J. Microbiol. Biotechnol. (2007), 17(9), 14521459

JOURNAL
MICROBIOLOGY
BIOTECHNOLOGY

(©) The Karean Society for Micrabiology and Bictechnology

Requirement of Fur for the Full Induction of dps Expression in Salmonella

enterica Serovar Typhimurium

YOO, AH YOUNG', SAM WOONG KIM', JONG EARN YU', YOUNG HEE KIM', JAEHO CHA',
JEONG-IL OH', SEONG KUG EO?, JOHN HWA LEE? aANpD HO YOUNG KANG'™*

Dzvzszon of Biological Sciences, Pusan National University, Busan 609-735, Korea
*College of Veterinary Medicine, Chonbuk National University, Chon-ju 561-756, Korea

Received: February 15, 2007

Abstract The Dps protein, which is overexpressed in harsh
environments, is known to play a critical role in the protection
of DNA against oxidative stresses. In this study, the roles of
Fur in the expression of the dps gene in Salmonella and the
protection mechanisms against oxidative stress in Salmonella
cells preexposed to iron-stress were investigated. Two
putative Fur boxes were predicted within the promoter region
of the S. typhimurium dps gene. The profile of dps expression
performed by the LacZ reporter assay revealed growth-
phase dependency regardless of iron-status under the culture
conditions. The fir mutant, 4659, evidenced a reduced level
of B-galactosidase as compared to the wild-type strain. The
results observed after the measurement of the Dps protein in
various Salmonella regulatory mutants were consistent with
the results acquired in the reporter assay. This evidence
suggested that Fur performs a function as a subsidiary regulator
in the expression of dps. The survival ability of Salmonella
strains after exposure to oxidative stress demonstrated that the
Dps protein performs a pivotal function in the survival of
stationary-phase S. fyphimurium against oxidative stress.
Salmonella cells grown in iron-restricted condition required
Dps for full protection against oxidative stress. The CK24
- (Adps) cells grown in iron-replete condition survived at a
rate similar to that observed in the wild-type strain, thereby
suggesting the induction of an unknown protection mechanism(s)
other than Dps in this condition.

Keywords: Dps, S. typhimurium, iron metabolism, Fur,
oxidative stress

The ability of Salmonella to survive and replicate in host
phagocytes is a crucial factor with regard to its virulence
[8,16]. A number of Salmonella mutants evidencing
increased susceptibility to oxidative stress also demonstrate
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a reduced capacity for survival in macrophages [4, 11, 20,
21, 31]. Salmonella is able to augment its resistance
to phagocyte-derived ROS via the induction of several
pathways that are controlled by a number of regulatory
systems, including OxyRS [15], SoxRS [15], and RpoS
[19].

In cases in which Salmonella was exposed to multiple
stresses, including oxidative stress, DNA binding protein
in stationary phase (Dps) was identified as one of the
principal overexpressed proteins. Dps enables binding to
chromosomal DNA via nonspecific mechanisms, and also
physically protects the DNA against multiple stresses [1,
18, 24]. The Dps protein has been suggested to prevent the
formation of ROS viag interactions with iron, and also to
physically protect DNA against certain dangerous materials,
a consequence of its structural properties [34].

Although many elegant studies of Dps have been
conducted with Escherichia coli, the function of Dps in
Salmonella pathogenesis had, until now, remained poorly
understood. The expression of the dps gene was previously
determined to be induced after ingestion by macrophages
[32], and a dps gene-deficient mutant was shown to lower
survival ratios in macrophages [26].

In recent analyses of the structure of Dps, it has been
determined that Dps evidences a significant degree of
structural homology with the ferritins, which exhibit the
ability to sequester and store iron [34]. Oxidative stress has
been associated closely with iron metabolism [29]. Iron
is a crucial mineral for the vast majority of organisms,
including Salmonella, as it functions as a cofactor in
several metabolism-associated enzymes [22, 33]. However,
iron is also potentially toxic, owing to the low solubility of
the stable oxidation state, Fe(Ill), in addition to its
tendency to generate ROS [13]. Therefore, Salmonella has
developed a number of systems that allow it to acquire and
store iron, simultaneously minimizing its danger (perhaps
by storing it in a nontoxic form) [2]. The Ferric uptake
regulator (Fur) protein is the primary regulator of a number



of genes that are involved in the iron metabolism [14]. The
Fur protein functions either as an activator or as a
repressor, depending on the genes to be expressed [3].

