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The Salmonella Feo system consists of the FeoA, FeoB, and FeoC proteins and mediates ferrous iron [Fe(II)] import. FeoB is an
inner membrane protein that, along with contributions from two small hydrophilic proteins, FeoA and FeoC, transports Fe(II).
We previously reported that FeoC binds to and protects the FeoB transporter from FtsH-mediated proteolysis. In the present
study, we report proteolytic regulation of FeoC that occurs in an oxygen-dependent fashion. While relatively stable under low-
oxygen conditions, FeoC was rapidly degraded by the Lon protease under high-oxygen conditions. The putative Fe-S cluster of
FeoC seemed to function as an oxygen sensor to control FeoC stability, as evidenced by the finding that mutation of the putative
Fe-S cluster-binding site greatly increased FeoC stability under high-oxygen conditions. Salmonella ectopically expressing the
feoB and feoC genes was able to accumulate FeoB and FeoC only under low-oxygen conditions, suggesting that FeoC proteolysis
prevents Salmonella from accumulating the FeoB transporter under high-oxygen conditions. Finally, we propose that Lon-medi-
ated FeoC proteolysis followed by FtsH-mediated FeoB proteolysis helps Salmonella to avoid uncontrolled Fe(II) uptake during
the radical environmental changes encountered when shifting from low-iron anaerobic conditions to high-iron aerobic
conditions.

In contrast to insoluble ferric iron [Fe(III)], which is imported
via complex processes that require siderophores and their recep-

tors, soluble ferrous iron [Fe(II)] is imported directly via mem-
brane transporters in bacteria (1). The Feo system was first iden-
tified in Escherichia coli (2) and mediates Fe(II) import in many
bacterial species (3). This system, encoded by the feo operon, con-
sists of the FeoA and FeoB proteins and also occasionally the FeoC
protein (3). Among the Feo proteins, the FeoB inner membrane
protein functions as a transporter (2) to import Fe(II) via a pro-
cess that hydrolyzes GTP using the N-terminal GTPase domain
(4). The lack of the small FeoA protein impairs Feo-mediated
Fe(II) import in Salmonella enterica (5) and Vibrio cholerae (6).
While FeoA and FeoB from S. enterica interact with each other,
this protein-protein interaction does not occur in V. cholerae (5,
6). Despite these findings, the mechanism whereby FeoA contrib-
utes to Feo-mediated Fe(II) transport remains unknown.

In contrast to the finding that the feoA gene is associated with
the feoB gene in most feo loci, the feoC gene, encoding the small
protein FeoC, exists only in the feo operon of the Gammaproteo-
bacteria (3). The FeoC proteins from Enterobacteriaceae, such as E.
coli and S. enterica, feature a motif with four conserved Cys resi-
dues (CX4CXXCX5– 8C) that is predicted to be an iron-sulfur
(Fe-S) cluster-binding site (3). Consistent with this notion, re-
combinant Klebsiella pneumoniae FeoC was recently reported to
possess a [4Fe-4S] cluster under anaerobic conditions (7). More-
over, when exposed to oxygen, this Fe-S cluster was converted into
the [3Fe-4S] form, leading to eventual dissociation from FeoC (7).
However, the physiologic function of the Fe-S cluster of FeoC has
not yet been assessed.

We previously reported that FeoC is a posttranslational regu-
lator that controls cellular levels of the FeoB transporter in S.
enterica (8). The iron-sensing Fur regulator represses feo tran-
scription, and the oxygen-sensing Fnr regulator activates feo tran-
scription (2, 9). Therefore, Salmonella feo expression is highly in-

duced under low-oxygen conditions with low iron (8), where Fur
activity is reduced (10) and Fnr activity is enhanced (11). How-
ever, even under conditions that allow high-level feoB mRNA pro-
duction, FeoC is still necessary for high cellular levels of the FeoB
transporter (8). This occurs because FeoB is under proteolytic
control by the FtsH protease, where FeoC binds to FeoB and pro-
tects it from FtsH-mediated proteolysis (8). However, given that
the Fur and Fnr regulators can efficiently control feoB mRNA
levels in response to different levels of oxygen and iron, the reason
why Salmonella also controls FeoB levels using the FeoC protein
remains unknown.

