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Magnetotactic bacteria synthesize specific organelles, the magnetosomes, which are membrane-enveloped
crystals of the magnetic mineral magnetite (Fe;O,). The biomineralization of magnetite involves the uptake
and intracellular accumulation of large amounts of iron. However, it is not clear how iron uptake and
biomineralization are regulated and balanced with the biochemical iron requirement and intracellular ho-
meostasis. In this study, we identified and analyzed a homologue of the ferric uptake regulator Fur in
Magnetospirillum gryphiswaldense, which was able to complement a fur mutant of Escherichia coli. A fur deletion
mutant of M. gryphiswaldense biomineralized fewer and slightly smaller magnetite crystals than did the wild
type. Although the total cellular iron accumulation of the mutant was decreased due to reduced magnetite
biomineralization, it exhibited an increased level of free intracellular iron, which was bound mostly to a
ferritin-like metabolite that was found significantly increased in Mdossbauer spectra of the mutant. Compared
to that of the wild type, growth of the fur mutant was impaired in the presence of paraquat and under aerobic
conditions. Using a Fur titration assay and proteomic analysis, we identified constituents of the Fur regulon.
Whereas the expression of most known magnetosome genes was unaffected in the fur mutant, we identified 14
proteins whose expression was altered between the mutant and the wild type, including five proteins whose
genes constitute putative iron uptake systems. Our data demonstrate that Fur is a regulator involved in global
iron homeostasis, which also affects magnetite biomineralization, probably by balancing the competing de-

mands for biochemical iron supply and magnetite biomineralization.

Iron is an essential element for almost all bacteria, since
iron-loaded metalloenzymes are integral parts of important
biological pathways and processes like respiration, photosyn-
thesis, N, fixation, methanogenesis, and DNA synthesis (5).
Beside being indispensable, iron can be toxic in excess due to
its ability to catalyze the production of highly deleterious ox-
ygen species via the Fenton reaction (77). Therefore, bacteria
have to control their intracellular iron concentration in re-
sponse to external iron availability. Iron homeostasis is typi-
cally controlled by iron-responsive transcriptional regulators,
such as the ferric uptake regulator (Fur), which is the global
regulator of iron metabolism in Escherichia coli (40). Fur
serves as a sensor of intracellular iron concentration, and the
regulation of gene expression by Fur proceeds via binding of a
Fe*"-bound Fur dimer to an operator site in the promoter
region of the regulated genes, thereby repressing transcription.
In E. coli, this operator site consists of a 19-bp palindromic
consensus sequence termed the “iron box” (18). Since Fur
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homologues can be found in a variety of Gram-negative and
Gram-positive bacteria, a general mechanism for iron-respon-
sive regulation has been suggested (19). However, work with
other bacteria showed deviations from the classical model of
Fur with respect to metal selectivity and biological functions.
For example, several members of the Fur family of metal-
loregulators exhibit functional specialization (37), including
responsiveness to zinc (Zur [46]), nickel (Nur [2]), manganese
(Mur [47]), peroxide (PerR [12]), and heme (Irr [79]). Several
bacteria possess global iron regulators that share no homology
to regulators of the Fur family, including DtxR-like transcrip-
tional regulators (IdeR) (67) and the RirA protein (69). Some
alphaproteobacteria, which comprise the majority of cultivated
magnetotactic bacteria (MTB), differ considerably from well-
studied systems like E. coli or Pseudomonas aeruginosa with
respect to the regulation of their iron metabolism (32, 52).
In addition to their biochemical iron requirement, MTB
accumulate large amounts of iron for the synthesis of magne-
tosomes, which are specific intracellular organelles for mag-
netic navigation that are aligned in chains (31). Individual
magnetosome crystals are composed of magnetite (Fe;O,) and
enveloped by the magnetosome membrane (MM), which in-
vaginates from the cytoplasmic membrane (33, 35) and consists
of phospholipids and a set of specific proteins (23). The bio-
mineralization of magnetosomes involves the uptake of large
amounts of iron that may account for up to 4% of dry weight,
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intracellular sequestration of iron, and its crystallization (22).
Although of central interest for the understanding of magne-
tite biomineralization, only few studies have addressed the
connection of the MM with general iron metabolism and ho-
meostasis of MTB. Early studies of the alphaproteobacterium
Magnetospirillum gryphiswaldense demonstrated that magnetite
biomineralization is tightly coupled to iron uptake (8), which
proceeds by a fast, energy-dependent mechanism (57, 58). Re-
cently, Rong et al. (51) showed that the disruption of the
ferrous iron transporter FeoB1 leads to a reduction of magne-
tosome size and number in M. gryphiswaldense, which sug-
gested a link between general iron metabolism and magneto-
some biomineralization, although distinct pathways for
magnetite formation and biochemical iron uptake were sug-
gested by Faivre et al. (20).

Due to the toxicity of iron, there is a strong need for MTB
to sustain a strict iron homeostasis. However, it is not clear
how iron uptake and storage are regulated and balanced with
the biochemical iron requirement and biomineralization. In M.
gryphiswaldense, transcription of several magnetosome genes
(mamGFDC and mms6) was increased in the presence of iron
(56), indicating a regulatory effect of iron at the transcription
level. Using a bioinformatic approach, Rodionov et al. pre-
dicted regulons of the putative iron-responsive regulators Fur
and Irr in M. magneticum and M. magnetotacticum (50). In
contrast to other alphaproteobacteria, such as the Rhizobi-
aceae, in these MTB a generic Fur protein was predicted to be
the major global iron-responsive regulator, whereas Irr seems
to have limited importance, regulating just single genes (50).
However, an extension of the Fur regulon of other alphapro-
teobacteria was noted in M. magneticum and M. magnetotacti-
cum, where in addition to multiple iron uptake genes, candi-
date Fur sites were observed upstream of genes related to
magnetosome formation, such as mamGFDC and mms6. The
hypothesis that Fur might be involved in the regulation of
magnetosome biomineralization was further substantiated by
the observed colocalization of fur homologues with magneto-
some genes in M. magneticum and M. magnetotacticum as well
as some uncultivated MTB (30). However, despite these indi-
cations for a putative role of Fur in controlling both iron
homeostasis and magnetite synthesis, the mode of predicted
iron regulation has remained unknown, since experimental
analysis has been hampered by difficulties in genetic analysis
of MTB.

