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The bacterium Shewanella frigidimarina can grow anaerobically by utilizing Fe(III) as a respiratory electron
acceptor. This results in the synthesis of a number of periplasmic c-type cytochromes, which are absent when
the organism is grown in the absence of added Fe(III). One cytochrome, IfcA, is synthesized when Fe(III) is
present as the sole respiratory electron acceptor or when it is present in combination with oxygen, fumarate,
or nitrate. The ifcA gene was thus selected for a study of iron-responsive gene regulation of respiratory proteins
in S. frigidimarina. The monocistronic ifcA gene clusters with two other monocistronic genes, ifcO, encoding a
putative outer membrane porin, and ifcR, encoding a putative transcriptional regulator of the LysR super-
family. Analysis of transcription of all three genes under a range of growth conditions in the wild type and an
ifcR insertion mutant and analysis of a strain that constitutively expresses ifcR revealed that iron regulation
is exerted at the level of ifcR transcription. In the presence of Fe(III) IfcR is synthesized and acts positively to
regulate expression of ifcO and ifcA. Control of Fe(III) respiration by this novel regulatory system differs
markedly from Fur-mediated regulation of iron assimilation, in which Fur serves as an Fe(Il)-activated

repressor.

Shewanella species are gram-negative, highly versatile, fac-
ultative, anaerobic bacteria that can use insoluble ferric iron
and a variety of other substrates [e.g., manganese(IV), urani-
um(VI), nitrate, nitrite, fumarate, elemental sulfur, trimethyl-
amine-N-oxide, and dimethyl sulfoxide] as terminal electron
acceptors for anaerobic respiration. Fe(IIl) respiration has
widespread environmental significance, influencing several
biogeochemical cycles and affecting soil properties and plant
growth (17). Fe(Ill)-respiring bacteria also have been ex-
ploited in the field of bioremediation (16), since oxidative
degradation of aromatic hydrocarbons, such as benzene and
toluene, to CO, is coupled to Fe(III) reduction. Futhermore,
Fe(III) respirers can reduce highly soluble U(VI) and Tc(VII)
species, resulting in deposition of these metals as insoluble
oxides, which effects their removal from contaminated waters
(18).

At a neutral pH, Fe(III) oxides are found largely in crystal-
line form or as amorphous (oxy)hydroxide particles. Accord-
ingly, Fe(I1I)-respiring bacteria localize a substantial propor-
tion of their Fe(III) reductase activity in the outer membrane,
although reductases able to reduce soluble Fe(III) chelates are
also located in the periplasmic compartment (20). The gener-
ation of energy via respiratory reduction of insoluble Fe(III)
raises a biochemical and bioenergetic problem. Electrons must
move from the active site of primary dehydrogenases, associ-
ated with the cytoplasmic membrane, to the outer face of the
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outer membrane, where the insoluble Fe(III) species are re-
duced. In members of the Fe(III)-respiring genus Shewanella,
it is emerging that electron transport to extracellular Fe(III)
occurs via a network of low-potential multiheme c-type cyto-
chromes located on the outer face of the cytoplasmic mem-
brane, in the periplasmic compartment, and in the outer mem-
brane. In Shewanella frigidimarina (formerly Shewanella
putrefaciens NCIMB400) and Shewanella oneidensis MR-1 (for-
merly S. putrefaciens MR-1) some of these multiheme cyto-
chromes have been purified and biochemically characterized
(2,7,19, 20, 21, 24, 27). Spectroscopic and structural studies of
a number of these multiheme cytochromes have suggested that
the presence of multiple, low-redox-potential bis His-ligated
hemes are a common feature of all of them (1, 14, 15, 30).

Analysis of the S. oneidensis genome sequence revealed the
presence of genes for 39 c-type cytochromes, many of which
are predicted to be multiheme in nature (12). The role of these
cytochromes in electron transfer to metal oxides is currently
the subject of intense study. The outer membrane cyto-
chromes, including OmcA and OmcB, might be localized
where they can make direct contact with extracellular metal
oxides at the cell surface. The soluble periplasmic cytochromes
could be involved in intermembrane electron transfer between
the inner and outer membranes and also in the reduction of
soluble Fe(III) chelates that cross the outer membrane (2, 5,
8).