This study attempted to address our current dearth of
knowledge regarding the mechanisms operant upon the
exposure of Salmonella to complex stresses, including
both extreme oxidative stress and iron stress. In this study,
we have characterized the function of Fur in the expression
of the dps gene, as well as the roles of Dps in response to
iron stress.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Culture Conditions

The bacterial strains and plasmids employed in this study
are listed in Table 1. Salmonella typhimurium and E. coli
were grown at 37°C in Luria-Bertani (LB) broth or LB
agar. Antibiotics, when required, were added to the culture

Table 1. Bacterial strains, plasmids, and primers used for this study.

ROLES OF FUR IN pPs EXPRESSION 1453

medium at the concentrations described previously in
Kang et al. [17]. Diaminopimelic acid (DAP) was added
(50 pg/ml) for the asd strains. LB agar containing 5%
sucrose was employed for sacB gene-based counter-
selection in the allelic exchange experiment [9]. In order to
create iron-depleted or iron-replete growth conditions,
2,2'-dipyridyl (200 uM) or FeCl, (100 uM) was added to
the appropriate media, respectively.

General DNA Manipulations

DNA manipulations were conducted as described by
Sambrook and Russel [28]. Transformation into E. coli or
Salmonella was conducted via either rubidium chloride
heat shock or electroporation (Bio-Rad). The recombinant
suicide plasmid was transferred conjugally into Salmonella
using £ coli ¥7213 (asd’) as a plasmid donor. PCR
amplification was employed in order to acquire DNA
fragments for the cloning and verification of the mutated
genes on the chromosome.

Strain, Plasmid, Primer Relevant characteristics

Reference or Source

Strain
Escherichia coli
E. coli DH5q Transformation host for cloning vector, F~, ®80dlacZAM15 A(lacZYA- Promega
argF) U169 recAl endAl hsdR17(r,”,m,") phoA supE44 ” thi”* gyrA96
relAl
E. coli Topl0 Transformation host for cloning vector, F~ mcrA A(mrr-hsdRMS-mcrBC)  Invitrogen
F80lacZAM15 AlacX74 recAl araAl39 Alara-leu)7697 galU galK rpsL
(Str") endA1 nupG
E. coli %7213 E. coli DH5a derivative (Aasd), Km', DAP required [27]
Salmonella
S. typhimurium 3339 SL1344, hisG, Str', wild type [12]
S. typhimurium y4659 3339 derivative, hisG fur::Tnl0, Tet' Lab collection
S. typhimurium CK24 %3339 derivative, hisG Adps This study

S. typhimurium CK32
S. typhimurium CK59

%3339 derivative, hisG ArpoS

v4659 derivative, hisG fur::Tnl0 ArpoS, Tet’ Km'

Lab collection
Lab collection

Plasmid
pDMS197 Suicide vector, R6Kori, Tet" [7]
pGEM-T vector Cloning vector for PCR product, ColElori, Ap’ Promega
pBP37 6.3 kb EcoRI-Pstl JlacZ¥A DNA in pWSK29, Ap’ Lab collection
pBP130 2.0 kb DNA containing 5'-flanking and 3'-flanking regions of dps in This study
pGEM-T vector, Ap'
pBP132 Derivative of pDMS197, recombinant suicide plasmid for Adps, Tet' This study
pBP195 1.0 kb KpnI-HindIil DNA from pBP152 in pBP37, Ap This study
Primer
DLN (Xbal) 5'-getetagatgegttttgecaaag-3'
DLC (BamHI) 5'-geggatccegtcattatttagecggtactcat-3'
DRN (BamHI/Sall) S'-gcggatccggggtegactcacgteggtgaaaa-3'
DRC (Kpnl) 5'-gcggtaccggegtetgegeggtt-3'
RLC (Xbal) 5'-gaattctgaactttcagegtattctg-3'
RLN (EcoRI) 5'-gaattcgcaggggctgaatatcgaag-3'
RRC (EcoRI) 5'-gaattcgcaggggctgaatatcgaag-3'
RRN (Xbal) S'-tetagagtggacggaaatcgactace-3'
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SDS-PAGE and Immunoblot Analysis

The protein samples were solubilized in 2x digestion buffer
[28]. Protein samples suspended in digestion buffer were
boiled for 5 min and separated by discontinuous sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) [28]. The separated proteins were stained with
Coomassie Brilliant Blue G-250 (Sigma), and then destained
using destaining solution.