In this study, we started to investigate components of gen-
eral iron metabolism and their contribution to magnetite bio-
mineralization in M. gryphiswaldense by the deletion of an
identified fur-like gene. Subsequent analysis of intracellular
iron metabolites and expression profiles in mutant and wild-
type (WT) cells demonstrates that Fur is a global iron-respon-
sive regulator in M. gryphiswaldense that also affects magneto-
some biomineralization.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains and plasmids are
described in Table 1. E. coli strains were routinely grown in lysogeny broth (LB)
(10) supplemented with gentamicin (15 pg/ml), kanamycin (25 pg/ml), or ampi-
cillin (50 pg/ml) at 37°C with vigorous shaking (200 rpm). For cultivation of
strain BW29427, LB was supplemented with DL-a,e-diaminopimelic acid to 1
mM. M. gryphiswaldense strains were grown in modified flask standard medium
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(FSM) with 50 wM ferric citrate (28) or in low-iron medium (LIM) (21) supple-
mented with 10 uM iron chelator 2,2’-dipyridyl, unless specified otherwise.
Cultivation was carried out at 30°C with moderate agitation (120 rpm) under
aerobic, microaerobic, or anaerobic conditions in 1-liter flasks containing 100 ml
medium. For aerobic cultivation, cells were incubated in free gas exchange with
air. To generate microaerobic conditions, flasks were sealed before autoclaving
with butyl-rubber stoppers under a microaerobic gas mixture containing 2% O,
and 98% N,. For anaerobic conditions, O, was omitted from the gas mixture.
When necessary, media were supplemented with kanamycin (5 pg/ml).

Molecular and genetic techniques. Unless specified otherwise, molecular tech-
niques were performed using standard protocols (54). DNA was sequenced using
BigDye terminator v3.1 chemistry on an ABI 3700 capillary sequencer (Applied
Biosystems, Darmstadt, Germany). Sequence data were analyzed using 4Peaks
software (http://mekentosj.com/4peaks). All oligonucleotide primers (see Table
S1 in the supplemental material) were purchased from Sigma-Aldrich (Stein-
heim, Germany).

Isolation of total RNA and qualitative reverse transcriptase PCR (RT-PCR).
For isolation of total cellular RNA, M. gryphiswaldense was grown in 100 ml LIM
under microaerobic and anaerobic conditions as well as in FSM supplemented
with 100 M FeCl, or MnCl, under microaerobic conditions to mid-logarithmic
growth phase. Cells were harvested and washed in 1 ml of phosphate-buffered
saline (150 mM NaCl, 10 mM sodium phosphate, pH 7), and total RNA was
isolated using an RNeasy Mini kit (Qiagen) according to the manufacturer’s
instructions. Isolated RNA was incubated with 10 U of RNase-free DNase I
(MBI Fermentas, St. Leon Roth, Germany) for 30 min at 37°C and quantified by
spectrophotometric measurements using an ND-1000 spectrophotometer (Nano-
Drop Technologies, DE). cDNA was synthesized from RNA templates using
random hexamer primers (Roche) and RevertAid H Minus M-MuLV reverse
transcriptase (Fermentas) according to the manufacturer’s instructions. Tran-
scription of fur was monitored by PCR using the primers mgri314fwRT and
mgr1314revRT (see Table S1 in the supplemental material).

Fur titration assay (FURTA). Putative promoter regions P,....nocs Priamans

Poinsi6> Pingrao79» and P, were PCR amplified with Tag polymerase (Fermen-
tas) from genomic DNA of M. gryphiswaldense R3/S1. The Fur-regulated pro-
moter Py, was amplified from whole cells of E. coli DH5a. The resulting PCR
fragments were 200 to 400 bp long and included the intergenic region upstream
from the start codon to the next open reading frame. The PCR products were
cloned into pGEM-T Easy, sequenced, and transformed into E. coli H1717. For
examination of Fur regulation, plasmid-carrying E. coli H1717 strains were
streaked on MacConkey lactose agar supplemented with ampicillin and 100 pM
2,2'-dipyridyl or 30 uM FeCl; and cultivated overnight at 37°C.
Heterologous transcomp tion of an E. coli fur mutant. For expression of
Fur-like proteins, a 1.9-kb Ncol/Sacl fragment from pBBR1Ptet bearing an
anhydrotetracycline-inducible promoter was inserted into pPBBR1IMCS-5, which
had been cut with the same restriction enzymes to generate pPBBR1IMCS-5Ptet.
fur-like genes from M. gryphiswaldense and M. magneticum as well as fur from E.
coli were PCR amplified with Taq polymerase (Fermentas) using primers adding
an Ndel restriction site on the 5’ end and a SacI restriction site on the 3" end of
the corresponding gene (see Table S1 in the supplemental material). PCR prod-
ucts were ligated into a pJET1.2/blunt cloning vector using a CloneJET PCR
cloning kit (Fermentas) according to the manufacturer’s recommendations. Sub-
sequently, the genes were cloned into pPBBRIMCS-5Ptet using the restriction
sites Ndel and Sacl. The resulting plasmids were transformed into strain H1780.
For transcomplementation analysis, plasmid-carrying strains were grown in LB
supplemented with gentamicin under iron-replete (100 wM FeCl,) and iron-
depleted (200 pM 2,2'-dipyridyl) conditions to early log phase, induced by the
addition of anhydrotetracycline at a final concentration of 100 ng/ml, and incu-
bated for another 2 to 3 h at 37°C. Determination of -galactosidase activity was
carried out as described previously (42).

Generation of a fur deletion strain. A two-step, cre-lox-based method was used
to generate an unmarked deletion of fur (39). For the generation of an unmarked
M. gryphiswaldense fur mutant, 2-kb fragments of the up- and downstream re-
gions of Mgfur (M. gryphiswaldense Mgr1314; see Results) were amplified by
PCR using Phusion polymerase (NEB) (for primers, see Table S1 in the supple-
mental material), cloned into pGEM-T Easy, and sequenced. Vector pGEM-
furup was digested with Munl and Notl. The resulting 2-kb fragment was in-
serted into MunlI/Notl-digested pCM184 to yield pCM184furup. Subsequently,
pGEMfurdown and pCM184furup were digested with Agel. The resulting 2-kb
fragment from pGEMfurdown was then ligated into pCM184furup to yield
pCM184Afur. After verification of the correct orientation of the deletion con-
struct by PCR, pCM184Afur was transferred to M. gryphiswaldense R3/S1 by
conjugation as described previously (61). Putative kanamycin-resistant fur mu-
tants were isolated on LIM agar after incubation for 10 days at 30°C and 1% O,
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TABLE 1. Bacterial strains and plasmids used in this study

J. BACTERIOL.

Strain or plasmid

Important feature(s)

