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Salmonella enterica serovar Typhimurium has two manganese transport systems, MntH and SitABCD. MntH
is a bacterial homolog of the eukaryotic natural resistance-associated macrophage protein 1 (Nramp1), and
SitABCD is an ABC-type transporter. Previously we showed that mntH is negatively controlled at the tran-
scriptional level by the trans-acting regulatory factors, MntR and Fur. In this study, we examined the
transcriptional regulation of sitABCD and compared it to the transcriptional regulation of mntH by construct-
ing lacZ fusions to the promoter regions with and without mutations in putative MntR and/or Fur binding sites.
The presence of Mn caused transcriptional repression of the sitABCD and mntH promoters primarily via MntR,
but Fur was also capable of some repression in response to Mn. Likewise, Fe in the medium repressed
transcription of both sit and mntH primarily via Fur, although MntR was also involved in this response.
Transcriptional control by MntR and Fur was disrupted by site-specific mutations in the putative MntR and
Fur binding sites, respectively. Transcription of the sit operon was also affected by the oxygen level and growth
phase, but the increased expression observed under high oxygen conditions and higher cell densities is
consistent with decreased availability of metals required for repression by the metalloregulatory proteins.

Salmonella enterica serovar Typhimurium has two known
manganese transport systems, MntH and SitABCD (20–22).
MntH is a bacterial homolog of the eukaryotic natural resis-
tance-associated macrophage protein 1 (Nramp1), a cation
transporter (22, 24). Loss of Nramp1 in mice leads to increased
susceptibility to intracellular pathogens, including Salmonella
(39). Homologs of Nramp1 are found in several bacterial spe-
cies, including Bacillus subtilis, Escherichia coli, and Salmonella
(22, 24, 32). The second manganese transporter of Salmonella
is an ABC-type transporter named SitABCD (20). The genes
encoding SitABCD are located in the pathogenicity island
SPI-1 and were first identified upon sequencing of that island
(43). Although both MntH and SitABCD can transport iron, it
is believed that manganese is the primary divalent metal trans-
ported by these two systems under physiological conditions
(20, 22).

Control of metal ion transport is often mediated by metal-
loregulatory proteins. In response to the presence or absence
of metal ions, these proteins activate or repress gene transcrip-
tion. Several metalloregulatory proteins have been identified
and include Fur, DtxR, Mer, and SmtB/AsrR, each being rep-
resentative of a larger family of proteins (5, 7, 15). Fur was
initially discovered in E. coli, and homologs in other bacteria,
including Salmonella, were found later (11, 15). In response to
iron, Fur regulates genes encoding iron transport systems as
well as transport systems for other metals, metabolic enzymes,

oxidative stress response functions, and virulence factors (11).
Other Fur-like homologs (Zur and PerR) that respond to met-
als other than iron, namely, Zn and Mn, are known (6, 29).
Regulation by Fur and putative Fur binding sites in the pro-
moter regions were reported for mntH of E. coli (30) and
Salmonella (19) and for sitABCD of Salmonella (18, 43). DtxR
was first identified as an iron-dependent repressor of toxin
production in Corynebacterium diphtheriae and later found to
control other iron-responsive genes (37). Although there is no
sequence similarity between DtxR and Fur (less than 20%
identity), there is evidence for structural homology (12). Re-
cently, a manganese-dependent metalloregulatory protein that
was similar to MntR of B. subtilis and belonged to the DtxR
family of proteins was discovered in E. coli (30). After the
protein was purified, it was shown by DNase I footprinting that
it bound to an inverted repeat located in the mntH promoter of
E. coli. Similar inverted repeats are found in the mntH and
sitABCD promoter regions of Salmonella (22), and an MntR
ortholog was identified in Salmonella (19).

The importance of manganese and manganese transport in
Salmonella pathogenesis is only beginning to be studied (21,
42). Although the genes encoding SitABCD are located in the
pathogenicity island SPI-1, responsible for invasion of epithe-
lial cells, the sit operon does not appear to be involved in
invasion (18, 41, 43). Consistent with those results, sit appears
to be induced in mice after invasion of the intestinal mucosa
(18) and after uptake by macrophage cells in culture (41).
Similarly, mntH is not involved in the invasion of HeLa cells,
and the expression of mntH is induced after phagocytosis by
macrophages (22, 41). Virulence studies show a clear role for
both sit and mntH during infection (4, 18, 21, 41). A virulence
defect is particularly evident when both Mn transporters are
mutated (4, 41). The phenotype is also enhanced in Nramp1�/�
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mice, suggesting that the host and bacterial transporters could
compete for available Mn (41).