For immunoblotting, the SDS-PAGE-separated proteins
were transferred to nitrocellulose membranes (Bio-Rad)
through a modified version of the procedures described by
Towbin et al. [30]. The membranes were blocked in 5%
skim milk and then incubated for 2 h with suitably diluted
antisera solution, followed by treatment with a 1:1,000
dilution of horseradish peroxidase-conjugated donkey anti-
rabbit 1gG (Amersham) solution. Immunoreactive bands
were detected by the addition of 4-chloro-1-naphthol
(Sigma) in the presence of H,0, (Sigma). The reaction was
halted by washing with several changes of large volumes
of deionized water.

Construction of a dps::lacZ¥A Fusion Plasmid

In order to determine dps expression at the transcriptional
level, the dps::lacZ¥A fusion plasmid was constructed in
the plasmid pBP37 backbone. The pBP37 plasmid harbors
pSC101 ori and the lacZYA reporter gene, which is localized
in opposite orientation to the bla gene. The reporter gene
can be transcribed by the promoter element cloned into the
multicloning site, which is located upstream of the reporter
gene. The 1.0 kb dps promoter region encompassing the
putative promoter and the N-terminus of the Dps was
PCR-amplified from S. typhimurium ¥3339 chromosomal
DNA as a template, using a pair of the primers DLN
(Xbal) and DLC (BamHI) (Table 1). The 1.0 kb amplified
DNA fragment restricted with the Xbal and BamHI
enzymes was cloned into pBP37, resulting in the formation
of pBP195.

B-Galactosidase Assays

B-Galactosidase assays were conducted in accordance
with the methods previously described by Miller [25]. S.
typhimurium cells grown under various conditions were
permeabilized with chloroform and 1% SDS. Enzyme
activity was spectrophotometrically measured at 420 nm
by measuring the rate of the cleavage of the chromogenic
substrate, o-nitrophenyl-p-p-galactopyranoside (ONPG).
The activity was expressed in Miller units.

Constructions of a S. fyphimurium dps Deletion Mutant

The 1.0 kb 5'-flanking and 1.0 kb 3'-flanking regions of the
dps gene were amplified by PCR from S. fyphimurium
%3339 chromosomal DNA as a template, using the primer
pairs DLN (Xbal) and DLC (BamHI), and DRN (BamHI/
Sall) and DRC (Kpnl), respectively (Table 1). Each of the

PCR products was ligated within the pGEM-T vector,
resulting in the formation of pBP130. The 2.0 kb recombinant
DNA in pBP130 deletes the complete dps ORF. The 2.0 kb
Xbal-Kpnl DNA fragment isolated from pBP130 was
subcloned into the suicide vector pDMS197, resulting in
the formation of the recombinant suicide plasmid pBP132
(Table 1).

The Adps mutation was introduced in S. typhimurium
%3339 by allelic exchange using the suicide vector pBP132,
yielding S. fyphimurium CK24. The presence of the 0.5 kb
deletion was confirmed by PCR with the primer set DLN
{Xbal) and DRC (Kpnl).

Oxidative-Stress Assays

Salmonella cells were cultured in 30 ml of iron-replete or
iron-depleted LB broth until late stationary phase (for
18 h) at 37°C with shaking. In order to create the H,Q,-
induced oxidative stress conditions, various concentrations
of H,0, were added to 1-ml aliquots of stationary-phase
cultures, and incubation was continued for 1 h at 37°C with
aeration. Viable-cell counting was conducted in order to
assess the sensitivity of Salmonella against H,0,-induced
oxidative stress. Cell numbers counted at the point at
which H,0, was added were considered as initial numbers
of the cells. In order to determine the H,O, sensttivity for
cells grown to log phase, overnight cultures were inoculated
into fresh LB broth at a ratio of 1:100 (v:v), and incubation
was continued for 2 h at 37°C with aeration. The viable
cell counts were determined after 1 h of H,O, treatment to
the culture. All assays were conducted in at least three
independent experiments.