To elucidate the functional role of the multiheme cyto-
chromes of Shewanella species in more detail, it is important to
complement biochemical and spectroscopic studies with an
understanding of the genetic basis and mechanism(s) of regu-
lation of the genes encoding these proteins. In this work, we
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant genotype I:f?gﬁ:ccj
E. coli strains
DH5«a supE44 AlacU169 ($80 lacZAMI15) hsdR17 recAl endAI gyrA96 thi-1 relAl BRL*
S17-1 thi pro hsdR hdsM™* recA, chromosomal insertion of RP4-2(Tc::Mu Km::T7) 29
S. frigidimarina strains
NCIMB400R Wild type
PSD1 NCBIMB400R ifcA::(0Cm" 5
PSD106 NCBIMB400R ifcR::QCm* This study
PSD201 Complemented PSD106 carrying pPD1 Cm', Tc" This study
PSR33 Complemented PSD106 carrying pFR33 Cm", Tc' This study
Plasmids
pBluescript II KS+ Cloning vector, Amp" Stratagene
pJQ200KS Mobilizable suicide vector, Gm" 26
pRK415 IncP broad-host-range cloning vector, Tc" 13
pHP450Cm Cloning vector containing QCm, Amp" 6
pTRN1 2-kb Xbal-Xhol PCR fragment carrying ifcR cloned into pBluescript II KS+ This study
pTRN2 4-kb EcoRI fragment containing )Cm cloned into pTRN1 This study
pTRN3 6-kb Xbal-Apal fragment containing ifcR::(0Cm" cloned into pJQ200KS This study
pTCM1 6-kb Xbal fragment carrying ifcR, ifcO, and ifcA:Q0Cm" cloned into pBluescript II KS+ This study
pPD1 1.3-kb Xbal-Pst1 fragment carrying ifcR plus 5’ and 3’ flanking sequences cloned into pRK415 This study
pFR3 890-bp fragment carrying ifcR cloned into expression vector pT7-7 This study
pFR33 932-bp fragment carrying a promotorless ifcR cloned into pRK415 This study

“ BRL, Bethesda Research Laboratories.

studied regulation of the iron-induced ifcA gene in S. frigidi-
marina. The ifcA gene encodes a 63.9-kDa tetraheme flavocy-
tochrome c. In this paper we provide the first characterization
of Fe(III)-responsive gene regulation for the respiratory mul-
tiheme cytochromes of Shewanella species.

It has been shown previously that IfcA is synthesized in the
periplasmic compartment of S. frigidimarina only when cells
are grown with Fe(III) ions as the sole electron acceptor and
not when fumarate or oxygen is used as the electron acceptor
(5). IfcA was purified, and its crystal structure was determined
(1, 5). The enzyme has a small (ca. 10-kDa) tetraheme cyto-
chrome (STC) domain and a flavin domain. Although exhib-
iting a unidirectional fumarate reductase activity in vitro, the
enzyme is not physiologically functional in fumarate reduction
in vivo, since it is not synthesized during the respiration of
fumarate. Although ifcA mutants retain the ability to grow
anaerobically on Fe(III) citrate, it has been shown that such a
mutant overproduced both a 35-kDa periplasmic c-type cyto-
chrome and a 45-kDa outer membrane c-type cytochrome (5).
It has been proposed that the STC domain of IfcA is involved
in intermembrane electron transport and reduction of soluble
Fe(III) (5).

Upstream of the ifc4 gene and with opposite transcriptional
polarity is a gene encoding a putative outer membrane B-barrel
protein, designated ifcO. The function of the protein is not
known, but it is conceivable that it transports soluble Fe(III)
chelates into the periplasm, where they can be reduced by the
flavocytochrome. The partial sequence of another open read-
ing frame (ORF), encoding a putative LysR-type transcrip-
tional regulator located directly downstream from ifcO, was
also reported (5). We completed the sequence of this gene and
designated the gene ifcR. In this study we examined the regu-
lation of ifcR, ifcO, and ifcA expression under different respi-
ratory conditions. We found that IfcR is a transcriptional ac-
tivator essential for expression of ifcO and ifcA. We also found

that ifcR transcription is dependent on the presence of Fe(I1I)
in the external medium, even if the iron is not used extensively
as a respiratory substrate. This is the first example of a specific
Fe(III)-responsive system for regulating synthesis of respira-
tory multiheme cytochromes in Shewanella species. The fea-
tures of this regulatory system are quite distinct from those of
other well-characterized iron-responsive regulatory systems in-
volved in regulating iron assimilation in many bacteria and
fungi.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plasmids
used in this study are described in Table 1. Escherichia coli strains were grown at
37°C on Luria-Bertani (LB) medium supplemented with antibiotics at the fol-
lowing concentrations: ampicillin, 100 pg/ml; chloramphenicol, 30 pg/ml; and
tetracycline, 10 pg/ml. S. frigidimarina strains were grown on LB medium ad-
justed to pH 7.5 and supplemented with 50 mM bL-lactate. Antibiotics at the
concentration indicated above were added when required. For microaerobic
growth, S. frigidimarina strains were grown at 25°C by shaking 100-ml cultures in
250-ml conical flasks at 200 rpm. Anaerobic growth experiments were performed
in completely filled 300-ml screw-cap bottles. For anaerobic growth, alternative
soluble respiratory substrates were provided at the following concentrations:
ferric citrate, 50 mM; sodium fumarate and potassium nitrate, 25 mM; and
MnO, 10 mM.

