). sufS and sufE mutants had
similar levels to those observed in the fur mutant, in which iron
transport is derepressed.

We then analyzed the distribution of iron in the suf negative
mutants (PPV56-PPV61) over time. Iron-depleted cultures
from the mutants were treated with 0.25 um *°Fe-chrysobactin
for 40 min, and protein iron was analyzed (Fig. 44). We did not
detect a signal corresponding to Bfr-bound iron in sufA and
sufB mutants, and the signal in the sufD, sufS, and sufE mutants
was very weak. The amount of Dps-bound iron was higher in
these mutants than in the parental strain (Fig. 44 and supple-
mental Table S2). In the sufC mutant, iron sequestered by Bfr
seemed to accumulate over time; the amount of Bfr iron meas-
ured at 30 min was twice as high as that observed for the paren-
tal strain. The amount of Dps iron in this mutant was similar to
that of the parental strain. FMP iron was detected in all suf
mutants. The amount of FMP iron was higher in the sufC, sufS,
and sufE mutants than in the parental strain. We checked by
immunoblotting that the lack of Bfr iron in the suf mutants was
not due to the absence of Bfr protein (Fig. 4B). Given that the
sufC mutant was able to accumulate more iron in bacteriofer-
ritin than the parent strain, we examined the turnover of this
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determined the activity of this
enzyme in cell extracts of iron-de-
pleted cultures treated with or
without ferric chrysobactin in the
parental strain (Fig. 4D). Ferric
chrysobactin-treated cultures dis-
played significant levels of aconitase
activity, whereas aconitase activity
was 10 times lower in cells exposed
to the conditions of iron depletion.
The aconitase activity in ferric chrysobactin-treated sufA, sufD,
sufS, and sufE mutant cultures was also very low. That of the
sufC mutant, however, was only reduced by a factor of 2 (p
value = 0.04). This indicates that the SufC protein is not essen-
tial for the assembly of iron-sulfur clusters or their transfer to
apo-aconitase. The aconitase activity measured in ferric chry-
sobactin-treated cultures of the bfr and bfd mutants was similar
to that of the parent, indicating that the Bfr-Bfd system is not
essential for providing the Suf machinery with iron.
Characterization of FMP Iron Pool—The *°Fe-labeled dou-
blet detected on native gel was further resolved to reveal its
individual polypeptides by denaturing SDS-PAGE as described
under “Experimental Procedures” and in Fig. 54. We identified
several spots, ranging from 3 to 10, depending on the experi-
ment considered. The corresponding polypeptides were ana-
lyzed by mass spectrometry. These polypeptides were related to
basic biological processes, such as protein translation and fold-
ing, energy/carbon metabolism, amino acid biosynthesis, and
potential metal ion binding (supplemental Table S3). FMP iron
may thus play a role in protein translation. Given that magne-
sium ions contribute to maintenance of the 50 S ribosomal
architecture and is necessary for EF-Tu protein chain elonga-
tion activity (46, 47), we checked that ferrous ions were not
replacing magnesium ions. Increasing the magnesium concen-
tration in the culture medium up to 20 mm, i.e. 0.5 mM in Tris
medium, did not affect formation of this pool (Fig. 5B). We
analyzed the effect of antibiotics - fusidic acid, which blocks
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FIGURE 5. FMP iron analysis. A, FMP iron was analyzed as described under
“Experimental Procedures.” Panel 1, excision of the gel band corresponding to
signal 2in Fig. 1B; panel 2, second migration on native gel: autoradiogram (left
side) and Coomassie Blue staining (right side); panel 3, individual spots
revealed by Coomassie Blue staining after SDS-PAGE (left lane): from top to
bottom, EF-G factor, aconitase, 30 S ribosomal protein S1, HSP-90, trigger
factor, arginosuccinate synthetase, serine hydroxymethyltransferase, aspar-
tate-semialdehyde dehydrogenase. The apparent molecular sizes of standard
proteins (right lane) in kDa are indicated. B, distribution of iron in parental cells
exposed to agents inhibiting protein translation. Native PAGE analysis of pro-
tein extracts was performed as described in Fig. 1. The cells were grown in Tris
medium containing the concentrations of MgCl, indicated, and *°Fe-chry-
sobactin was supplied at the concentration of 0.125 um. Nalidixic acid, fusidic
acid, and tetracycline were added to bacterial cultures at a concentration of
10 ug, 1.2 mg, and 2.5 ug/ml respectively, 5 min before the addition of 0.5 um
>9Fe-chrysobactin.