In the present study, we reveal that FeoC stability is differen-
tially controlled by changes in oxygen level. Consequently, FeoC is
much more stable under low-oxygen conditions than under high-
oxygen conditions. We determine that oxygen-sensitive degrada-
tion of FeoC occurs in a manner dependent on the Lon protease
and provide evidence that the putative Fe-S cluster of FeoC can
function as an oxygen sensor to control FeoC stability. Given the
role of FeoC in protecting FeoB from FtsH-mediated proteolysis,
degradation of the oxygen-sensing FeoC protein seems to play a
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role in allowing Salmonella to avoid accumulation of the FeoB
Fe(II) transporter in aerobic environments.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Bacterial strains and
plasmids used in this study are listed in Table 1. Salmonella enterica sero-
var Typhimurium strains were derived from strain 14028s. Phage P22-
mediated transductions were performed as described previously (12). S.
Typhimurium strains were grown at 37°C in Luria-Bertani (LB) medium.
Bacteria grown in Erlenmeyer flasks with vigorous shaking were used to
prepare cultures under high-oxygen conditions. Low-oxygen conditions
were achieved by growing bacteria in screw-cap tubes filled with medium
and without agitation. The iron chelator deferoxamine was used at 0.2
mM to reduce the iron levels in LB medium. Ampicillin, chlorampheni-
col, and kanamycin were used at 50 �g/ml, 25 �g/ml, and 50 �g/ml,
respectively. For induction of genes from plasmids, arabinose and IPTG
(isopropyl-�-D-thiogalactopyranoside) were used.

Construction of plasmids. Plasmid pBAD-Lon expresses the lon gene
from the PBAD promoter. For its construction, the lon gene was PCR
amplified using the primer pair EX-lon-F/EX-lon-R and chromosomal
DNA from strain 14028s. The PCR products were purified and introduced
between the XbaI and HindIII restriction sites of pBAD33 (13). Plasmid
plac-FeoC(Mut), a derivative of the plac-FeoC plasmid (8), expresses a
variant of FeoC in which each of four Cys residues (Cys56, Cys61, Cys64,
and Cys70) was replaced with Ala. For its construction, three steps of PCR
were employed (see Fig. S1 in the supplemental material). The first step of
PCR was conducted using the primer pair pUHE21-F/feoC(C56A)-R and
the plac-FeoC plasmid as the DNA template. By using the resulting PCR
products as DNA templates, the second step of PCR was conducted using
the primer pair pUHE21-F/feoC(C56A, C61A, C64A, C70A)-R. Subse-
quently, these PCR products served as the templates in the third step of
PCR, which was conducted with the primer pair EX-feoC-F/feoC(71-
78)-R. Finally, the resulting PCR products were purified and introduced
between the BamHI and PstI restriction sites of the plasmid vector
pUHE21-2lacIq (14). Recombinant plasmid gene sequences were con-

firmed by nucleotide sequencing. The sequences of primers used for con-
struction of plasmids are listed in Table S1 in the supplemental material.

Immunoblot analysis. S. Typhimurium strains were grown in LB me-
dium to optical density at 600 nm (OD600) values of �0.5. Equivalent
amounts of bacterial cells normalized by OD600 value were removed,
washed with phosphate-buffered saline (PBS), suspended in 0.5 ml PBS,
and lysed by sonication. Whole-cell lysates were resolved on 12% SDS
polyacrylamide gels, transferred to nitrocellulose membranes, and ana-
lyzed by immunoblotting using anti-FeoC or anti-FeoB antibodies (5).
Using the purified FeoC protein (8), polyclonal rabbit anti-FeoC antibody
was prepared by Abfrontier (Korea). Blots were developed using anti-
rabbit IgG horseradish peroxidase-linked antibodies (GE Healthcare) and
an enhanced chemiluminescence (ECL) detection system (GE Health-
care).