Preparation of periplasm and analysis of heme-stained SDS-PAGE gels. To
obtain the periplasmic fraction of S. frigidimarima, cells were harvested from
microaerobic or anaerobic cultures by centrifugation, and each resulting pellet
was resuspended in an appropriate volume of spheroplasting buffer (100 mM
Tris-HCI [pH 8], 500 mM sucrose, 3 mM Na,EDTA). Lysozyme was added to a
final concentration of 2 mg/ml, and the cells were then incubated for 20 min at
37°C. Periplasmic fractions were isolated by centrifugation at 12,000 X g for 30
min at 4°C. Periplasmic extracts were routinely analyzed by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) in either 10 or 15%
(wt/vol) polyacrylamide gels. Samples were prepared for electrophoresis by in-
cubating them with 3 M urea and 90 mM SDS at room temperature for 1 h. Gels
were examined for the presence of c-type cytochromes by heme-linked peroxi-
dase staining as previously described (31). The total protein concentration was
determined by the bicinchoninic acid method (Sigma) with bovine serum albu-
min as the standard.
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DNA manipulations. Isolation of plasmid and genomic DNA and digestion,
ligation, cloning, and subcloning of appropriate DNA fragments were performed
by standard techniques by using the appropriate commercially available kits and
enzymes. To obtain the complete DNA sequence of the ifcR gene, total genomic
DNA from S. frigidimarina PSD1, which carries a chloramphenicol resistance
cassette inserted into the ifcA gene (5), was isolated and digested with Xbal. The
resulting fragments were ligated into the vector pBluescript II KS+, which had
been previously digested with Xbal. The ligation mixture was transformed into E.
coli DH5a, and colonies with chloramphenicol and tetracycline resistance were
selected. DNA isolation from one of these colonies resulted in a plasmid
(pTCM1) with a 6-kb Xbal DNA fragment including the full-length ifcR gene.
The entry in the database has been updated to include the complete sequence of
the ifcR gene (GenBank accession number AJ236923).

Primer extension analysis. Total RNA was isolated from an S. frigidimarina
wild-type strain or S. frigidimarina PSD106 (AifcR) after either microaerobic or
anaerobic growth on LB medium supplemented with the appropriate respiratory
substrate by using a Qiagen RNeasy kit under the conditions recommended by
the manufacturer. In order to determine the transcription initiation sites of the
ifcR, ifcO, and ifcA genes, 2-pmol portions of primers P1 (5'GAAATTTGGCC
GCAGGTATGAATT3'), P2 (5'GTAGACAATAATGCTATGGAAATTAGG
3’), and P3 (5'GCACAACCAATGCCATCGCTGATACC3'), which are com-
plementary to the regions immediately upstream of the initiation codons of ifcR,
ifcO, and ifcA, respectively, were 5’ end labeled with [y-**P]JATP and T4 polynu-
cleotide kinase. Labeled primers (0.1 pmol) were mixed with 25 pg of total RNA
in hybridization buffer (100 mM KCI, 50 mM Tris-HCI; pH 8.3) and incubated
for 30 s at 95°C and then for 20 min at 55°C. Primer extension reactions were
performed at 41°C for 90 min in a reaction buffer containing 6.5 U of avian
myeloblastosis virus reverse transcriptase (Pharmacia). After the reaction was
stopped with gel-loading buffer, samples were boiled for 3 min and loaded onto
a denaturing 6% (wt/vol) polyacrylamide gel. To determine the sizes of the
extension products, manual DNA sequencing of plasmid pTCM1 primed with
labeled oligonucleotide P1, P2, or P3 was performed.