Source or reference

Strains

E. coli

DHS5a F' $80dlacZAM1S A(lacZYA-argF)U169 deoR recAl endAl Invitrogen

BW29427 hsdR17(ry~ my " )phoA supE44 thi-1 K. Datsenko and B. L. Wanner,

unpublished

H1717 fhuF:1placMu53 27

H1780 fiuz:lplacMu53 fur 27
M. gryphiswaldense

R3/81 Wild type, but Rif" Sm* 60

MSR-1B Spontaneous nonmagnetic mutant of MSR-1 55

RU-1 R3/S1 Afur This study
M. magneticum

AMB-1 Wild type 34

Plasmids

pGEM-T Easy Cloning vector; Amp* Promega
pGEMPmamDC pGEM-T Easy plus P,,.....oc This study
pGEMPmamAB pGEM-T Easy plus P,,,,,,.45 This study
pGEMPmms16 pGEM-T Easy plus P,,,,,../s This study
pGEMPrpIK pGEM-T Easy plus P, This study
pGEMPfhuF pGEM-T Easy plus Py~ This study
pGEMPmgr4079 pGEM-T Easy plus P70 This study
pGEMfurup pGEM-T Easy plus fur 2-kb upstream region This study
pGEMfurdown pGEM-T Easy plus fur 2-kb downstream region This study
pJET1.2/blunt Cloning vector; Amp" Fermentas
pJETEcfur pJET1.2/blunt plus fur from E. coli This study
pJETamb1009 pJET1.2/blunt plus amb1009 from M. magneticum This study
pJETamb4460 pJET1.2/blunt plus amb4460 from M. magneticum This study
pJETmgr1314 pJET1.2/blunt plus mgri314 from M. gryphiswaldense This study
pBBRIMCS-2 Mobilizable broad-host-range vector; Km" 36
pBBRIMCS-2fur pBBRIMCS-2 containing fur This study
pBBRIMCS-5 Mobilizable broad-host-range vector; Gm" 36
pBBRI1Ptet Mobilizable broad-host-range vector; Km', Pret C. Lang, unpublished
pBBRIMCS-5Ptet Mobilizable broad-host-range vector; Gm®, Pret This study
pBBRIMCS-5Ptet/Ecfur pBBRIMCS-5Ptet with fur from pJETEcfur This study
pBBRIMCS-5Ptet/amb1009 pBBRIMCS-5Ptet with fur from pJETamb1009 This study
pBBRIMCS-5Ptet/amb4460 pBBRIMCS-5Ptet with fur from pJETamb4460 This study
pBBRIMCS-5Ptet/mgr1314 pBBRIMCS-5Ptet with fur from pJETmgr1314 This study
pCM184 Broad-host-range allelic exchange vector 39
pCM184furup pCM184 with 2-kb fragment from pGEMfurup This study
pCM184Afur pCM184furup with 2-kb fragment from pGEMfurdown This study

and analyzed by PCR. Correct genomic recombination could be verified in four
of six candidate mutants by Southern blot analysis (see Fig. S1 in the supple-
mental material). One of them was subjected to conjugation with pCM157, a
plasmid coding for Cre recombinase. After two passages in FSM, we found two
clones that were no longer kanamycin resistant, due to the excision of the loxP
site-flanked kanamycin resistance marker by Cre recombinase. One clone was
cured from the cre expression plasmid pCM157 by repeated passaging in fresh
FSM and was designated RU-1.

Analytical methods. Iron concentrations were determined by a modified ver-
sion (74) of the ferrozine assay (65) or by using a flame atomic absorption
spectrometer (FAAS) (model AA240; Varian). For determination of iron con-
tent, cell pellets were washed in 20 mM Tris-HCl, 5 mM EDTA, pH 7.4, and
digested as described previously (28). Transmission electron microscopy (TEM)
analyses were performed as described previously (30). Siderophore production
was monitored by a modified chrome azurol S (CAS) agar plate assay (41), and
culture supernatants were measured using a CAS decoloration assay as previ-
ously described (62). Protein concentrations were measured with a bicinchoninic
protein quantification kit (Sigma, Munich, Germany) according to the manufac-
turer’s instructions. The average magnetic orientation of cell suspensions (Cy,ae)
was assayed as previously described (59). Briefly, cells were aligned at different
angles relative to a light beam by means of an external magnetic field. The ratio
of the resulting maximum and minimum scattering intensities (Cy,q) is corre-
lated with the average number of magnetic particles and can be used for a
qualitative assessment of magnetite formation.

Transmission Mossbauer spectroscopy (TMS). For the determination of in-
tracellular iron metabolites, microaerobic precultures (100 ml) of M. gryphiswal-
dense WT and RU-1 were grown in iron-replete FSM. The fur mutant was
alternatively precultured in LIM supplemented with 10 wM 2,2'-dipyridyl. After
three passages in the corresponding medium, all cultures were transferred to
fresh FSM. RU-1 was grown in microaerophilic 1-liter batch cultures supple-
mented with a mixture of 20 pM >’Fe(citrate), and 20 pM *°Fe(citrate),. Cells
of M. gryphiswaldense WT were incubated with 20 pM ’Fe(citrate), in an oxystat
fermentor under defined microaerophilic conditions using a modified protocol of
large-scale cultivation of M. gryphiswaldense (28).

For TMS, cells were harvested by centrifugation at 4,700 rpm and 4°C. Pellets
were washed, weighed, transferred into Delrin Mdssbauer sample holders, frozen
in liquid nitrogen, and kept at this temperature until measurement. TMS was
performed in constant acceleration mode. The spectrometer was calibrated
against a-iron at room temperature. Samples were measured in a continuous-
flow cryostat (Oxford Instruments) above the Verwey transition of magnetite at
130 K. The *’Co source exhibiting an activity of 0.19 GBq was sealed in an Rh
matrix at room temperature and was mounted on a constant velocity drive. The
detector consisted of a proportional counter filled with argon-methane (90:10).
Spectral data were buffered in a multichannel analyzer and transferred to a
personal computer for further analysis by employing the Vinda program on an
Excel 2003 platform. Spectra were analyzed by least-square fits of Lorentzian line
shapes to the experimental data (25).
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Cell fractionation and preparation of protein extracts. For proteomic analysis,
M. gryphiswaldense R3/S1 and RU-1 were grown in 100 ml iron-rich FSM (50 pM
ferric citrate) or iron-depleted LIM plus 10 uM 2,2'-dipyridyl (<1 pM iron)
under anaerobic conditions to log phase in nine parallels. All parallels of each
condition were pooled, and cells were pelleted at 9,200 X g, washed (20 mM
Tris-HCI, pH 7.4, 5 mM EDTA), and resuspended into ice-cold 20 mM Tris-HClI,
1 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride, pH 7.4. Cell suspensions
were lysed by three passages through a French press, and cellular debris was
removed by low-speed centrifugation. Cleared cell lysates were subjected for 30
min to centrifugation at 265,000 X g to separate cellular membranes, magneto-
somes, and empty magnetosome vesicles from the soluble protein fraction (24).
Pelleted membrane proteins were resuspended in 20 mM Tris-HCI, 1 mM
EDTA, 0.1 mM phenylmethylsulfonyl fluoride, pH 7.4, 1% sodium dodecyl
sulfate (SDS). Nonmagnetic fractions were prepared by subjecting cell extracts to
magnetic columns and sucrose cushion centrifugation using a protocol for the
isolation of magnetosomes as described previously (24) but omitting EDTA from
buffers. All protein fractions were stored at —80°C until analysis.