Determination of FeoC stability. S. Typhimurium strains were grown
in LB medium. When the OD600 values of the cultures reached �0.5,
chloramphenicol (400 �g/ml) or tetracycline (40 �g/ml) was added to the
cultures to inhibit protein synthesis. Immediately following this treat-
ment, equivalent amounts of bacterial cells were removed at the indicated
time points. Whole-cell lysates were prepared, and FeoC levels were de-
termined using immunoblotting, as described above. To determine the
half-life of the FeoC protein, FeoC levels were quantified using the ImageJ
program, and the resulting values were plotted and subjected to linear
regression analysis using the GraphPad Prism program (version 5.0).

RESULTS
The FeoC protein is detected only under low-oxygen conditions
even when the feoC gene is ectopically expressed. We wanted to
determine the levels of FeoC under different levels of oxygen and
iron in Salmonella expressing the feoC gene. For this purpose, we
employed a Salmonella strain with a chromosomal copy of the
feoC gene deleted and instead with the feoC gene expressed from
the plasmid-linked lac promoter. The oxygen-sensing Fnr and
iron-sensing Fur regulators act as an activator and as a repressor,
respectively, in regulating transcription of the feo operon (2, 8, 9).
Thus, in contrast to wild-type Salmonella, which expresses the
feoC gene only under conditions of low oxygen and low iron (8),
the recombinant strain should express the feoC gene upon induc-
tion with IPTG regardless of the levels of oxygen and iron. Indeed,
FeoC was detected only when the feoC deletion strain carrying the
plac-FeoC plasmid was grown with IPTG (Fig. 1). However, even
under feoC-inducing conditions, FeoC was detected only under
low-oxygen conditions (Fig. 1). In contrast to oxygen levels, iron
levels did not affect FeoC detection (Fig. 1).

The FeoC protein is rapidly degraded under high-oxygen
conditions. We sought to explore whether stability of FeoC

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Genotype or relevant characteristics
Reference
or source

S. enterica serovar
Typhimurium
strains

14028s Wild type 19
JH362 14028s �feoB 9
JH363 14028s �feoC 8
HK715 14028s �feoBC 8
DN299 14028s �feoC �clpA::Kmr 8
DN300 14028s �feoC �lon::Kmr 8
DN301 14028s �feoC �hslUV::Kmr 8
DN311 14028s �feoC �clpX 8
HK456 14028s �feoBC �lon::Kmr This study
HK333 14028s �ftsH::Kmr/plac-FtsH 8
HK393 14028s �feoB �ftsH::Kmr/plac-FtsH This study

Plasmids
pUHE21-2lacIq Plac reppMBI Apr lacIq 14
plac-FeoC pUHE21-2lacIq feoC 8
plac-FeoC(Mut) pUHE21-2lacIq feoC (C56A, C61A,

C64A, C70A)
This study

pBAD33 PBAD reppACYC184 Cmr 13
pBAD-FeoB pBAD33 feoB 8
pBAD-Lon pBAD33 lon This study