EF-G-mediated translocation of peptidyl-tRNA on the ribo-
some, and tetracycline, which disrupts codon/anticodon inter-
actions - on this iron pool (48, 49) (Fig. 5B). These drugs were
added to cultures 5 min before adding *’Fe-chrysobactin. For-
mation of the pool of FMP iron was severely disrupted. The
continuum of bands was also strongly reduced, whereas the
pool of iron bound to bacterioferritin remained unchanged.
Nalidixic acid, an inhibitor of DNA gyrase (50), had no effect.
Thus, de novo protein biosynthesis is required for detection of
*%Fe signals corresponding to FMP and to the continuum of
protein bands.

DISCUSSION

In this study, we investigated the intracellular fate of iron
transported by a siderophore-mediated pathway. We provide a
model demonstrating the management of iron in bacterial cells
during a period of transition, in this case from conditions of
iron depletion to iron repletion. We identified a functional link
between the Suf machinery and the bacterioferritin-bacteriof-
erredoxin system, which results in a balanced distribution of
iron toits protein targets and optimization of the metabolic role
of this metal.

We used PAGE under nondenaturing conditions to detect
*%Fe-labeled proteins in soluble extracts from E. chrysanthemi
cells supplied with *’Fe via chrysobactin. We observed a diverse
range *°Fe signals differing in intensity, visualized as a contin-
uum of faint bands and intense bands corresponding to FMP
iron and iron bound to bacterioferritin and mini-ferritin. At 40
min after the addition of the iron source, ~78% of total *°Fe
counts measured on the gels could be attributed to this contin-
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uum, ~16% could be attributed to FMP, 5% to bacterioferritin,
and 1% to mini-ferritin. The amounts of iron associated to the
continuum and to FMP were strongly reduced by inhibiting
protein translation with antibiotics. These data suggest that
incoming iron is delivered to a wide range of protein species
visualized as a continuum, which probably includes many met-
alloenzymes and other metalloproteins. This process requires
de novo protein biosynthesis; thus, the delivery of iron to these
targets seems to be mediated by newly synthesized intracellular
metal carrier(s). It is also possible that the whole continuum of
bands corresponds to a pool of newly translated proteins having
acquired their iron cofactor. This possibility fits with the pres-
ence of the FMP iron pool, also resulting from de novo protein
biosynthesis. However, we were surprised not to find that iron-
binding proteins could account for the high metal content
observed in this pool. The isolated proteins were involved in
basic cellular processes such as protein translation and folding,
carbon metabolism, amino acid biosynthesis, and possibly
metal ion binding. They must be the most abundant species in
cells recovering active metabolism. Iron-starved cells are met-
abolically weak. The addition of *°Fe-chrysobactin rapidly
stimulated growth in the parental strain, indicative of metabolic
rescue (Fig. 3). Consistent with this, signal corresponding to
FMP iron was weak when bacterial cells were grown in rich
medium supplemented with *’Fe (data not shown). This sug-
gests that the strong °°Fe signal observed for the FMP pool
results from an accumulation of iron because of a set of iron-
binding proteins migrating together on native gels. The amount
of each protein species would be too low to be detectable. An
alternative but not exclusive possibility would be the presence
of low levels of an unknown protein able to accommodate high
levels of iron. Further investigations are required to address
these issues.

Bacterioferritin and to a lesser extent mini-ferritin also
appear as primary targets of intracellular iron delivery, indicat-
ing that these iron storage proteins are important in the metab-
olism of iron-starved cells. In the absence of bacterioferritin, as
in the bfr mutant, mini-ferritin can store more iron. This effect
is particularly marked in a fur mutant that has increased levels
of Dps-bound iron, probably because of the constitutive expres-
sion of its iron transport proteins (Fig. 3B), reduced transcrip-
tion of the bfr gene (32), and increased transcription of the dps
gene.* The role played by the bacterioferritin is interesting.
Indeed, we found that iron bound to this protein was absent
from sufA, sufB, and sufD mutants and strongly reduced in
mutants harboring a sufS or sufE mutation. This defect was not
due to the absence of Bfr protein, as shown by immunoblotting.
By contrast, the sufC mutant displays increased levels of Bfr
iron. This suggests that the Suf components, with the exception
of SufC, are involved in the transfer of iron to bacterioferritin.
Although the importance of Suf machinery in iron-sulfur clus-
ter assembly under conditions of iron limitation is established,
the mechanisms underlying Suf protein function in vivo are
poorly understood. In the model proposed by Layer et al. (51),
SufS is a cysteine desulfurase that releases sulfur from cysteine