RESULTS

Analyses of Salmonella dps Promoter Region

The Dps protein is composed of 167 amino acid residues
and has a molecular mass of 18,7 kDa. The Dps protein in
S. typhimurium evidences up to 95% homology with those
detected in other enteric Gram-negative bacteria, including
E. coli, Shigella, and Yersinia. The nucleotide sequences of
the promoter region of Salmonella dps share 95% identity
with that of the promoter region of E. coli dps (data not
shown), thereby suggesting that the Salmonella dps
promoter may behave similarly to the E. coli dps promoter.
With the existence of OxyR, IHF, and CRP binding motifs,
two putative Fur boxes were predicted within the promoter
region of the S. typhimurium dps gene (Fig. 1). Box 1,
which is located 146 nucleotides upstream from the dps
transcription start site, shared 74% (14/19 nucleotides)
identity with known Fur-binding consensus sequences. It
was determined to overlap with the CRP binding motif.
Another one, box 2, was positioned 95 nucleotides
upstream from the dps transcription start site. Based on
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Fig. 1. Analyses of the Salmonella dps promoter region.

The nucleotide sequence of the putative promoter region of the Salmonella
dps gene is shown. Position +1 represents the transcription start site. The
-10 region recognized by ° (RpoS) is underlined with indication. The
ATG translation start site and the ribosome binding sites (RBS) are
indicated in bold face. The IHF, OxyR, and CRP binding sites are indicated
with dotted lines. Two open boxes indicate the regions of the putative Fur
binding sites.

these analyses, we hypothesized that the Fur regulator may
contribute to the regulation of dps gene expression in
Salmonella.

Iron-independent and Fur-dependent Expression of the
dps Gene

In order to measure dps expression at the transcriptional
level, a dps.:lacZYA transcriptional fusion plasmid, named
plasmid pBP195 (pSC101 ori), was constructed as described
in the Materials and Methods section. S. typhimurium
%3339 harboring pBP195 grown in LB broth evidenced
B-galactosidase activity. Little or no [-galactosidase
activity was detected in S. typhimurium y3339 harboring
pBP37 (a control plasmid carrying promoterless lacZYA).
The P-galactosidase activity profile was proportional to
the cell’s growth phase; specific activity increased along
with culture time (data not shown). The maximum p-
galactosidase activity in cells at the stationary phase is
consistent with the growth phase dependency of dps
expression observed in previous studies [23], thereby
indicating that the dps promoter region cloned in pBP195
operates normally.

In order to assess dps expression in response to iron-
stress conditions, -galactosidase activity was measured
along with culture of S. typhimurium 3339 harboring
pBP195 in iron-replete or -depleted conditions. Although
we expected to observe different levels of B-galactosidase
activity in cells grown under iron-replete or -depleted
conditions, the P-galactosidase activity profile revealed
growth-phase dependency regardless of iron status in culture
conditions (Fig. 2). Interestingly, the B-galactosidase activity
in S. typhimurium 4659 (null mutant for fir) harboring
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Fig. 2. Fur-dependent expression of the dps gene.

Salmonella cells were cultured in iron-replete (triangles) or iron-depleted
(squares) LB broth. The f-galactosidase activities in wild-type S.
typhimurium %3339 (solid symbols) and fur mutant S. typhimurium 4659
(open symbols) harboring pBP195 were measured along with the culture.
The activities expressed as mean values of triplicate measurements are
expressed in Miller units.

pBP195 was dramatically reduced as compared with that
of S. typhimurium %3339 harboring pBP195. The ¢4659
mutant harboring pBP195 expressed a similar level of (3-
galactosidase regardless of iron conditions, as was also
observed in Salmonella %3339 harboring pBP195. These
results indicate that the iron status in culture conditions does
not contribute significantly to dps expression. Additionally,
the association of the Fur regulator with dps expression
was determined.

Requirement of Fur for the Full Induction of dps Gene
Expression
RpoS, an alternative sigma factor implicated in the response
to stress-induced gene expression, is known to be a typical
positive regulator of dps expression in S. fyphimurium [19].
Evidence for the association of Fur with dps expression
(Fig. 2) enforced the investigation of roles of Fur in RpoS-
mediated dps expression. S. typhimurium strains, 3339
(wild-type), 4659 (fur"), CK32 (ArpoS), or CK59 (fur,
ArpoS) harboring pBP195 were grown until the stationary
phase in LB broth in order to measure the levels of p-
galactosidase. The fur mutant 44659 evidenced a reduced
level of B-galactosidase as compared with the wild-type strain
(Fig. 3A). As had been expected, the CK32 and CK59
strains expressed dramatically reduced [-galactosidase
activity, due to a lack of RpoS. Interestingly, CK59 (fur",
ArpoS) harboring pBP195 revealed levels of -galactosidase
that were lower (50%) than was observed with CK32,
indicating that Fur, in addition to RpoS, is required for full
dps expression.