FIG 1 Even when the feoC gene is ectopically expressed, the FeoC protein is
detected only under low-oxygen conditions. Levels of FeoC were determined
in the feoC deletion strain (�feoC, JH363) carrying the FeoC expression plas-
mid (plac-FeoC) by immunoblot analysis. The strain was grown in LB medium
(high [H] Fe) or in LB medium supplemented with 0.2 mM deferoxamine (low
[L] Fe) under high-oxygen (H, O2) or low-oxygen (L, O2) conditions. IPTG
was used at 0.125 mM to induce feoC expression from the plac-FeoC plasmid.
The band indicated with an asterisk corresponds to a protein displaying cross-
reactivity against the anti-FeoC antibody and serves as an internal loading
control.
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changed upon exposure to different levels of oxygen and iron.
For this purpose, we determined levels of FeoC produced from
the plac-FeoC plasmid in the feoC deletion strain after inhibi-
tion of protein synthesis using chloramphenicol (Cm). In a
high-oxygen and high-iron environment, FeoC was rapidly de-
graded (Fig. 2A), with an �5-min half-life (Fig. 2B). In con-
trast, FeoC was much more stable in a low-oxygen and high-
iron environment. After Cm addition, FeoC levels were slowly
reduced (Fig. 2A), and the half-life of FeoC increased to �52
min (Fig. 2B). Unlike oxygen, iron did not affect FeoC stability,
as the half-life of FeoC was �5 min and �56 min under high-
oxygen/low-iron conditions and under low-oxygen/low-iron

conditions, respectively (Fig. 2). Cumulatively, these results
indicate that FeoC stability is controlled by oxygen levels but
not by iron levels and also suggest that Salmonella is unable to
accumulate FeoC under high-oxygen conditions due to oxy-
gen-sensitive degradation of FeoC.

The Lon protease is responsible for FeoC degradation. We
next determined which protease is responsible for degradation of
FeoC. We reasoned that the lack of such a protease would stabilize
FeoC under high-oxygen conditions. We further hypothesized
that one of the ClpAP, ClpXP, HslUV, or Lon proteases might
target FeoC because these cytoplasmic proteases play roles in reg-
ulated proteolysis in Gram-negative bacteria (15). To test this hy-
pothesis, FeoC was produced from plac-FeoC in feoC deletion
strains carrying an additional deletion of the lon, clpA, clpX, or
hslUV gene. After inhibition of protein synthesis under high-ox-
ygen conditions, FeoC was maintained at similar levels in the feoC
lon deletion strain, in contrast to the rapid degradation of FeoC
observed in the feoC deletion strain (Fig. 3A). While the lack of
either the clpA or hslUV gene slightly increased FeoC stability, the
lack of the clpX gene did not affect FeoC stability under high-
oxygen conditions (Fig. 3A). These results suggest that FeoC is
most likely degraded by the Lon protease.

To further clarify the role of Lon in FeoC proteolysis, we con-
ducted complementation experiments using the pBAD-Lon plas-
mid in which expression of the lon gene is under the control of the
arabinose-inducible PBAD promoter. When a feoC lon deletion
strain carrying the plac-FeoC and pBAD-Lon plasmids was grown
with IPTG and arabinose under high-oxygen conditions, FeoC
was rapidly degraded after protein synthesis inhibition (Fig. 3B),
similar to the result displayed by the feoC deletion strain carrying
plac-FeoC (Fig. 3A). In addition, when the feoC lon deletion strain
carrying plac-FeoC and pBAD-Lon was grown under low-oxygen
conditions, lon induction decreased FeoC levels in a dose-depen-
dent fashion (Fig. 3C), suggesting that Lon overproduction can
result in FeoC proteolysis even under low-oxygen conditions.

FIG 2 FeoC is much more stable under low-oxygen conditions than under
high-oxygen conditions, regardless of iron level. FeoC stability was determined
in the feoC deletion strain (�feoC, JH363) carrying the plac-FeoC plasmid. The
strain was grown in LB medium (high [H] Fe) or in LB medium with 0.2 mM
deferoxamine (low [L] Fe) under high-oxygen (H, O2) or low-oxygen (L, O2)
conditions. The medium contained 0.25 mM IPTG to induce feoC expression
from the plac-FeoC plasmid. (A) Immediately following protein synthesis in-
hibition using 0.4 mg/ml chloramphenicol (Cm), levels of FeoC were deter-
mined by immunoblot analysis at the indicated time points. The band indi-
cated with an asterisk corresponds to a protein displaying cross-reactivity
against the anti-FeoC antibody and serves as an internal loading control. (B)
FeoC levels determined as described for panel A were quantified to determine
the half-life (t1/2) of FeoC. Means and standard deviations from three inde-
pendent experiments are shown.