4D. Expert, A. Boughammoura, and T. Franza, unpublished observations.
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FIGURE 6. Model for intracellular distribution of iron between protein
targets, in iron-deprived cells supplied with ferric chrysobactin. See text
for details. This model is built on the basis of published data on ferric chry-
sobactin processing (43), Suf protein-protein interactions during iron-sulfur
cluster assembly (51), and bacterioferredoxin redox catalyst function (34, 52).
The dashed line arrows indicate possible routes of iron trafficking between
target proteins. The solid line arrow indicates the role of SufC in the formation
of iron-sulfur proteins. The possible involvement of additional iron trafficking
proteins is not depicted.

and SufE is a sulfur transfer protein donating sulfur to SufB and
SufA (Fig. 6). SufB and SufA can act as scaffolding proteins and
mediate transfer of clusters to target apoproteins. SufC is an
ATPase subunit of the ABC transporter family able to form a
complex with both SufB and SufD. SufB can also interact with
SufE if SufC is present. It remains to be determined how iron is
handled by this machinery.

Thus, we can propose a model involving the release of iron
from the siderophore, its transfer to the Suf pathway, possibly
via SufA, SufB, and/or SufD, followed by its incorporation by
bacterioferritin. Bfr iron seems to be recycled through the
action of bacterioferredoxin, because iron release from Bfr was
compromised in a bfd mutant. This is consistent with previous
data showing that the E. coli Bfd protein can physically interact
with Bfr and acts as a redox catalyst (34, 52). However, iron
recycled through the Bfr-Bfd pathway does not seem to be
essential for the function of Suf machinery, given that the bfd
mutation had no effect on the production of aconitase. The role
of the SufC component could be to facilitate the formation of
iron sulfur clusters and/or their transfer to apotargets, a func-
tion that is reminiscent of that of the ATPase ApbC from S.
enterica (53). Indeed, aconitase activity in the sufC mutant is
only reduced by a factor of two, demonstrating that the Suf
machinery, although less efficient, is still functional. This
mutant, similarly to the bfd mutant, has defective iron recycling
from bacterioferritin. Thus, the production of bacterioferre-
doxin may be impaired in the sufC mutant, a defect that could
be due to the reduced capacity of this strain to produce or to
transfer iron-sulfur clusters. The validity of this model implies
that Suf, Bfr, and Bfd proteins cooperate in various configura-
tions in vivo, although other iron trafficking proteins may be
involved. In E. coli, the protein NfuA could act as a scaffold/
chaperone for the insertion of iron-sulfur clusters into target
proteins (54). Thus, the role of the E. chrysanthemi NfuA pro-
tein has to be elucidated. Other findings suggest that the YggX
small protein identified in Salmonella enterica for its protective
role against oxidative stress facilitates iron trafficking to appro-
priate cellular locations (55-57). The E. chrysanthemi genome
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encodes an YggX homolog. Further study is needed to deter-
mine the potential role of this protein. Nevertheless, the YggX
protein binds ferrous ions only weakly, and thus a role in iron
trafficking is unlikely (58). Another possible candidate is the
homolog of Ytfe, a di-iron protein conserved in enterobacteria
and present in E. coli under conditions of nitrosative stress and
iron starvation (59, 60).

All of the mutations studied impairing the Bfr-Bfd pathway
or the Suf components reduced cell growth even under condi-
tions of iron supplementation with chrysobactin. These muta-
tions have no effect on ferric chrysobactin transport per se;
therefore the observed phenotypes result from impaired intra-
cellular iron management. Indeed, the sufA, sufB, sufD, sufS,
and sufE mutants have a deficit in iron-sulfur clusters and can-
not store iron through sequestration by bacterioferritin, even
after 3 h of iron supply (data not shown). Growth of the sufC
mutant was severely affected, although it still produces signifi-
cant levels of aconitase. In fact, this mutant is particularly sen-
sitive to oxidative conditions, including agents like streptoni-
grin (13). However, unlike the sufA, sufD, sufS, and sufE
mutants, it did not accumulate more iron than normal (Fig. 3B).
This suggests that the reduced growth of this mutant could be
due to the activity of the other Suf proteins causing accumula-
tion of incompletely processed iron-sulfur clusters prone to
oxidative damage (3). Cell growth was also significantly im-
paired in the bfd mutant to a greater extent than that observed
for the bfr mutant. Thus, the Bfr-Bfd pathway seems to be
needed for a rapid turnover and optimized intracellular utiliza-
tion of iron.

In conclusion, the selective incorporation of iron into iron-
sulfur cluster proteins and other proteins requiring this metal
as a cofactor involves the action of Suf components, Bfr and Bfd
proteins. This can be beneficial to many pathogens for growth
in a host environment that is continually changing in terms of
iron availability and redox conditions.
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