In order to provide direct evidence for Dps expression,
we conducted Western blotting in order to detect the
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Fig. 3. Requirement of Fur for the full expression of dps.

A. B-Galactosidase activities in the Salmonella defecting regulatory
proteins. B-Galactosidase activities were measured in S. fyphimurium cells
harboring pBP195 cultured in LB broth until the stationary phase. Levels
are expressed as the mean values of triplicate measurements. S.
typhimurium strains; wild-type, %3339; fur mutant, y4659; rpoS deletion
mutant, CK32; double mutant (fur”, drpoS), CK59. B. Western blot
analysis of Dps protein. Salmonella cells cultured in LB broth until
stationary phase were subjected to Western blotting. The immunoreactive
Dps protein was detected using the Dps-specific polyclonal antibody
generated in another study. Equal amount of sample loading was confirmed
by comparisons of the intensity of Coomassie-stained bands after SDS-
PAGE. Strains (bottom panel). The same Salmonella strains designated in
panel A were used.

protein using Dps-specific polyclonal antibody. The 34659
Sfur mutant expressed a reduced quantity of Dps protein as
compared with the wild-type strain (Fig. 3B). Although
dramatically reduced levels of Dps were detected in the
CK32 strain, only a small amount of Dps was detected. No
Dps protein was detected in the CK59 strain. An equal
amount of sample loading for Western blotting was
demonstrated by comparing the intensity of Coomassie-
stained bands following SDS-PAGE. All of the indirect
(by B-galactosidase assay) and direct (by Western blot)
evidence suggested that Fur performs a function as a
subsidiary regulator in RpoS-mediated dps expression.

Growth Phase-dependent Hypersensitivity of Salmonella
Against Oxidative Stress

In order to characterize the function of the Dps protein in
Salmonella, we attempted to determine the survival ability
of cells after exposure to the oxidative stress conditions
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Fig. 4. Sensitivity of dps mutant to oxidative stress.

S. typhimurium %3339 (solid symbols), or CK24 (open symbols) cells
grown to exponential (A) or stationary (B) phase in LB broth were exposed
to various H,O, concentrations for 1 h. Viable-cell counting was conducted
to determine the number of survived cells. Asterisks indicate that no cells
survived under those conditions. All assays were conducted at least three
times.

induced by hydrogen peroxide (H,0,). Both S. syphimurium
%3339 and CK24 strains grown at the exponential phase
proved to be extremely sensitive to oxidative stress
(Fig. 4A). Approximately 10% of the cells survived after
treatment with 10 mM H,0,. Treatment with S0 mM H,0,
killed all of the cells. By way of contrast with the cells in
exponential phase, the cells grown at the stationary phase
maintained viability even in the presence of 200 mM H,0,
(Fig. 4B). However, the %3339 and CK24 strains showed
apparently different viability following treatment with
more than 400 mM H,0O,. The viable counts of the CK24
strain were 3 log CFU lower than that of %3339 after
treatment with 400 mM H,O,. These results demonstrate
that the Dps protein performs a pivotal function in the
survival of stationary-phase S. fyphimurium against oxidative
stress.



Requirement of Dps for Survival Against Oxidative
Stress Under Iron-restricted Condition

In general, bacterial cells exploit a variety of protection
systems to protect cells against attack by reactive oxygen
species, which are generated principally after reaction with
iron and various oxygen-containing molecules, including
H,0, [10]. Therefore, cells exposed to iron-depleted or
iron-replete conditions may develop different levels of
protection ability against oxidative stress. Little or no in
vivo evidence has been discovered regarding the responses
of Salmonella grown under a variety of iron conditions to
oxidative stress, with regard to the Dps protein. In order to
examine the survival ability of iron-stressed Saimonella
against oxidative stress, S. fyphimurium %3339 or CK24
(4dps) grown to the stationary phase under iron-replete or
-depleted conditions was treated with various H,O,
concentrations. The survived cells were counted by viable
counting procedures. The wild-type strain evidenced
resistance against H,0, exposure, regardless of preexposure
to iron (Fig. 5). Interestingly, the CK24 (Adps) cells grown
under iron-replete condition survived at a similar level
as was observed in the wild-type strain, suggesting the
induction of some protection mechanism(s) other than Dps
in this condition. The CK24 grown under iron-depleted
condition evidenced profound sensitivity to H,0,. The
CK24 cells grown under iron-depleted condition survived
at a rate of 3 log CFU lower than the cells grown in iron-
replete condition coupled with treatment with 150 mM
H,0,. These results indicated that Salmonella cells exposed
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Fig. 5. Survival of iron preexposed Salmonella against oxidative
stress.