FIG 3 The Lon protease is responsible for proteolysis of FeoC. Levels of FeoC were determined by immunoblot analysis. (A) FeoC stability was examined in the feoC
deletion (�feoC, JH363), feoC lon deletion (�feoC �lon, DN300), feoC clpA deletion (�feoC �clpA, DN299), feoC clpX deletion (�feoC �clpX, DN311), and feoC
hslUV deletion (�feoC �hslUV, DN301) strains carrying the plac-FeoC plasmid. The strains were grown in LB medium containing 0.25 mM IPTG under
high-oxygen conditions. Immediately following Cm (0.4 mg/ml) addition, levels of FeoC were determined at the indicated time points. (B) FeoC stability was
examined in the feoC lon deletion strain (�feoC �lon, DN300) carrying the plac-FeoC and pBAD-Lon plasmids. The strain was grown in LB medium under
high-oxygen conditions, and FeoC levels were determined at the indicated time points following tetracycline (Tc) addition (0.04 mg/ml). The medium was
supplemented with 0.25 mM IPTG and 0.5 mM arabinose to induce feoC expression from plac-FeoC and lon expression from pBAD-Lon, respectively. (C) FeoC
levels were determined in the feoC lon deletion strain (�feoC �lon, DN300) carrying the plac-FeoC and pBAD-Lon plasmids, which was grown in LB medium
under low-oxygen conditions. The medium was supplemented with 0.25 mM IPTG and with 0.1 mM (�), 0.5 mM (��), or 1.0 mM (���) arabinose (Ara).
The band indicated with an asterisk corresponds to a protein displaying cross-reactivity against the anti-FeoC antibody and serves as an internal loading control.
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Taken together, these results demonstrate that the Lon protease is
responsible for proteolysis of FeoC.

Mutation of the putative Fe-S cluster-binding site increases
FeoC stability. The presence of a putative Fe-S cluster-binding
site is a common feature of the FeoC proteins from members of
the Enterobacteriaceae (3). Consistently with this notion, recom-
binant K. pneumoniae FeoC has recently been demonstrated to
possess an Fe-S cluster (7). Because the Fe-S clusters of regulatory
proteins often sense oxygen to modulate their activities (11, 16)
and because oxygen levels differentially control FeoC stability
(Fig. 2), we hypothesized that the putative Fe-S cluster could play
a role in FeoC proteolysis in Salmonella. We further reasoned that,
if this is the case, mutation of the putative Fe-S cluster-binding site
could affect FeoC stability. To explore this possibility, we con-
structed a derivative of the plac-FeoC plasmid [i.e., plac-FeoC
(Mut)] producing a variant of FeoC in which four Cys residues
(Cys56, Cys61, Cys64, and Cys70) of the putative Fe-S cluster-
binding site were each replaced with Ala.

We then compared the stabilities of the wild-type and mutant
FeoC proteins that were produced from the plac-FeoC(WT)
(same as plac-FeoC) and plac-FeoC(Mut) plasmids, respectively.
Interestingly, the mutant FeoC protein was much more stable
than the wild-type protein under high-oxygen conditions (Fig.
4A), such that the half-lives of the wild-type and mutant FeoC
proteins were �6 min and �32 min, respectively (Fig. 4B). Al-
though the effect was weaker than under high-oxygen conditions,
mutation of the putative Fe-S cluster-binding site also enhanced
FeoC stability under low-oxygen conditions (Fig. 4C), such that
the half-lives corresponding to the wild-type and mutant FeoC
proteins were �57 min and �70 min, respectively (Fig. 4D).

Taken together, these results suggest that the putative Fe-S cluster
on FeoC is involved in controlling the oxygen-sensitive degrada-
tion of FeoC.