Construction of S. frigidimarina ifcR mutant PSD106. To construct S. frigidi-
marina ifcR insertion mutant PSD106, a DNA fragment containing the ifcR gene
interrupted by an EcoRI cassette encoding chloramphenicol resistance was gen-
erated. To do this, a PCR was performed to amplify DNA from wild-type S.
frigidimarina with primers TRN1 (5'GAATCTAGATATAACGTCAGTGGC3')
and TRN2 (5'GTAGAATTCCAATGTTTAAACAACS'), yielding PCR-1. A
second PCR product, PCR-2, was obtained by using primers TRN3 (5'TTGGA
ATTCTACGTGATAAAACATAG3') and TRN4 (5'CCTCTCGAGGTGTTG
GACAAATC3'). The PCR-1 and PCR-2 extension products were digested with
Xbal plus EcoRI and EcoRI plus Xhol, respectively, and cloned into pBluescript
II KS+ that had previously been digested with Xbal and Xhol, yielding plasmid
pTRNI. Next, an ()-cassette encoding resistance to chloramphenicol, excised
from pHP45 on an EcoRI fragment, was ligated into pTRNI1 that had previously
been digested with the same enzyme. Digestion of the resulting plasmid, pTRN2,
with Xbal and Apal released a 6-kb DNA fragment containing the interrupted
ifcR gene plus 1 kb of upstream and downstream DNA sequence. This fragment
was subcloned into the suicide vector pJQ200KS digested with Xbal and Apal,
yielding plasmid pTRN3. Plasmid pTRN3 was transformed into E. coli S17-1 and
used in subsequent matings with S. frigidimarina NCIMB400R at 25°C. Selection
for mutants was performed on agar plates containing 50 mg of sucrose per ml and
chloramphenicol. Gene replacement was confirmed by Southern blot analysis.

The broad-host-range plasmid pRK415 was used for complementation studies
of S. frigidimarina PSD106.

A 1.3-kb Xbal-PstI DNA fragment which encompassed the region from 209 bp
downstream of the stop codon of ifcR to 213 bp upstream of the start codon of
ifcR, including the entire ifcR gene, was obtained by performing PCR with
genomic DNA and primers PA (5’AGCTGCAGAGCGGTATAAGGTTTTCC
ATG3') and PB (5'AAATCTAGAGACTACAGGCTCGATAAC3'). The PCR
product was digested with Xbal and PstI and cloned into pRK415 digested with
the same restriction enzymes, yielding plasmid pPD1. To obtain strain PSD201,
E. coli S17-1 was transformed with pPD1 and then used to transfer this plasmid
into PSD106 by conjugation at 25°C. Recombinant colonies were selected on LB
agar plates supplemented with lactate, tetracycline, and chloramphenicol.

To obtain a promotorless ifcR DNA fragment, an 890-bp DNA fragment was
amplified from genomic DNA by using primers P5 (5'CCGGCATATGCGAA
TAACCTTAAAGC3') and P6 (5'GAATTAAGCTTTTCCATTTAGC3'). Af-
ter digestion with Ndel and HindIlI, the fragment was cloned into the expression
vector pT7-7, yielding plasmid pFR3. Plasmid pFR33 was generated from pFR3
by digesting pFR3 with HindIII, creating a blunt end with mung bean nuclease,
and digesting the preparation with Xbal. The corresponding 932-bp DNA frag-
ment carrying the ifcR gene was subsequently cloned into pRK415, which pre-
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FIG. 1. Heme-linked peroxidase staining of periplasmic fractions
of wild-type S. frigidimarina. Aliquots (40 pg) of periplasmic fractions
were loaded onto an SDS-10% (wt/vol) PAGE gel. Lane 1, purified
sample of IfcA (1 pg); lane 2, periplasm from cells grown anaerobically
with fumarate; lane 3, periplasm from cells grown anaerobically with
nitrate; lane 4, periplasm from cells grown anaerobically with ferric
citrate; lane 5, periplasm from cells grown anaerobically with ferric
citrate and fumarate; lane 6, periplasm from cells grown anaerobically
with ferric citrate and nitrate; lane 7, periplasm from cells grown
anaerobically with manganese; lane 8, periplasm from cells grown
microaerobically; lane 9 periplasm from cells grown microaerobically
with ferric citrate.

viously had been digested with EcoRI, blunt ended with mung bean nuclease, and
digested with Xbal. To obtain the complemented strain PSR33, E. coli S17-1 was
transformed with pFR33 and then used to transfer the plasmid into PSD106 by
conjugation. Recombinant colonies were selected on LB agar plates supple-
mented with lactate, tetracycline, and chloramphenicol.

RESULTS AND DISCUSSION

Fe(III)-dependent synthesis of c-type cytochromes and iden-
tification of ifcA as a target for studies of Fe(III)-dependent
gene expression. We initiated our studies of regulation of ex-
pression of c-type cytochromes in response to Fe(III) by ex-
amining the synthesis of c-type cytochromes in periplasmic
fractions prepared from cultures of S. frigidimarina grown ei-
ther microaerobically or anaerobically with various respiratory
electron acceptors and with lactate as the electron donor. The
c-type cytochromes synthesized were visualized by heme stain-
ing following resolution of the periplasmic proteins by SDS-
PAGE (Fig. 1). A major heme-stained band at approximately
64-kDa was detected under all growth conditions investigated.
This heme-stained band corresponds to the Fcc, protein, the
soluble, periplasmic, tetraheme flavocytochrome that functions
as a physiological respiratory fumarate reductase in Shewanella
(8, 9). Fccy was the dominant heme-stained band during mi-
croaerobic growth or anaerobic growth with fumarate or ni-
trate as the sole electron acceptor. However, synthesis of a
large number of additional cytochromes was observed in the
periplasmic fractions prepared from cultures that were grown
anaerobically with ferric citrate as the electron acceptor (Fig.
1, lanes 4, 5, and 6).
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FIG. 2. Fe(Ill) reduction by wild-type S. frigidimarina. A color
change from black to yellow in the medium is an indication of Fe(III)
reduction, as observed when S. frigidimarina cells were grown with
ferric citrate or with fumarate and ferric citrate as electron acceptors
but not when S. frigidimarina cells were grown with nitrate and ferric
citrate as respiratory substrates.