S. typhimurium %3339 (solid symbols) and CK24 (Adps) (open symbols)
cells grown until the stationary phase under iron-replete (triangles) or
depleted (squares) conditions were exposed to various H,0, concentrations
for 1 h. Viable-cell counting was conducted to determine the numbers of
survived cells. The asterisk indicates no cells survived under that
condition. All assays were conducted at least three times.
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Fig. 6. Model for the Salmonella protection mechanism against
oxidative stress combined with iron stress.

OxyR, RpoS, and Fur positively regulate dps gene expression in response
to oxidative stress. Dps-mediated protection occurs regardless of iron. In
the presence of iron, an unknown component (designated as U) in addition
to Dps may be involved in the protection. The question mark indicates a
putative regulator responding to iron restriction.

to high-iron condition operate multiple mechanisms,
including Dps, to protect cells against oxidative stress, and
cells grown under iron-restricted condition required Dps
for full protection against oxidative stress condition.

DISCcUSSION

The association of iron metabolism with oxidative stress
[29] and the existence of two putative Fur binding boxes
(Fig. 1) were two key facts that compelled us to conduct
this research. Although Fur functions as either an activator
or as a repressor, the repressor function has been studied
to a significantly higher degree than have the activator
functions. When Fur works as a repressor in the transcription
of a gene, the Fur binding sites locate at the -35 and -10
sequences in the promoter of the gene, thereby allowing
for the occlusion of the RNA polymerase access [3, 5, 14].
The putative Fur binding sites in the dps promoter are
positioned at least 35 nucleotides upstream from the -35
sequences (Fig. 1), thereby suggesting that if Fur does
function in dps transcription, it will not function as a
repressor. The association of Fur with the transcription of
dps was demonstrated by both B-galactosidase assays with
dps::ZYA transcriptional fusion (Figs. 2 and 3A) and by
Western blot analyses (Fig. 3B). In the (-galactosidase
analysis, it was apparent that the promoter activity in a
strain defecting Fur was far lower than that observed in the
wild-type strain. In order to verify our results, we checked
the phenotype of the S. fyphimurium %4659 fur mutant
strain. The 4659 strain secreted siderophores under iron-
replete condition (data not shown), which is a typical
phenotype of the fir mutant [14]. The existence of a small
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amount of Dps protein in CK32 (4rpoS) and the absence
of the Dps protein in CK59 (fur”, ArpoS) clearly indicate
the roles of Fur and RpoS in dps expression; RpoS is the
major regulator and Fur functions as a subsidiary regulator
in the transcription of dps in Salmonella. Fur has been
reported to function as a positive regulator [6]. The
requirement of Fur for the full induction of dps expression
is described for the first time in this study. However, the
question as to the possibility of direct interaction between
the Fur protein and the putative Fur binding sites remains
to be answered.

The hypersensitivity of cells in the exponential phase
against oxidative stress as compared with cells in the
stationary phase (Figs. 4A and 4B) was consistent with the
results described in previous studies [26], thereby indicating
the normal operation of our oxidative stress assay. The in
vivo role of Dps to protect cells against oxidative stress
was confirmed by the lower survival ability of the CK24
strain after exposure to H,0O, (Fig. 4B). Although the
presence or absence of iron in the media did not influence
dps expression (Fig. 1), the dps deletion mutant cells grown
in iron-restricted condition were significantly more sensitive
than were the cells grown in iron-replete condition against
oxidative stress (Fig. 5), thereby indicating that unknown
protection factor(s) other than Dps may be induced in iron-
replete condition.