2D gel electrophoresis. For isoelectric focusing (IEF), protein extracts from
the soluble fraction (500 pg protein) were loaded onto commercially available
immobilized pH gradient (IPG) strips (pH 3-10 NL; Amersham Biosciences)
according to the method of Biittner et al. (14). In the second dimension, poly-
acrylamide gels of 12.5% acrylamide and 2.6% bisacrylamide were used. The
resulting two-dimensional (2D) gels were stained with colloidal Coomassie bril-
liant blue (CBB) as described previously (75).

Protein digestion, mass spectrometry, and data analysis. Spots were cut from
the 2D gels and transferred into microtiter plates. Proteins were tryptically
digested using an Ettan spot handling workstation (GE Healthcare). Mass spec-
tra of the protein fragments were measured by matrix-assisted laser desorption
ionization—time of flight tandem mass spectrometry (MALDI-TOF-MS-MS)
using a proteome analyzer 4800 (Applied Biosystems). The parameters for the
measurements were set as described previously (76), except that the signal-to-
noise ratio for the TOF-TOF measurements was raised to 10. Proteins were
identified by searching an M. gryphiswaldense databank with the Mascot search
engine (search parameters are described in reference 76). Differentially ex-
pressed proteins on the 2D gels were analyzed with Delta 2D software (Decodon,
Greifswald, Germany) (76). For analysis of membrane proteins, 1D gel lanes
were manually cut into 10 equal slices and the slices were digested with trypsin.
Liquid chromatography (LC)-coupled mass spectrometry was performed as de-
scribed previously (78). Ratios of identified peptide ion abundances higher than
+2 or smaller than —2 were set as a threshold indicating significant changes.

Bioinformatics. The protein sequences of E. coli Fur (NCBI accession
no. AP_001321.1), Corynebacterium diphtheriae DtxR (NCBI accession no.
AAA23302.1), and Rhizobium leguminosarum RirA (NCBI accession no.
YP_766387.1) were used as a query in BLAST searches of the genomes of M.
gryphiswaldense WT, M. magneticum AMB-1, and M. magnetotacticum MS-1
using the BLASTP algorithm 2.2.16 (4) with a cutoff E value of 1e7% or an
amino acid similarity of >30%. Sequence alignments and construction of simi-
larity trees were performed using MEGA4 software (66). Sequences were
aligned by ClustalW (default settings), and similarity trees were constructed
using the minimal evolution (ME) method (53). Fur-like proteins with NCBI
accession numbers ZP_00208795.1, ZP_00052390.2, and ZP_00209401.1 present
in the genome assembly of M. magnetotacticum MS-1 (NCBI accession no.
AAAP00000000) were omitted from analyses, since the whole-genome sequence
contigs on which the three proteins are found share no homology to other
Magnetospirillum sequences but have almost 100% identity to Methylobacterium
species or 80% identity to Xylanimonas cellulosilytica DSM 15894 and thus are
likely to represent contaminations.

RESULTS

Identification of a putative fur gene. Using Corynebacterium
diphtheriae DtxR (NCBI accession no. AAA23302.1) and R.
leguminosarum RirA (NCBI accession no. YP_766387.1) as
queries in BLASTP analysis, we failed to detect homologs of
the diphtheria toxin repressor family (DtxR) or the rhizobial
iron regulator RirA in the genome of M. gryphiswaldense. How-
ever, BLASTP searches with E. coli Fur (NCBI accession no.
AP_001321.1) yielded five hits with significant similarities
(>30%) (see Table S2 in the supplemental material). Closer
inspection of the five candidate Fur proteins revealed that they
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FIG. 1. Similarity tree of alphaproteobacterial and E. coli Fur-like
proteins. Sequences are designated by locus tags. Fur-like proteins of
MTB are shown in bold. Proteins that have been characterized exper-
imentally are underlined. Locus tags refer to M. gryphiswaldense
(Mgr1305, Mgr1314, Mgr1399, Mgr3335, and Mgr3480), M. magneti-
cum (Amb1009, Amb1662, Amb2309, Amb4306, and Amb4460), M.
magnetotacticum (Magn03007092, Magn03007851, Magn03009848,
and Magn03009205), Bradyrhizobium japonicum (bll0768 and bll0797),
Agrobacterium  tumefaciens (Atu0354), Rhizobium leguminosarum
(RLO115 and RL0397), Caulobacter crescentus (CCNA_00055), uncul-
tured MTB (fos002_0290), Sinorhizobium meliloti (SMc02510), Bru-
cella melitensis (BMEI0375), E. coli (EcFur and EcZur), and Magne-
tococcus species (Mmc1_0894 and Mmc1_3182). A more extended tree
showing characterized and noncharacterized Fur-like proteins is
shown in Fig. S2 in the supplemental material.

fall into three different subfamilies of the Fur superfamily (Fig.
1). Three proteins (Mgr1305, Mgr1399, and Mgr3480) are
more closely related to the Irr subfamily (63), whereas one
protein (Mgr3335) belongs to the Zur family of putative Zn
regulators (3). One single protein, Mgr1314, referred to herein
as MgFur, belongs to the Fur/Mur subfamily, which comprises
genuine iron- and manganese-responsive regulators (50). Mg-
fur is part of a putative polycistronic operon and is flanked
upstream by a gene encoding a putative transcriptional regu-
lator of the Ros/MucR family (Mgr1313) and downstream by a
gene encoding a putative hemolysin-like protein (Mgr1315), as
well as 13 additional genes that are transcribed in the same
direction. Mgfur encodes a protein of 143 amino acid residues
containing the highly conserved putative regulatory Fe-sensing
site (i.e., S1) (48), consisting of amino acid residues H91, D93,
E112, and H129, and the highly conserved structural Zn-bind-
ing site (i.e., S2), consisting of residues H37, E85, H94, and
E105. RT-PCR analysis revealed that Mgfur was transcribed
under all tested (i.e., iron-replete and -depleted) conditions
(data not shown).
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FIG. 2. B-Galactosidase activities of the fiu-lacZ fusion strain
H1780 harboring the indicated plasmids and grown in LB under iron-
limiting (200 wM 2,2-dipyridyl) (black bars) and iron-sufficient (100
uM FeCl;) (gray bars) conditions. The assays were performed in trip-
licate, and values are expressed as the means, with standard deviations
displayed as error bars.

We found that, within the genus Magnetospirillum, Fur is
well conserved with respect to sequence (see Table S3 in the
supplemental material) as well as its genomic localization
within a highly conserved 11-kb region. However, while Mgfur
is present in a single copy in M. gryphiswaldense, a second copy
(with 79% identity to Amb4460 and 73% identity to MgFur at
the amino acid level) is present in the genomes of the closely
related species M. magneticum and M. magnetotacticum. No-
tably, in the latter strains the second ortholog is associated with
a partial duplication of the mamAB operon (region R9 [43]), a
7-kb region which is absent from the genome of M. gryphiswal-
dense.