A negative effect of NO;~ on Fe(III) reduction by S. putre-
faciens 200 has been reported previously (3). S. putrefaciens
cells grown with nitrate as the electron acceptor did not trans-
locate protons when Fe(III) was provided, whereas fumarate-
grown cells did translocate protons (22). Fe(III) reduction can
be readily measured qualitatively by examining the color of the
medium after growth, which changes from brown to yellow
when Fe(III) is reduced. As Fig. 2 shows, S. frigidimarina ex-
tensively reduced Fe(III) to Fe(IT) when it was grown with just
Fe(III) or with fumarate and Fe(III). However, Fe(1II) was not
extensively reduced when S. frigidimarina was grown with ni-
trate and Fe(III). Thus, the apparent decreases in the amounts
of periplasmic cytochromes after growth of S. frigidimarina
with nitrate and iron compared to the amounts of the cyto-
chromes present when iron or fumarate plus iron were used to
grow cells might contribute to the lower extent of iron reduc-
tion during growth.

Mn(IV) is an alternative metal ion respiratory substrate that
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FIG. 3. Schematic representation of the organization of the ifcR,
ifcO, and ifcA genes in S. frigidimarina and S. oneidensis. The arrows
indicate directions of transcription. Annotation and preliminary
genomic sequence data were provided by The Institute for Genomic
Research (http://www.tigr.org). The numbers indicate the levels of
amino acid identity and similarity (expressed as percentages) between
the corresponding proteins from the two species.
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FIG. 4. Heme-linked peroxidase staining of periplasmic fractions
from S. frigidimarina PSD106 (ifcR) and PSD201 (ifcR") after anaer-
obic growth with ferric citrate. Aliquots (40 ng) of periplasmic frac-
tions were loaded onto an SDS-10% (wt/vol) PAGE gel. Lane 1, pure
IfcA protein (1 pg); lane 2, periplasm from S. frigidimarina PSD106
(ifcR); lane 3, periplasm from S. frigidimarina PSD201 (PSD106 com-
plemented with ifcR™); lane 4, purified Fec3 protein (1 wg).

can be used during anaerobic growth of Shewanella species (4,
23). Thus, it was of interest to analyze the cytochrome com-
position of the periplasm when cells were grown anaerobically
with MnO, as a terminal electron acceptor. It was notable that
anaerobic growth on Mn(IV) resulted in the synthesis of many
fewer periplasmic cytochromes compared to the number ob-
served after growth with Fe(III) (Fig. 1, lane 7).

Taken together, these results indicate that S. frigidimarina
responds to the presence of extracellular iron by increasing the
number of c-type cytochromes that are allocated in the
periplasmic compartment under anoxic conditions. This syn-
thesis is more pronounced when Fe(III) is reduced efficiently.
Moreover, this response is specific to iron since it does not
occur if alternative respiratory substrates, including the insol-
uble metal MnO,, are used as terminal electron acceptors (23).