Based on the evidences presented in this study, we
hypothesized that Salmonella exploits a series of complicated
protection mechanisms to protect cells against oxidative
stress: multiple protectors including Dps are involved, and
these are differentially expressed in different environments
(Fig. 6). These complicated systems may allow for the
survival of Salmonella under a variety of environments
occurring in the host during Salmonella infection.

Acknowledgment

This work was supported by grant No. RT105-03-02 from
the Regional Technology Innovation Program of the
Ministry of Commerce, Industry, and Energy (MOCIE).

REFERENCES

1. Almiron, M., A. J. Link, D. Furlong, and R. Kolter. 1992. A
novel DNA-binding protein with regulatory and protective
roles in starved Escherichia coli. Genes Dev. 6: 2646—
2654,

2. Andrews, S. C., A. K. Robinson, and F. Rodriguez-Quinones.
2003. Bacterial iron homeostasis. FEMS Microbiol Rev. 27:
215-237.

3. Bagg, A. and J. B. Neilands. 1987. Ferric uptake regulation
acts as a repressor, employing iron(Il) as a cofactor to bind

10.

11.

12.

13.

14.

15.

16.

17.

the operator of an iron transport operon in' Escherichia coli.
Biochemistry 26: 5471-54717.

. Buchmeier, N. A., C. J. Lipps, M. Y. So, and F. Heffron.

1993. Recombination-deficient mutants of Salmonella
typhimurium are avirulent and sensitive to the oxidative
burst of macrophages. Mol. Microbiol. 7: 933-936.

. De Lorenzo, V., S. Wee, M. Herrero, and J. B. Neilands.

1987. Operator sequences of the aerobactin operon of
plasmid ColB-K3 binding the ferric uptake regulation (fur)
repressor. J. Bacteriol. 169: 2624-2630.

. Dubrac, S. and D. Touati. 2000. Fur positive regulation of

iron superoxide dismutase in Escherichia coli: Functional
analysis of the sodB promoter. J. Bacteriol. 182: 3802-
3808.

. Edwards, R. A., L. H. Keller, and D. M. Schifferli. 1998.

Improved allelic exchange vectors and their use to analyze
987P fimbria gene expression. Gene 207: 149-157.

. Fields, P. 1., V. Swansom, C. G. Haidaris, and F. Heffron.

1986. Mutants of Salmonella typhimurium that cannot
survive within the macrophage are avirulent. Proc. Natl.
Acad. Sci. USA 83: 5189-5193.

. Gay, P, D. le Coq, M. Steinmetz, T. Berkelman, and C. 1.

Kado. 1985. Positive selection procedure for entrapment of
insertion sequence elements in Gram-negative bacteria. J.
Bacteriol. 164: 918-921.

Greenberg, J. T. and B. Demple. 1989. A global response
induced in Escherichia coli by redox-cycling agents
overlaps with that induced by peroxide stress. J. Bacteriol.
171: 3933-3999.

Groote, M. A., U. A. Ochsner, M. U. Shiloh, C. Hathan,
J. M. McCord, M. C. Dinauer, S. J. Libby, A. Vazqurez-
Torres, Y. Xu, and F. C. Fang. 1997. Periplasmic superoxide
dismutase protects Sa/monella from products of phagocyte
NADPH-oxidase and nitric oxide synthase. Proc. Natl.
Acad. Sci. USA 94: 13997-14001.

Gulig, P. A. and R. Curtiss TII. 1987. Plasmid-associated
virulence of Salmonella typhimurium. Infect. Immun. 55:
2891-2901.

Halliwell, B. and J. M. Gutteridge. 1984. Oxygen toxicity,
oxygen radicals, transition metals and disease. .J. Biochem.
219: 1-14.

Hanke, K. 1981. Regulation of ferric iron transport in
Escherichia coli K12: Isolation of constitutive mutant. Mol.
Gen. Genet. 182: 288-292.

Hildalgo, E. and B. Demple. 1996. Adaptive response to
oxidative stress: The soxRS and oxyR regulons, pp. 435—
452. In E. C. C. Lin and A. S. Lynch (eds). Regulation of
Gene Expression in Escherichia coli. RG Landes, Austin,
TX.

Jung, S. J., H-J. Kim, and H.-Y. Kim. 2005. Quantitative
detection of Salmonella typhimurium contamination in milk,
using real-time PCR. J. Microbiol. Biotechnol. 15: 1353-
1358.