MgFur transcomplements an E. coli fur mutation. To test
whether MgFur is a genuine iron-responsive regulator, the
reporter strain E. coli H1780 was transcomplemented with
pBBRIMCS-5Ptet, pPBBR1IMCS-5Ptet/amb1009, pBBR1IMCS-
S5Ptet/amb4460, pPBBR1IMCS-5Ptet/mgr1314, and pBBRIMCS-
SPtet/Ecfur, containing fur orthologs of M. magneticum, M.
gryphiswaldense, and E. coli as a positive control. This strain
harbors a lacZ reporter gene under the control of the promoter
of the iron-regulated outer membrane protein gene fiu. Due to
an undefined mutation of native fur, 3-galactosidase is consti-
tutively expressed unless strain H1780 is transformed with plas-
mids containing a functional fur gene. Plasmids were trans-
ferred into E. coli H1780, and transformed strains were grown
under iron-replete and iron-depleted conditions. 3-Galactosi-
dase activities showed that MgFur and Fur proteins of M.
magneticum AMB-1 and E. coli (EcFur) were able to bind to
the fiu promoter and repress lacZ expression to similar extents
under iron-replete conditions (Fig. 2). 3-Galactosidase activity
was highest under iron-depleted conditions in all tested strains,
indicating that binding of Fur to the fiu promoter was iron
dependent. Strain H1780(pBBR1MCS-5Ptet/Ecfur) showed
intermediate B-galactosidase activities in the absence of iron,
indicating that EcFur is able to repress lacZ expression without
iron, similarly to results observed previously in several studies
using high-copy-number plasmids for the expression of EcFur
(38, 45). Regulation of lacZ in strain H1780 carrying an empty
vector was the same irrespective of iron concentration, as f3-
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galactosidase activities were equally high under iron-replete
and iron-depleted conditions. These results suggested that Mg-
Fur is functional in E. coli.

Generation and analysis of an M. gryphiswaldense fur mu-
tant. To analyze whether MgFur has iron-responsive regulatory
functions in M. gryphiswaldense as well and to clarify the role of
Fur in the biomineralization of magnetosomes, an unmarked
fur mutant strain of M. gryphiswaldense was constructed by a
cre-lox-based method (39), resulting in an unmarked in-frame
deletion of fur. TEM analysis showed that the fur mutant strain
RU-1 was still able to produce magnetosomes, although with
diameters (28.6 = 9.1 nm) and in numbers (40 = 14.3 per cell)
significantly reduced compared to those for the WT (46 * 16.1
magnetosomes per cell and 30.6 nm = 9.0 nm in diameter)
(Mann-Whitney test; P = 0.003) (Fig. 3). For further charac-
terization, both strains were iron deprived by three passages in
LIM supplemented with 10 M 2,2'-dipyridyl, a medium sup-
porting growth but not magnetite synthesis, until cellular mag-
netism was no longer detectable and subsequently inoculated
into fresh LIM containing different iron concentrations to re-
induce magnetite biomineralization. Under aerobic and anaer-
obic growth conditions, growth rates of the fur mutant were
slightly lower than those of the WT, whereas under microaero-
bic conditions, RU-1 showed growth rates similar to those of
the WT at all tested iron concentrations (Table 2). However,
magnetosome formation in RU-1 became detectable by C,,,,
only about 3 h after that in the WT (Fig. 4B). This delay was
also observed with increased extracellular concentrations of
ferric citrate (250 wM) (Fig. 4D). When RU-1 was cultured
under anaerobic conditions, no difference in time course of
magnetite formation was observed (Fig. 4E). In addition, the
maximal C,,,, values that were reached by RU-1 were signif-
icantly smaller than those reached by the WT. These differ-
ences were most pronounced (RU-1 C,,,,, reached only 40% of
WT C,,,,) at low iron concentrations (5 wM). Although C,, .,
values of the fur mutant increased with extracellular iron con-
centration to up to 85% of the WT value with 250 uM ferric
citrate and under anaerobic conditions, they never did reach
WT levels under any condition tested (Fig. 4F). Consistent
with TEM and C,,,,, data, the total intracellular iron content
after microaerobic growth with 50 uM iron was also reduced in
the fur mutant by 50% compared to the level for the WT (Fig.
5A). Transcomplementation of the fur mutant by a WT fur
allele on pBBRIMCS-2fur resulted in partial restoration of the
WT iron content (see Fig. S3 in the supplemental material).

Unlike in other Magnetospirillum species (15, 44), no sid-
erophores could be detected in M. gryphiswaldense under any
tested condition in previous studies. However, although there
is no clear genomic indication of siderophore synthesis, we
cannot entirely exclude the possibility of the synthesis and use
of primary catecholate-like metabolites as siderophores under
some unspecified conditions, as described for M. magneticum
(16). Since fur mutants of several other bacteria (e.g., Pseudo-
monas aeruginosa and Shewanella oneidensis) showed in-
creased or constitutive production of siderophores (49, 68), we
reassessed siderophore production using the CAS decoloration
assay with supernatants from cultures grown under different
iron concentrations and a modified plate growth CAS assay.
However, again we were unable to detect siderophore produc-
tion either in the fur mutant or in the WT (data not shown).
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TABLE 2. Growth rates (u) and doubling times (¢,,) of the WT strain and RU-1 grown under different oxygen and iron concentrations

Result® under the following culture conditions

Strain Parameter 2% O, and: 0% O, and 50 pM 21% O, and 50 pM
5 uwM Fe citrate 50 wM Fe citrate 250 uM Fe citrate Fe citrate Fe citrate
WT n (h’l) 0.169 (+0.010) 0.162 (£0.001) 0.165 (+0.010) 0.148 (+0.015) 0.121 (£0.013)
tp (h) 4.10 (£0.24) 4.29 (£0.02) 4.19 (£0.26) 4.68 (£0.68) 5.73 (£0.60)
RU-1 n (h’l) 0.167 (£0.003) 0.158 (£0.001) 0.149 (%0.019) 0.124 (%0.003) 0.090 (£0.002)
tp (h) 4.16 (£0.07) 4.40 (£0.00) 4.64 (£0.59) 5.60 (£0.14) 7.70 (£0.17)

“ Values are the sample means of at least replicate cultures. Sample standard deviations are given in parentheses.