Salmonella ectopically expressing the feoB and feoC genes
accumulates FeoB and FeoC only under low-oxygen conditions.
Once produced under low-oxygen conditions, FeoC protects the
FeoB Fe(II) transporter from FtsH-mediated proteolysis (8).
Therefore, we reasoned that, even if the feoB and feoC genes are
ectopically expressed, the FeoB transporter could not accumulate
under high-oxygen conditions due to oxygen-sensitive FeoC pro-
teolysis. To test this idea, we determined the levels of both FeoB
and FeoC in a strain in which the feoB and feoC genes had been
deleted and in which FeoB and FeoC were produced from the
plasmid-linked PBAD and lac promoters, respectively. Indeed,
when expression of the feoB and feoC genes was induced under
different levels of oxygen and iron at the same concentrations of
arabinose and IPTG, FeoB was detected only under low-oxygen
conditions regardless of iron levels (Fig. 5A, lanes 3 and 4). FeoB
accumulation was dependent on FeoC, as evidenced by the finding
that this strain was able to accumulate FeoC only under low-oxy-
gen conditions (Fig. 5A, lanes 3 and 4). We then determined the
levels of FeoB and FeoC produced from the plasmids in the strain
lacking the lon gene. The lack of lon enabled FeoC to accumulate
even under high-oxygen conditions as well as under low-oxygen
conditions (Fig. 5A, lanes 5 to 8), which was consistent with the
role of Lon in FeoC proteolysis (Fig. 3). This FeoC accumulation
led to FeoB accumulation, as evidenced by the finding that in the
lon deletion strain, FeoB accumulated in a fashion similar to the
way FeoC accumulated (Fig. 5A, lanes 5 to 8). Unexpectedly, de-
spite the fact that feoC expression was induced from the plasmid-

FIG 4 Mutation of the putative Fe-S cluster-binding site enhances FeoC stability. The plac-FeoC(Mut) plasmid, a derivative of plac-FeoC, produces a
mutant FeoC protein in which each of four Cys residues in the putative Fe-S cluster-binding site was replaced with Ala. The feoC deletion (�feoC, JH363)
strain carrying the plac-FeoC(WT) (same as plac-FeoC) or plac-FeoC(Mut) plasmid was grown in LB medium containing 0.25 mM IPTG under high-oxygen (A)
or low-oxygen (C) conditions. Immediately following Cm (0.4 mg/ml) addition, levels of the wild-type and mutant FeoC proteins were determined at the
indicated time points by immunoblot analysis. The band indicated with an asterisk corresponds to a protein displaying cross-reactivity against the anti-FeoC
antibody and serves as an internal loading control. The half-lives (t1/2) of the wild-type and mutant FeoC proteins under high-oxygen (B) or low-oxygen (D)
conditions were determined by quantifying the results shown in panel A or C, respectively. Means and standard deviations from three independent experiments
are shown.
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linked lac promoter at the same concentrations of IPTG, FeoC
levels in the lon deletion strain were �3-fold higher under low-
iron conditions than under high-iron conditions (Fig. 5A, lanes 5
and 6). Although we do not know the reason underlying this find-
ing, our results suggest that Lon-mediated proteolysis of FeoC
prevents FeoB accumulation under high-oxygen conditions.

We previously constructed a Salmonella strain (�ftsH::Kmr/
plac-FtsH) lacking the chromosomal copy of the ftsH gene and
instead expressing ftsH from the plasmid-linked lac promoter (8).
When grown without the inducer IPTG, this strain experiences
depletion of the FtsH protease, whereby FeoB accumulates in the
absence of FeoC under low-oxygen conditions (8). Therefore, we
hypothesized that the FtsH-depleted strain ectopically expressing
feoB might accumulate FeoB even under high-oxygen conditions,
where feoC expression is not induced from the chromosome (8).
When feoB expression was induced from the plasmid-linked PBAD

promoter, a feoB deletion strain carrying the intact feoC gene ac-
cumulated FeoB only under low-oxygen conditions regardless of
iron level (Fig. 5B, lanes 1 to 4). In contrast, when the FtsH pro-
tease was depleted in the strain, FeoB was detected not only under
low-oxygen conditions but also under high-oxygen conditions
(Fig. 5B, lanes 5 to 8). Therefore, these results further verify a
correlation between the accumulation of FeoC and that of FeoB.