One of the heme-stained polypeptides synthesized exclu-
sively during growth with Fe(III) migrated just below the Fcc,
protein and corresponded to the IfcA protein (Fig. 1). This
63.9-kDa iron-induced flavocytochrome protein has previously
been purified from anaerobic cultures of S. frigidimarina with
soluble iron(II) citrate as the sole electron acceptor, and it has
been shown that it displays ferric reductase activity (5). IfcA
was not synthesized when fumarate, nitrate, manganese, or
oxygen was present as the sole respiratory substrate (Fig. 1).
However, unlike some of the other cytochromes that were
detected only during respiratory growth with Fe(III) (e.g., the
35-kDa band which might correspond to the S. oneidensis
periplasmic decaheme protein MtrA [Fig. 1]), IfcA was syn-
thesized in all the cultures in which iron was present as a
respiratory substrate, regardless of whether iron was used as
the main terminal electron acceptor (Fig. 1 and 2). Thus, IfcA
was still produced after anaerobic growth with both ferric ci-
trate and nitrate and after microaerobic growth on LB medium
supplemented with ferric citrate. For this reason regulation of
the ifcA gene was selected as a good system with which to begin
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FIG. 5. Regulation of ifcO and ifcA transcription. (A) Intergenic region of ifcO and ifcA. The arrows indicate the transcription start site of each
gene. Putative ribosome-binding sites are indicated by boldface type, and the —35 and —10 RNA polymerase-binding sites of each gene are
indicated by boldface type and underlining. (B) Primer extension analysis of ifc4 and ifcO performed with total RNA isolated from wild-type cells
of S. frigidimarina and cells of ifcR mutant strain PSD106. +O,, RNA from cells grown microaerobically on LB medium; —O, +Fu, RNA from
cells grown anaerobically with fumarate as the sole electron acceptor; —O,+Fe, RNA from cells grown anaerobically with iron as the electron
acceptor. Primer extension reactions were performed by using oligonucleotides P2 and P3 (see Materials and Methods), which hybridized with ifcO
and ifcA, respectively. Sequencing reactions were performed with the oligonucleotides that were used in the primer extension reactions.

studying the iron-dependent regulation of expression of c-type
cytochrome genes in Shewanella species.

Identification of IfcR as a positive regulator of ifcA. The ifcA
gene has previously been identified on a 4,275-bp Sacl DNA
fragment (5). Sequence analysis of this fragment revealed the
presence of one gene, ifcO, and one partial ORF, both of which
are upstream of ifcA and have the opposite transcriptional
orientation. The ifcO gene lies 271 bp upstream of ifcA (Fig. 3).
Analysis of the IfcO primary sequence and database searches
suggested that ifcO might encode an outer membrane 3-barrel
porin. The incomplete ORF was located 213 bp downstream of
the ifcO stop codon and had the same transcriptional orienta-
tion. Completion of the nucleotide sequence of this ORF
showed that this gene, designated ifcR, encodes a 293-amino-
acid protein with a high level of amino acid similarity to mem-
bers of the LysR family of transcriptional regulators. LysR-
type transcriptional regulators probably comprise the largest
family of prokaryotic regulatory proteins. So far, all of these
proteins are DNA-binding proteins that positively regulate
transcription of target genes, and most of them also regulate
their own expression. The common family features are the
similar sizes of the proteins (between 300 and 350 amino ac-
ids), the presence of a helix-turn-helix DNA-binding motif in
the N-terminal region, and the requirement for a small mole-

cule that acts as a coinducer (28). Genome sequence analysis
of S. oneidensis indicated that the same three genes are also
present in a cluster (SO1420 to SO1422); however, the genome
organizations of this region in the two Shewanella species are
different. The organizations of these three genes in the two
species and the identities and similarities between the proteins
are shown in Fig. 3.

To determine whether the LysR homologue is involved in
ifcA expression, mutant strain PSD106 of S. frigidimarina car-
rying a disruption of the gene encoding IfcR was constructed.
The mutation did not noticeably affect the ability of the strain
to grow and reduce various electron acceptors in batch cultures
under anaerobic respiratory conditions (data not show). How-
ever, inspection of heme-stained SDS-PAGE gels of periplas-
mic fractions revealed that PSD106 grown anaerobically in the
presence of Fe(IlI) did not produce the IfcA protein (Fig. 4,
lane 2). Complementation of S. frigidimarina PSD106 with
plasmid pPD1, a derivative of the replicative plasmid pRK415,
which carries the complete ifcR gene plus 213 bp of upstream
sequence, restored synthesis of IfcA (Fig. 4, lane 3). These
results indicate that IfcR is a transcriptional activator required
for IfcA production.

Fe(III)-dependent transcription of ifc4A and ifcO is mediated
by IfcR. In order to investigate the regulatory role of IfcR in
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FIG. 6. Regulation of ifcR expression. (A) Regulatory region of the ifcR gene. The arrow indicates the transcription start site of the ifcR gene.
The proposed ribosome-binding site is indicated by boldface type, and the putative —35 and —10 RNA polymerase recognition sequences are
indicated by boldface type and underlining. A perfect palindromic sequence is underlined. (B) Primer extension analysis of ifcR performed with
total RNA isolated from wild-type cells of S. frigidimarina and cells of ifcR mutant strain PSD106. +0O,, RNA from cells grown microaerobically
on LB medium; —O,+Fu, RNA from cells grown anaerobically with fumarate as the sole electron acceptor; —O,+Fe, RNA from cells grown
anaerobically with iron as the sole electron acceptor. Primer extension reactions were performed by using labeled oligonucleotide P1 (see Materials
and Methods). Sequencing reactions were performed with the oligonucleotide that was used in the primer extension reactions. (C) Primer
extension analysis of ifcR performed with total RNA isolated from wild-type cells of S. frigidimarina. +Fe, RNA from cells grown anaerobically
with iron as the sole electron acceptor; Fe+Fu, RNA from cells grown anaerobically with fumarate and iron as electrons acceptors; Fe+Ni, RNA
from cells grown anaerobically with iron and nitrate as electrons acceptors; +0,, RNA from cells grown microaerobically on LB medium; +O,