As fur mutants of E. coli are known to be susceptible to
higher iron concentrations than the WT (70), we also checked
for increased sensitivity of M. gryphiswaldense RU-1 to various
metals (Fe, Mn, and Co) at different concentrations. Dose-
response assays under microaerobic conditions revealed iden-
tical growth yields for the WT and RU-1 between 0 and 500
uM iron as well as 0 and 2 mM manganese (see Fig. S4A and
B in the supplemental material). Only at very high concentra-
tions of iron (>1,000 wM) and manganese (>3 mM) was
growth of RU-1 increasingly inhibited relative to that of the
WT. No differences with respect to growth yield could be
observed in the presence of Co (5 to 100 wM) (data not
shown). These data indicate a different role for MgFur than for
EcFur.

Since growth of M. gryphiswaldense RU-1 was impaired un-
der aerobic conditions, we also compared the sensitivities of
the WT and RU-1 strains against the superoxide-producing
agent paraquat (13). Growth in the presence of 5 WM paraquat
resulted in growth yields of the WT being reduced by 40%,
whereas growth of RU-1 was inhibited by 60% (see Fig. S4C in
the supplemental material). At higher paraquat concentra-
tions, both strains were equally inhibited. These results suggest
that MgFur might be involved in the oxidative stress response
of M. gryphiswaldense.

Maoéssbauer spectroscopic analysis of RU-1 reveals a large
pool of iron bound to a ferritin-like component. Previous
Mossbauer experiments revealed that the intracellular iron
pool of the WT grown under microaerobic conditions com-
prises mainly magnetite, a ferritin-like component, and a fer-
rous high-spin component (20). Here, we performed a com-
parative determination of intracellular iron metabolites and
their contributions in M. gryphiswaldense WT and RU-1 by
using transmission Mossbauer spectroscopy (TMS) analyses.
Prior to TMS analyses, cultures of M. gryphiswaldense WT and
RU-1 were passaged three times under microaerobic, iron-
replete conditions. To study iron metabolites in iron-induced
cells, an additional culture of RU-1 was passaged three times
under microaerobic, iron-depleted conditions (RU-1 —Fe) un-
til no magnetism was observed by C,,,, measurements. After
three passages, all cultures were transferred to fresh FSM
supplemented with 40 uM *’Fe(citrate), (WT) or a mixture of
20 wM °"Fe(citrate), and 20 uM *°Fe(citrate), (RU-1) and
cultivated under microaerobic conditions.

Mossbauer spectra are characterized by three different pa-
rameters: the isomer shift, 8; the quadrupole splitting, AE;
and the magnetic hyperfine field, By The isomer shift, d,
which originates from the electric monopole interaction be-
tween the nucleus and the electronic shell, is a measure of the

degree of covalent bonding of the iron atom with a ligand and
is also an attribute for the oxidation state of the iron atom. The
quadrupole splitting, AE,, originates from the electric quadru-
pole interaction between the nucleus and the electronic shell
and is a measure for the symmetry of the metal chelate and for
the covalent distribution of ligand-metal bonding. The mag-
netic hyperfine field, By, is a result of magnetic dipole inter-
action between the nucleus and electrons and generates six-
line or even more complicated spectra. Whole-cell, late-log
Mossbauer analyses revealed the presence of metabolites
showing characteristics of a ferrous iron high-spin metabolite,
ferric iron bound to a ferritin-like metabolite, and magnetite in
both strains under all tested conditions (see Fig. S5 in the
supplemental material). However, the relative contributions of
the metabolites differed between the WT and the fur mutant
strain (Table 3). Whereas ferritin-like metabolite (50.4%) and
magnetite (49.2%) contributed almost equally to the intracel-
lular iron pool of the WT, the most abundant iron species
found in RU-1 (75.8% for RU-1 +Fe and 89.5% for RU-1
—Fe) exhibited Mdssbauer parameters similar to those of fer-
ritins. Magnetite accounted for only 22.2% (+Fe) and 8.9%
(—Fe) of the intracellular iron pool of RU-1, confirming the
reduced magnetite biomineralization in the fur mutant ob-
served by TEM. In all samples, only a small relative contribu-
tion came from a ferrous iron high-spin, ferrochelatin-like iron
species also found in many bacterial and fungal systems (11).
However, while in the WT the ferrous iron high-spin metabo-
lite contributed only 0.35% to the intracellular iron pool, in
RU-1 this metabolite was increased to 2% (RU-1 +Fe) and
1.6% (RU-1 —Fe).

Since the contribution ratio of ferritin-like iron to magnetite
(FMR) was changed from 1.02 in the WT to 3.4 and 10.1 in the
fur mutant, these data suggested that an increased amount of
iron was bound to proteins in RU-1. To test this assumption,
we analyzed the iron-to-protein ratios of nonmagnetic cell frac-
tions of the WT and RU-1 grown to late log phase under
microaerobic conditions. The iron-protein ratio of the mem-
brane fraction was 3 pg Fe/mg protein for both strains. How-
ever, in the soluble fraction, the iron-protein ratio of the WT
was only 1.44 g Fe/mg protein, whereas in the fur mutant, the
iron-protein ratio was increased more than 2-fold (3.53 pg
Fe/mg protein) (Fig. 5B), which was consistent with the esti-
mations derived from TMS analysis.

Analyis of the putative Fur regulon. To analyze putative
targets of Fur, we performed a Fur titration assay (FURTA)
(64). In a FURTA, high-copy-number plasmids carrying pro-
moters with putative Fur-binding elements are introduced into
E. coli H1717, a strain carrying a lacZ reporter construct under
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the control of the Fur-regulated promoter fhuF. If plasmids
contain sequences capable of binding Fur, a titration of the
repressor will occur, leading to expression of the lacZ reporter.
E. coli strain H1717 was transformed with the high-copy-num-
ber plasmid pGEM-T Easy or pGEM-T Easy promoter con-
struct from M. gryphiswaldense, including putative promoter
regions of mamDC, mamAB, mmsl6 (apdA), mgr4079, and
plK as well as the promoter Py, of E. coli. Py,,- and P,
served as controls, whereas P,,,,..oc and P,,... s have been
shown to be iron regulated (56). In addition, P, c of M.

mambD

magneticum and M. magnetotacticum was previously predicted
in silico to be Fur regulated (50). All strains formed pink colo-
nies on iron-depleted MacConkey lactose agar (see Fig. S6 in the
supplemental material), showing high B-galactosidase activities,
since EcFur does not repress the fhuF promoter in the absence of
available iron. Strains harboring the plasmids pGEMPfhuF (pos-
itive control) and pGEMPmamDC also formed pink colonies on
agar plates supplemented with 30 uM FeCl,, suggesting that Fur
was titrated out by Fur binding sequences within the tested pro-
moters. All other strains formed white or only slightly pinkish
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colonies on iron-replete agar plates, indicating that Fur represses
the expression of lacZ in the presence of iron. These data also
demonstrated that Fur is involved in the transcriptional regula-
tion of at least some magnetosome genes.