In this study, we examine the transcriptional regulation of
sitABCD in Salmonella by divalent metals Fe and Mn. Fur and
MntR, acting at their cognate binding sites in the promoter
regions, control the sitABCD operon and mntH gene. Although
Fur responds primarily to iron and MntR responds primarily to
manganese, each metalloregulatory protein also represses
transcription in the presence of the other metal, albeit at lower
efficiency. Transcriptional changes in response to the environ-
ment primarily reflect the availability of metals.

MATERIALS AND METHODS

Bacterial strains and growth conditions. All Salmonella strains used in this
study (except JS198) are isogenic derivatives of S. enterica serovar Typhimurium
strain 14028 (American Type Culture Collection) and are shown in Table 1. M63
medium supplemented with 0.2% glucose (34) or M63 medium supplemented
with 0.2% glucose and 0.1% Casamino Acids, followed by a batch treatment with
a chelating resin (Chelex 100; Bio-Rad), was used for minimal medium condi-
tions. Luria-Bertani (LB) broth or agar was used as rich medium (34). When
required, the following antibiotics were included in the culture medium at the
following concentrations: ampicillin, 50 �g/ml; chloramphenicol, 20 �g/ml; kana-
mycin, 50 �g/ml; and tetracycline, 25 �g/ml. Transcriptional lacZ fusion con-
structs used in �-galactosidase assays were grown by the following basic proce-
dure. A single colony was used to inoculate LB broth and incubated at 37°C with
shaking for 20 h. The culture was washed twice with 0.85% NaCl, and the final
pellet was resuspended in an equal volume of 0.85% NaCl. The washed cells
were diluted 1:100 in minimal medium with or without added metals and grown
to stationary phase by incubating at 37°C with shaking for 20 h.

For the growth phase assays, washed cells from the culture grown overnight
were inoculated into minimal medium containing 20 �M Mn or into LB broth
and then incubated at 37°C with shaking until early exponential phase of growth
was reached (optical density at 600 nm [OD600] of 0.2). The culture was then
diluted 1/2 with fresh appropriate medium and incubated until it reached an
OD600 of 0.25. The cells were then washed with 0.85% NaCl, resuspended in the
same medium, diluted 1:100 in the appropriate medium, and incubated until
early exponential phase (OD600 of 0.2) or stationary growth phase (20 h incu-
bation) was attained. Aerobically grown cells were incubated with shaking in
loosely capped tubes, and anaerobically grown cells were incubated statically in
14.5 ml of broth in tightly capped 15-ml tubes.

Molecular biology and biochemical methods. Standard molecular biology
techniques were used and are briefly described here. Plasmids, chromosomal
DNA, and amplified DNA fragments were isolated and purified using commer-
cially available kits (QIAGEN). Amplification of DNA was performed by PCR
using Taq polymerase (Promega) or Pfx DNA polymerase (Invitrogen) according
to suggested protocols. Primers were synthesized by Integrated DNA Technol-
ogies, Inc. DNA sequence analyses were conducted by the W. M. Keck Center
for Comparative and Functional Genomics (University of Illinois at Urbana-
Champaign). Restriction enzymes were used in accordance with the manufac-
turer’s suggestions (Invitrogen or New England Biolabs). Transformation by
electroporation and transduction were performed by the methods of Maloy et al.
(25). Mutations in specific genes were created by the Lambda Red recombina-
tion method (8, 40) as described by Ellermeier et al. (10). Transcriptional activity
was determined by performing �-galactosidase assays in microtiter plates as
described previously (35).

Construction of lacZ transcriptional fusions. The single-copy lacZ transcrip-
tional fusions to sitA used in some experiments and the fusions to mntR were
constructed using pCE37 and pKG136, respectively, as described previously (10).
Fusions of the mntH and sit promoter regions, with wild-type or mutant se-
quences, were constructed in the single-copy lacZ fusion vector pAH125 (14).
The promoter region cloned upstream of lacZ, along with bases changed in the
Fur and MntR binding sites, is indicated in Fig. 1.