+Fe, RNA from cells grown microaerobically with ferric citrate.

ifcA and ifcO expression, transcription of the ifcO and ifcA
genes in both the wild type and the ifcR mutant was examined
by primer extension analysis. Transcription initiation sites were
identified 43 and 60 bp upstream from the translational start
codons of the ifcA and ifcO genes, respectively (Fig. 5). In both
cases, analysis of the DNA regions upstream of the ifcO and
ifcA transcription initiation sites revealed the presence of —10
hexamers with only two mismatches compared with the —10
element from E. coli. Similarly, the —35 regions matched the
E. coli consensus sequence at four of six positions (Fig. 5A).
For both genes, the maximal levels of transcripts were
observed after anaerobic growth with Fe citrate as the electron
acceptor. Transcripts were less prominent following micro-
aerobic or anaerobic growth with fumarate as the electron
acceptor (Fig. 5B). Notably, no transcript of either gene was
detected with total RNA isolated from ifcR mutant strain
PSD106 (Fig. 5). These results show that both ifc4 and ifcO are
regulated in an iron-dependent manner that is dependent on
IfcR. Thus, the requirement for IfcR for IfcA synthesis re-

vealed by the analysis of heme-stained SDS-PAGE gels (Fig. 4)
is due to transcriptional control.

IfcR does not mediate Fe(III)-dependent transcription of
the ifcR gene. The transcription initiation site of ifcR was de-
termined with RNA prepared from the wild-type strain after
anaerobic growth with Fe(III) citrate. The transcription initi-
ation site was 76 bp upstream of the translation initiation
codon of the ifcR gene (Fig. 6). Putative sequences for the —10
and —35 elements of RNA polymerase binding sites could be
identified (Fig. 6A). There was also a 34-bp palindromic se-
quence (bases 173 to 140) upstream of ifcR, but the signifi-
cance of this sequence with regard to Fe(III)-dependent reg-
ulation has not been investigated yet. No transcript could be
identified from the results of primer extension reactions per-
formed with RNA prepared from cells incubated anaerobically
with fumarate or microaerobically (Fig. 6B).

Notably, a transcript was also observed in reactions carried
out with RNA from the ifcR mutant. This transcript was only
seen with RNA isolated from cells grown anaerobically with
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FIG. 7. Heme-linked peroxidase staining of periplasmic fractions
from S. frigidimarina PSR33 (ifcR™"). (A) Aliquots (40 p.g) of periplas-
mic fractions were loaded onto an SDS-10% PAGE gel. Lane 1,
periplasm from wild-type cells grown anaerobically with ferric citrate
(positive control); lane 2, periplasm from PSR33 cells grown anaero-
bically with nitrate and ferric citrate; lane 3, periplasm from PSR33
cells grown anaerobically with nitrate; lane 4, periplasm from PSD106
cells grown anaerobically with nitrate and ferric citrate; lane 5,
periplasm from PSD106 cells grown anaerobically with nitrate; lane 6,
periplasm from PSR33 cells grown anaerobically with fumarate and
ferric citrate; lane 7, periplasm from PSR33 cells grown anaerobically
with fumarate. (B) Lane 1, purified IfcA (1 pg); lane 2, periplasm from
PSR33 cells grown microaerobically on LB medium with 1 mM IPTG;
lane 3, periplasm from PSR33 cells grown microaerobically on LB
medium without IPTG; lane 4, periplasm from wild-type cells carrying
plasmid pRK415 grown microaerobically on LB medium with 1 mM
IPTG; lane 5, purified Fee3 (1 pg).

iron as the electron acceptor (Fig. 6B). These results indicate
that transcription of the ifcR gene is regulated in response to
Fe(III). The fact that the ifcR gene is transcribed even in the
absence of IfcR indicates that Fe(III)-dependent transcription
of ifcR is not mediated by the IfcR protein and points to the
existence of a distinct Fe(III)-responsive regulator, which is
required for expression of ifcR.