DISCUSSION

Despite conservation of the feoC gene among the feo loci of gam-
maproteobacteria (3), the role of the FeoC protein in these bacte-
rial species remains poorly understood. We previously reported
that Salmonella FeoC binds to and protects the FeoB Fe(II) trans-
porter from FtsH-mediated proteolysis (8). Through this action,
FeoC enables Salmonella to accumulate high levels of the FeoB
transporter under conditions of low oxygen and low iron (8). In
the current study, we demonstrated that FeoC is degraded by the
Lon protease and that this proteolytic regulation prevents Salmo-
nella from accumulating the FeoB transporter under high-oxygen
conditions.

The presence of a putative Fe-S cluster-binding site is a com-
mon feature among the FeoC proteins of Enterobacteriaceae (3).
Consistently with this notion, recombinant K. pneumoniae FeoC
has been shown to possess an Fe-S cluster (7). In Fe-S cluster
proteins that have regulatory functions, Fe-S clusters respond to
oxidants (i.e., oxygen, superoxide, and nitric oxide) or iron, re-
sulting in modulation of the activities of these proteins (16). In
our study, FeoC was degraded much faster under high-oxygen
conditions than under low-oxygen conditions (Fig. 2). However,
unlike oxygen, iron did not affect FeoC stability (Fig. 2). Mutation
of the putative Fe-S cluster-binding site rendered FeoC less sensi-
tive to oxygen (Fig. 4). This mutation did not affect the ability of
FeoC to protect FeoB from the FtsH protease, as evidenced by the
finding that accumulation of the mutant FeoC protein also led to
FeoB accumulation (see Fig. S2 in the supplemental material).
Therefore, these lines of evidence suggest that the putative Fe-S
cluster of Salmonella FeoC is implicated in controlling the oxygen
sensitivity of FeoC.

Fnr is a transcription factor that possesses an Fe-S cluster act-
ing as an oxygen sensor to control DNA-binding activity (11, 16).
Under anaerobic conditions, the Fnr Fe-S cluster exists in the
[4Fe-4S] state, whereby Fnr undergoes dimerization (16). The di-
meric Fnr protein then binds to gene promoters and controls tran-
scription of genes, including the feo operon (2, 8, 16). On the other
hand, when exposed to oxygen, the Fe-S cluster is converted to the
[2Fe-2S] state, resulting in dissociation of the Fnr dimer into
monomers that cannot bind to DNA (16). The Fe-S cluster is also
crucial for the stability of Fnr. The Fnr regulator is stable under
anaerobic conditions but becomes unstable to be degraded by the
ClpXP protease under aerobic conditions (17). A variant of Fnr
lacking the Fe-S cluster is unstable even under anaerobic condi-
tions, while another variant containing the oxygen-invulnerable
Fe-S cluster is stable even under aerobic conditions, suggesting
that the ClpXP protease degrades the apo-form of Fnr (17).