Briefly, the wild-type promoters were amplified from S. enterica serovar Ty-
phimurium strain 14028 by PCR using primers sitP100 (5�-ACAACTGCAG
TCGCCATTTC GCAAATAAGA ATTATTTTCA TT-3�) and sitP160 (5�-CG
AATTCCTC GCAACAATGT GGTTAATTAA TCATC-3�) for the sit pro-
moter and primers mntP100 (5�-ACAACTGCAG CCATTGAAAT GCACTT
GATA ATCATTATCA AT-3�) and mntP150 (5�-CGAATTCCTC AAAAAC
ATAG CCTTTGCTAT GTTTCA-3�) for the mntH promoter. These primers
add PstI (sitP100 and mntP100) or EcoRI (sitP160 and mntP150) restriction sites

to the ends of the amplified promoter sequences. Primers used to generate
mutations in the putative Fur binding sites (sitP101 for the sit promoter, 5�-
ACAACTGCAG TCGCCATTTC GCGGCGAAGA ATTTGCGTCA TT-3�;
mntP101 for the mntH promoter, 5�-ACAACTGCAG CCATTGAAAT GCGG
CGGATA ATCTGCGTCA AT-3�) and/or MntR binding sites (sitP151 for the
sit promoter, 5�-GGTTAATTAA TCATCGAATA CCTCCTTTGT CCTGTTA
TA-3�; mntP151 for the mntH promoter, 5�-CGAATTCCTC AAAAACACCT
CCTTTGTCCT GTTTCA-3�) were substituted for one or more of the wild-type
primers in the amplification step. In the case of sit constructs with mutations in
the MntR binding site, the fragments were initially amplified using primers
sitP100 and sitP151, and the resulting product was used as the template in a PCR
using primers sitP100 (or sitP101) and sitP160.

TABLE 1. Salmonella serovar Typhimurium strains
used in this study

Strain Genotype Source or
referencea

14028 Wild-type ATCCb

JS198 LT2 metE551 metA22 ilv-452 trpB2 hisC527(Am)
galE496 xyl-404 rpsL120 flaA66 hsdL6
hsdSA29 zjg-8103::pir� recA1

10

JS210 14028 �(sitA�-lac�)110 10
JS211 JS210 �fur-41::cat 10
JS390 JS210 �mntR51
JS391 JS210 �mntR51 �fur-41::cat
JS392 JS210 fnr-2::Tn10 �arc
JS401 14028 �mntR51
JS402 14028 �fur-41::cat
JS403 14028 �mntR51 �fur-41::cat
JS404 14028 att�::pAH125::sitA�-lac� (wild-type

binding sites)
JS405 14028 att�::pAH125::sitA�-lac� (mutated Fur

binding site)
JS406 14028 att�::pAH125::sitA�-lac� (mutated MntR

binding site)
JS407 14028 att�::pAH125::sitA�-lac� (mutated MntR

and Fur binding sites)
JS408 JS404 �mntR51
JS409 JS405 �mntR51
JS410 JS406 �mntR51
JS411 JS407 �mntR51
JS412 JS404 �fur-41::cat
JS413 JS405 �fur-41::cat
JS414 JS406 �fur-41::cat
JS415 JS407 �fur-41::cat
JS416 JS404 �mntR51 �fur-41::cat
JS417 JS405 �mntR51 �fur-41::cat
JS418 JS406 �mntR51 �fur-41::cat
JS419 JS407 �mntR51 �fur-41::cat
JS420 14028 att�::pAH125::mntH�-lac� (wild-type