Proteomic analysis of the Fur regulon. To identify other
putative constituents of the Fur regulon in addition to the
tested targets, we performed a proteome-wide analysis of cy-
toplasmic and membrane-enriched protein fractions of the WT
and the fur mutant grown under iron-replete and under iron-
depleted conditions. In total, 719 proteins were identified in
the membrane-enriched fractions by 1D LC-MS-MS analysis,
and 735 spots were detected on 2D gels of the cytoplasmic
fractions (see Fig. S7 in the supplemental material). By use of
1D LC-MS-MS proteomic analysis, 23 proteins whose genes

are part of a 130-kb genomic magnetosome island (MAI),
harboring most magnetosome genes (71), were identified.
Eighteen of these identified genes are part of the mam and
mms operons encoding magnetosome proteins. Analysis of the
expression data revealed almost no differences in expression
level of these identified MAI proteins between the WT and
RU-1 (see Table S4 in the supplemental material). The only
exception was Mms6, a protein that was reported to affect
magnetite crystal formation in vitro (6), which showed an ex-
pression level reduced by 55% in RU-1 under iron-replete
conditions compared to that for the WT. Mgr4109, a putative
type I secretion system ATPase encoded within the MAI, was
detected in RU-1 but not in the WT.

Significant changes in expression levels were observed for 14

TABLE 3. Mossbauer parameters of M. gryphiswaldense WT and RU-1

Result for strain

Metabolite Parameter
WT RU-1 +Fe RU-1 —Fe
Ferritin-like metabolite d (mms™!) 0.45 0.45 0.46
AE, (mms™") 0.76 0.67 0.70
Contribution (%) 50.4 75.8 89.5
Contribution (% X g~ ') 233 383 32.6
Ferrous high-spin metabolite 8 (mms 1) 1.27 1.28 1.28
AE, (mms™") 2.81 2.85 2.90
Contribution (%) 0.35 2 1.6
Contribution (% X g~ ') 0.16 1 0.6
Magnetite, site A d (mms™') 0.37 0.32 0.32
AE, (mms™") 0 0 0
Contribution (%) 16.4 7.4 3
Contribution (% X g~ 1) 7.6 3.7 1.1
Bye (T) 49.1 484 48.9
Magnetite, site B d (mms™!) 0.75 0.82 0.82
AE, (mms™") 0 0 0
Contribution (%) 32.8 14.8 59
Contribution (% X g~ 1) 15.2 7.5 2.1
Bye (T) 47.1 46.9 45
Ferritin-like metabolite/magnetite FMR 1.02 3.41 10.1

“ Relative contribution normalized by sample mass.
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TABLE 4. Proteins that are differentially expressed between the WT and RU-1 under different growth conditions (—Fe and +Fe), as
identified by LC-MS-MS*

Relative expression

NCBI No. of peptide ions level in RU-1
Expression level — accession Protein identification/function Molecular
in RU-1 vs WT no. or size (kDa) WT RU-1 RU-1 —Fe/ RU-1 +Fe/
locus ta
¢ ~Fe +Fe -Fe +Fe  WTI-Fe WT +Fe
Upregulated MGRO0081 TonB-dependent outer membrane receptor 72 ND” ND 17 23 Unique Unique

MGRO0236 Bacterial extracellular solute-binding protein 36 12 ND 25 13 2.08
MGRO0237 Putative diguanylate cyclase/phosphodiesterase 76 ND ND 10 13

with PAS sensor domain
MGRO0662 Hypothetical protein
MGRO705 Conserved hypothetical protein
MGRO0706 Conserved hypothetical protein
MGRO707 Conserved hypothetical protein
MGR1021 Periplasmic trypsin-like serine protease
MGR1446 FeoB2
MGR1447 FeoA2
MGR1593 Transcriptional regulator ArsR family
MGR4109 HlyB type I secretion system ATPase

Downregulated MGRO0698 CydA cytochrome d ubiquinol oxidase
subunit 1
ABL14106 FeoB1

Unique

Unique Unique

32 ND ND 10 12 Unique Unique
11 ND ND 19 14 Unique Unique
12 11 ND 26 28 2.36 Unique
12 ND ND 17 14 Unique Unique
56 ND ND 11 12 Unique Unique
83 10 ND 53 50 5.30 Unique

9 13 11 31 34 2.38 3.09

20 ND ND 14 13 Unique Unique
81 ND ND 11 11 Unique Unique

58 10 11 ND ND Unique (WT) Unique (WT)

Unique (WT) —-5.00

¢ Characteristics of proteins with putative relation to iron metabolism are shown in bold.

? ND, not detected.

proteins encoded outside the MAI (Table 4), of which 12 were
upregulated in RU-1 and two were upregulated in the WT
under iron-depleted and iron-replete conditions. Five of the
proteins with altered expression levels are components of pu-
tative iron uptake systems, comprising all iron uptake systems
predicted from the genome of M. gryphiswaldense (R. Uebe,
unpublished data).

Mgr0236, a putative bacterial extracellular binding protein
that displays 59.8% similarity to the periplasmic ferric iron
binding protein FutA2 (7), showed a 2-fold-increased expres-
sion in RU-1 versus in the WT under iron-depleted conditions.
Under iron-replete conditions, Mgr0236 was repressed in the
WT but was still detectable in the fur mutant, as was also
observed by 2D gel analysis (data not shown). Interestingly,
mgr0236 is highly similar to mgr4079, a pseudogene copy of
mgr0236, which encodes a protein truncated by the first 60
amino acids (82.7% similarity to Mgr0236) and which is lo-
cated within the MAI of M. gryphiswaldense. Mgr0081, a TonB-
dependent outer membrane receptor putatively involved in the
uptake of iron-siderophore complexes, was detected in RU-1
but not in the WT. The ferrous iron transport system FeoAB2
(Mgr1447 and Mgr1446) was expressed in a 2-fold-larger
amount in RU-1 than in the WT. In addition to these iron
transport systems, other proteins putatively involved in metal
metabolism showed different expression levels between RU-1
and the WT. This included a transcriptional regulator of the
metal-binding ArsR family that was detectable in RU-1 but not
in the WT. Three highly basic proteins, whose genes are colo-
calized with a putative heavy-metal-transporting P-type
ATPase, also showed an increased expression level in the fur
mutant. Other proteins that showed differential expression had
no obvious relation to metal metabolism (Mgr0237, Mgr0662,
Mgr1021, and Mgr4109).

The genome of M. gryphiswaldense encodes a second copy of
the Feo iron uptake system, designated feoABI, which was

previously shown to have an accessory role in magnetite bio-
mineralization (51). Under iron-depleted and -replete condi-
tions, the second Feo system is expressed in smaller amounts in
the fur mutant than in the WT. The iron-containing protein
CydA, a cytochrome oxidase, was also expressed at higher
levels in the WT than in RU-1, since it was detected only in
the WT.