Kang, H. Y., J. Srinivasan, and R. Curtiss III. 2002. Immune
responses to recombinant pneumococcal PspA antigen
delivered by live attenuated Salmonella enterica serovar
typhimurium vaccine. Infect. Immun. 70: 1739-1749.



18.

19.

20.

21.

22.

23.

24.

25.

26.

Kim, D. S., Y. 1. Park, H. B. Lee, and Y. J. Kim. 2005.
Efficient expression of a carbon starvation promoter activity
under nutrient limited chemostat culture. J Microbiol.
Biotechnol. 15: 678—682.

Lacour, S. and P. Landini. 2004. c*-dependent gene expression
at the onset of stationary phase in Escherichia coli: Function
of ¢°-dependent genes and identification of their promoter
sequences. J. Bacteriol. 186: 7186-7195.

Lee, Y. H., E. Y. Ahn, S. S. Park, E. L. Madsen, C. O. Jeon,
and W. J. Park. 2006. Construction of reporter strain
Pseudomonas putida for the detection of oxidative stress
caused by environmental pollutants. J. Microbiol. Biotechnol.
16: 386~-390.

Libby, S. J., W. Goebel, A. Ludwig, N. Buchmeier, F. C.
Fang, D. G. Guiney, J. G Songer, and F. Heffron. 1994. A
cytolysin encoded by Salmonella is required for survival
within macrophages. Proc. Natl. Acad. Sci. USA 91: 489-
493.

Lieu, H. Y., H. S. Song, S. N. Yang, J. H. Kim, H. J. Kim,
Y. D. Park, and H. Y. Kim. 2006. Identification of proteins
affected by iron in Saccharomyces cerevisiae using proteome
analysis. J. Microbiol. Biotechnol. 16: 946-951.

Loewen P. C., B. Hu, J. Strutinsky, and R. Sparling. 1998.
Regulation in the rpoS regulon of Escherichia coli. Can. J,
Microbiol. 44: 707-717.

Martinez, A. and R. Kolter. 1997. Protection of DNA during
oxidative stress by the nonspecific DNA-binding protein
Dps. J. Bacteriol. 179: 5188-5194.

Miller, J. H. 1972. Experiments in Molecular Genetics. Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.
Nair, S. and S. E. Finkel. 2004. Dps protects cells against
multiple stresses during stationary phase. J. Bacteriol. 186:
4192-4198.

27.

28.

29.

30.

3L

32.

33.

34.

ROLES OF FUR IN DPS EXPRESSION 1459
Roland, K., R. Curtiss III, and D. Sizemore. 1999,
Construction and evaluation of a Acya Acrp Salmonella
typhimurium strain expressing avian pathogenic Escherichia
coli O78 LPS as a vaccine to prevent air sacculitis in
chickens. Avian Dis. 43: 429-441.

Sambrook, J. and D. W. Russel. 2001. Molecular Cloning A
Laboratory Manual, 3rd Ed. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, N.Y.

Touati, D. 2000. Iron and oxidative stress in bacteria. Arch.
Biochem. Biophys. 373: 1-6.

Towbin, H., T. Stachelin, and J. Gordon. 1979. Electrophoretic
transfer of proteins from polyacrylamide gels to nitrocellulose
sheets: Procedure and some applications. Proc. Natl. Acad.
Sci. USA 76: 4350-4354.

Tsolis, R. M., A. J. Baumler, and F. Heffron. 1995. Role of
Salmonella typhimurium Mn-superoxide dismutase (SodA)
in protection against early killing by J774 macrophages.
Infect. Immun. 63: 1739-1744.

Valdivia, R. H. and S. Falkow. 1996. Bacterial genetics by
flow cytometry: Rapid isolation of Salmonella typhimurium
acid-inducible promotets by differential fluorescence induction.
Mol. Microbiol. 22: 367-378.

Wackett, L. P, W. H. Orme-Johnson, and C. T. Walsh. 1989.
Transition metal enzymes in bacterial metabolism, pp. 165~
206. In T. J. Beveridge and R. J. Doyle (eds.), Metal Irons
and Bacteria. John Wiley & Sons, Inc., New York, N.Y.
Zhao, G, P. Ceci, A. llari, L. Giangiacomo, T. M. Laue, E.
Chiancone, and N. D. Chasteen. 2002. Iron and hydrogen
peroxide detoxification properties of DNA-binding protein
from starved cells. J. Biol. Chem. 277: 27689-27696.