As is the case with the Fnr regulator, the Fe-S cluster of K. pneu-
moniae FeoC exists in the [4Fe-4S] form under anaerobic condi-
tions (7). When exposed to oxygen, the Fe-S cluster is converted to
the [3Fe-4S] form, which eventually dissociates from FeoC (7).
Assuming that Salmonella FeoC possesses an Fe-S cluster that un-
dergoes oxidation, the form of FeoC that undergoes proteolysis
seems to be somewhat different from that of Fnr. Mutation of the
putative Fe-S cluster-binding site enhanced FeoC stability under
both high- and low-oxygen conditions, although a much greater
effect was observed under high-oxygen conditions (Fig. 4), sug-
gesting that the Lon protease could target the form of FeoC asso-
ciated with the oxidized Fe-S cluster (i.e., [2Fe-2S] or [3Fe-4S])
rather than the apo-form of FeoC. Moreover, the finding that the

FIG 5 Salmonella ectopically expressing the feoB and feoC genes accumulates
FeoB and FeoC only under low-oxygen conditions. Strains were grown in LB
medium (high [H] Fe) or in LB medium supplemented with 0.2 mM deferox-
amine (low [L] Fe) under high-oxygen (H, O2) or low-oxygen (L, O2) condi-
tions. (A) Levels of both FeoB and FeoC were determined by immunoblot
analysis in the �feoBC (HK715) or �feoBC �lon (HK456) strain carrying the
pBAD-FeoB and plac-FeoC plasmids. The medium was supplemented with
arabinose (1.0 mM) and IPTG (0.125 mM) for feoB induction from pBAD-
FeoB and feoC induction from plac-FeoC, respectively. The band indicated
with an asterisk corresponds to a protein displaying cross-reactivity against the
anti-FeoC antibody and serves as an internal loading control. (B) Levels of
FeoB were determined by immunoblot analysis in the �feoB (JH362) or �feoB
�ftsH/plac-FtsH (HK393) strain carrying the pBAD-FeoB plasmid. The me-
dium was supplemented with 1.0 mM arabinose for feoB induction from
pBAD-FeoB. The band indicated with an asterisk corresponds to a protein
displaying cross-reactivity against the anti-FeoB antibody and serves as an
internal control.
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half-life of mutant FeoC under high-oxygen conditions was still
shorter than that of wild-type FeoC under low-oxygen conditions
(Fig. 4) suggests the involvement of an additional factor(s) other
than the Fe-S cluster in controlling Lon-mediated FeoC proteol-
ysis in response to different levels of oxygen.

What is the biological significance of the proteolytic regulation
of FeoC? When Salmonella is grown under conditions of low levels
of oxygen and iron (Fig. 6A), Fur does not repress the feo pro-
moter (2, 8). Because of [4Fe-4S] cluster formation, the Fnr reg-
ulator is not susceptible to the ClpXP protease and is able to acti-
vate the feo promoter (2, 8, 17). These events lead to high-level
production of feo transcripts (8). Under these circumstances, it
might be possible for FeoC to possess the reduced form of the Fe-S
cluster (i.e., [4Fe-4S]). If this is the case, FeoC is less susceptible to
the Lon protease, binds to the FeoB transporter, and protects it
from the FtsH protease (8). Consequently, Salmonella accumu-
lates the FeoB transporter at high levels and takes up Fe(II) in

iron-limited environments (8). Then, Salmonella is abruptly faced
with high levels of oxygen and iron (Fig. 6B). The Fur regulator
associated with Fe(II) represses the feo promoter (2, 8). The Fnr
regulator is converted into the apo-form that can no longer acti-
vate the feo promoter and is eventually degraded by the ClpXP
protease (16, 17). Assuming that FeoB levels are controlled only by
these events at the transcriptional level, levels would gradually
decrease as Salmonella replicates, which could result in uncon-
trolled Fe(II) influx. This would be problematic because Fe(II)
reacts with hydrogen peroxide in the cytoplasm to generate hy-
droxyl radicals under aerobic conditions (18). However, FeoC
that might contain the oxidized Fe-S cluster is quickly degraded by
the Lon protease, which then leads to rapid degradation of the
FeoB transporter by the FtsH protease. Consequently, proteolytic
regulation of FeoC may minimize the chance of Salmonella expe-
riencing uncontrolled Fe(II) uptake via FeoB during environmen-
tal shifts from anaerobic to aerobic conditions.
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