DISCUSSION

We identified and analyzed the genuine Fur-like iron regu-
lator MgFur (Mgr1314), which is one of five predicted proteins
of the Fur superfamily in M. gryphiswaldense, with four of them
(including MgFur) being putative iron-responsive transcrip-
tional regulators. This number is notably high compared to
those for the genomes of other bacteria of the alphaproteobac-
terial clade, which contain between zero (e.g., Rickettsia and
Ehrlichia species) and three (e.g., Bradyrhizobium japonicum)
genes encoding iron-responsive regulators (50). The multitude
of putative iron regulators may either reflect the need for very
strict iron homeostasis in M. gryphiswaldense and indicate par-
ticularly fine-tuned and versatile iron regulation or simply rep-
resent functional redundancy.

The colocalization of fur homologues with magnetosome
genes in several cultivated and uncultivated MTB (30), as well
as the identification of putative Fur binding sites within the
promoter regions of two magnetosome operons (50), sug-
gested a close link between Fur and the regulation of biomin-
eralization. However, our data indicate that MgFur is not es-
sential for magnetite synthesis, as the fur mutant was still able
to produce functional magnetite crystals, albeit fewer and
smaller than those produced by the WT. The reduction of total
iron accumulation by 50% in RU-1 was due to the lower
content of magnetite as shown by Mdossbauer (TMS) analysis
and iron measurements. On the other hand, these analyses also
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revealed that, compared to the WT, in which iron is deposited
mainly as magnetite, in RU-1 the largest proportion of bulk
intracellular iron is bound to proteins in the nonmagnetic frac-
tion, as indicated by a 2.4-fold-increased iron-to-protein ratio
of the nonmagnetic fraction. In particular, the intracellular
iron in RU-1 was bound mostly to an as-yet-unidentified fer-
ritin-like metabolite, which appears to be upregulated in the
mutant compared to the level in the wild type when incubated
under identical conditions, based on previous analyses (20). A
similar effect was observed in a fur mutant of Helicobacter
pylori (9), where a deregulation of the iron storage protein
ferritin (Pfr) was observed, leading to higher expression rates
of Pfr. In contrast, in an E. coli fur mutant, ferritin-bound iron
was decreased, resulting in 2.5-fold-lower intracellular iron
contents (1), whereas relative intracellular levels of ferrous
iron were substantially increased, as detected by TMS (B.
Matzanke, unpublished data). Thus, although MgFur was able
to substitute for EcFur in E. coli in an iron-dependent manner,
our observations argue for a somewhat distinct regulatory role
in M. gryphiswaldense.

Although levels of intracellular ferrous iron detectable by
TMS were relatively low in both M. gryphiswaldense WT and
RU-1 compared to observations in E. coli, we found that fer-
rous iron signals were significantly increased in TMS of M.
gryphiswaldense RU-1. The increase in protein-bound iron, and
in particular the increased proportion of free ferrous iron,
might explain the observed sensitivity of RU-1 against O,- and
paraquat-induced oxidative stress, since ferrous iron promotes
the generation of radical oxygen species via the Fenton reac-
tion (77), and we did not observe any changes in expression
levels of proteins of the oxidative stress response. Unexpect-
edly, the fur mutant was also growth impaired under anaerobic
conditions, indicating that the increased intracellular iron con-
centration interferes with enzymes of the anaerobic metabo-
lism.

Although putative Fur binding sites within the promoter
regions of magnetosome operons were predicted in silico (50)
and in part also experimentally confirmed in this study, pro-
teomic analyses revealed that the expression levels of most
detected magnetosomal proteins were unaffected by the dele-
tion of fur. The only exception is the magnetosome protein
Mms6, which showed a decreased expression in RU-1 grown
under iron-sufficient conditions. Therefore, we cannot entirely
exclude the possibility that the magnetosomal mamDC pro-
moter exhibits some unspecific affinity to EcFur. Differential
expression patterns were observed for several proteins puta-
tively involved in iron uptake for general iron metabolism,
indicating an important role of Fur in iron homeostasis of M.
gryphiswaldense. Remarkably, Mgr0532 and Mgr0533, repre-
senting putative bacterioferritins, did not exhibit differential
expression in RU-1 versus the WT, suggesting that they are not
identical with the ferritin-like constituent that caused an in-
creased signal in TMS. However, it cannot be excluded that the
increased ferritin-like pool is a result of increased iron binding
to bacterioferritin due to higher intracellular iron concentra-
tions. In summary, the proteomic approach revealed only 14
proteins whose expression was significantly altered between
the WT and RU-1. This is consistent with observations of
several fur mutants, where Fur plays only a minor role in iron
homeostasis (17, 45, 72), compared to the large Fur regulon of
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E. coli, in which up to 100 genes are down- or upregulated by
the direct or indirect effect of Fur (26, 40). In several alpha-
proteobacteria, proteins other than Fur, such as RirA (69, 73)
and Irr (63), have taken over the function of a global iron-
responsive regulator. By genome analysis of M. gryphiswal-
dense, we also identified three proteins (Mgr1305, Mgr1399,
and Mgr3480) within the Fur superfamily which are more
closely related to the Irr subfamily (63) (Fig. 1). It seems
possible that these Irr-like proteins are also involved in more
complex regulatory networks overlapping the MgFur regulon.
A recent study addressed the function of a presumptive Fur-
like protein of M. gryphiswaldense (Mgr1399) which, however,
was assigned as Irr-like in our study. Supposedly, deletion of
Mgr1399 resulted in a nonnmagnetic phenotype (29). How-
ever, in the absence of transcomplementation experiments
these results are not conclusive, given the high genetic insta-
bility of the magnetic phenotype that gives rise to frequent
spontaneous mutations within the MAI of M. gryphiswaldense
(71). Therefore, future work is required to study the contribu-
tion of the Irr-like proteins to iron homeostasis in more detail.

In conclusion, our data demonstrate that MgFur is involved
in iron homeostasis and, to a lesser extent, also affects magne-
tite biomineralization. Since most magnetosome proteins ex-
hibited similar levels of expression between the WT and RU-1,
the reduced magnetite synthesis most likely is caused by indi-
rect consequences of the deregulated phenotype. For example,
it could be that the increased uptake of iron into the cytoplasm
and its subsequent sequestration by cytoplasmic proteins lead
to a decreased pool of iron available for magnetite biominer-
alization in the fur mutants, whereas in the WT, MgFur might
be involved in balancing the competing demands for biochem-
ical iron supply and magnetite biomineralization (20). A pos-
sible explanation for the observed delay of magnetite synthesis
in iron-induced cells grown under microaerobic, but not an-
aerobic, conditions might be that the increased pool of cyto-
plasmic iron-binding proteins has to be saturated before iron
becomes available for magnetite biomineralization. However,
further studies including the identification and biochemical
characterization of individual iron-sequestering cellular con-
stituents are required to provide deeper insights into the reg-
ulation of biomineralization.
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