As mentioned above and shown in Fig. 2, S. frigidimarina
completely reduces Fe(III) to Fe(II) in cultures supplemented
with fumarate, whereas it does not reduce Fe(III) when cul-
tures are supplemented with nitrate. To investigate whether
ifcR expression requires Fe(III) per se or rather the utilization
of Fe(III) as a terminal electron acceptor for respiration, tran-
scription was examined in wild-type cells grown anaerobically
with Fe(IlI) together with either nitrate or fumarate as an
alternative respiratory substrate. Transcripts were also ana-
lyzed in cells grown microaerobically on LB medium supple-
mented with iron citrate, in which oxygen was the principal
electron acceptor (Fig. 6C). A transcript was observed with
RNA from both anaerobically and microaerobically grown
cells as long as iron was provided in the external medium,
regardless of whether the iron citrate was used as a respiratory
substrate. Moreover, no significant differences in the amounts
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of transcript were apparent under the different respiratory
conditions. These results strongly suggest that in S. frigidima-
rina the presence of Fe(IIl) rather than Fe(III) respiratory
activity appears to be the trigger for ifcR expression and that
anoxia is not a requirement.

Constitutive expression of ifcR in S. frigidimarina eliminates
the requirement for extracellular Fe(III) for IfcA synthesis.
Transcript analyses indicated that expression of ifcR occurs
when iron is supplied to the medium. In order to determine
whether iron is specifically required for ifcR transcription or
whether it is necessary for IfcR to be functionally active, a
strain expressing ifcR constitutively was constructed. We
placed the ifcR gene under control of the lac promoter, which
previously has been shown to be functional in S. putrefaciens
MR-1 (2). A DNA fragment lacking the entire promoter re-
gion of ifcR was prepared and cloned into pRK415. The re-
sulting plasmid, pFR33, was introduced by conjugation into
ifcR mutant strain PSD106, yielding strain PSR33. Plasmid
pFR33 complemented the ifcR mutation, and synthesis of IfcA
was restored in the periplasmic compartment during Fe(III)
respiration of Shewanella strain PSR33 (data not shown).

The ability of PSR33 to synthesize IfcA during anaerobic
growth with various combinations of electron acceptors was
studied. We also included in our experiments ifcR mutant
strain PSD106 as a negative control. As expected, strain
PSD106 did not produce IfcA (Fig. 7A). In agreement with the
results obtained with periplasmic fractions from the wild-type
strain (Fig. 1), IfcA was synthesized in periplasmic fractions
from PSR33 cells that were grown with nitrate or fumarate in
addition to Fe(IlI) citrate (Fig. 7A, lanes 2 and 6). Interest-
ingly, and in contrast to what occurred with the wild type, the
complemented strain produced IfcA when it was grown with
nitrate or fumarate as the sole respiratory substrate, even if
extracellular iron was not provided (Fig. 7A, lanes 3 and 7).
IfcA was also synthesized in S. frigidimarina PSR33 when it was
grown microaerobically in the absence of iron (Fig. 7B, com-
pare lanes 2 and 3 with lane 4). It should also be noted that
under all growth conditions IfcA was synthesized regardless of
whether isopropyl-B-p-thiogalactopyranoside (IPTG) was
added, suggesting that in S. frigidimarina sufficient expression
of ifcR from the lac promoter occurs even without IPTG ad-
dition (Fig. 7B, compares lane 2 and 3). Taken together, these
results indicate that extracellular iron is not required for IfcR
to be able to activate ifcA transcription; rather, the require-
ment for iron for synthesis of IfcA is imposed at the level of
transcription of ifcR.

Conclusions. The results described here revealed that there
is an Fe(III)-responsive regulatory system that has features
which are clearly distinct from those of the well-characterized
transcription factors that regulate iron assimilation in both
bacteria and fungi. For example, the Fur protein negatively
regulates transcription of many genes involved in iron assimi-
lation in a phylogenetically diverse range of bacteria in re-
sponse to Fe(II) (10). Similarly, in fungi such as Aspergillus
nidulans, Neurospora crassa, or Ustilago maydis GATA family
proteins serve as transcriptional repressors by binding to
GATA motifs in the promoters of genes involved in sid-
erophore biosynthesis (11, 25). The recent annotation of the
genome sequence of S. oneidensis MR-1 revealed the presence
of a Fur homolog with 73 and 79% amino acid identity to the
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homologs in E. coli and Vibrio cholerae, respectively (12). Pre-
liminary data from partial genome microarrays of a fur knock-
out strain of S. oneidensis agree with the well-established
model in which Fur is a negative regulator of siderophore-
receptor-mediated iron acquisition but do not suggest involve-
ment in regulation of Fe(III) respiration (32).

The Fe(IlI)-dependent regulatory system which we identi-
fied here is clearly distinct from Fur. Elucidation of the nature
of this Fe(IlI)-responsive regulator is important for establish-
ing how Shewanella coordinates assimilatory and respiratory
iron metabolism.
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