binding sites)
JS421 14028 att�::pAH125::mntH�-lac� (mutated Fur

binding site)
JS422 14028 att�::pAH125::mntH�-lac� (mutated

MntR binding site)
JS423 14028 att�::pAH125::mntH�-lac� (mutated

MntR and Fur binding sites)
JS424 JS420 �mntR51
JS425 JS421 �mntR51
JS426 JS422 �mntR51
JS427 JS423 �mntR51
JS428 JS420 �fur-41::cat
JS429 JS421 �fur-41::cat
JS430 JS422 �fur-41::cat
JS431 JS423 �fur-41::cat
JS432 JS420 �mntR51 �fur-41::cat
JS433 JS421 �mntR51 �fur-41::cat
JS434 JS422 �mntR51 �fur-41::cat
JS435 JS423 �mntR51 �fur-41::cat
JS436 14028 �(mntR�-lac�)52
JS437 JS436 rpoS::tet
JS438 JS436 �fur-41::cat

a This study, unless otherwise noted.
b ATCC, American Type Culture Collection.
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All amplified fragments were purified by gel extraction, digested with PstI and
EcoRI, and ligated into the corresponding restriction sites of the conditional
replication, integration, and modular (CRIM) reporter plasmid, pAH125 (14).
The cloned inserts were verified by DNA sequence analysis. The plasmid con-
structs were then electroporated into serovar Typhimurium JS198 (r� m� 	�),
reisolated, and electroporated into serovar Typhimurium strain 14028 containing
the CRIM helper plasmid pINT-ts for integration into the host chromosome at
att� by the method of Haldimann and Wanner (14). Finally, the chromosomally
integrated promoter-lacZ fusions were transduced into the following strains
using P22Htint: 14028, 14028 �mntR (JS401), 14028 �fur::cat (JS402), and 14028
�mntR �fur::cat (JS403).

RESULTS

Comparison of the sitABCD and mntH promoter sequences.
The two known Mn transport systems in Salmonella belong to
the ABC-type or Nramp-type transport system. Although the
transporters involved are not functionally similar, the pro-
moter regions of sitABCD and mntH do share common fea-
tures (Fig. 1). The mntH promoter of Salmonella contains
putative sites for binding OxyR, Fur, and MntR, consistent
with the regulation of mntH by hydrogen peroxide, iron, and
manganese, respectively (19, 22). The sitABCD promoter also
contains putative Fur and MntR binding sites. Indeed, it has
been shown previously that transcription of sitABCD is re-
pressed by Fur in response to iron (18, 43). The putative Fur
binding site in sitABCD (Fig. 1) was identified by comparison

with the Fur binding sites of mntH from E. coli (30) and
Salmonella (19, 22) and the known consensus Fur binding
sequence (9, 23). This site is directly upstream of the Fur
binding site suggested by Zhou et al. (43). However, it is likely
that the Fur site is larger than the 19-bp consensus sequence
extending to position �74 in Fig. 1, showing an F-F-x-R-R
architecture as defined by Lavrrar and McIntosh (23).

Genomic analysis suggests four MntR binding sites in the S.
enterica serovar Typhimurium LT2 sequence (19). These four
sites include sites upstream of mntH, sitABCD, mntR, and
yebN, which encodes a putative integral membrane protein of
unknown function. Stojiljkovic et al. (36) also identified a Fur
binding site in the yebN promoter region. The putative MntR
binding site in the sit promoter is very similar to that in the
mntH promoter, except for the spacing with respect to the
putative Fur binding sites (Fig. 1). In sit, these sites are sepa-
rated by an additional 8 bp or approximately a 3/4 turn of the
helix.

Unlike mntH (19), an OxyR binding motif (38) is not appar-
ent in the sitABCD promoter, and we have shown that activa-
tion by hydrogen peroxide does not occur for sitABCD (data
not shown). In fact, sitABCD lies at the end of the SPI-1
pathogenicity island (43) such that the boundary of SPI-1 is
located immediately upstream of the Fur binding site (26) and
within the DNA that corresponds to the OxyR binding site of

FIG. 1. Comparison of the sitABCD and mntH promoter sequences. The DNA sequence of the sitABCD promoter region is aligned with the
promoter region of mntH. Nucleotide bases are numbered relative to the beginning of the start codon, which is designated �1. The consensus OxyR
binding motif (38), Fur binding motif (9, 23), and MntR binding motif (based on the mntH promoter of E. coli) (30) are shown above the
corresponding putative sites underlined in the mntH (19) and sitABCD promoter regions. Bases that match between the putative binding sequences
and the consensus sequences are shown in bold type. Bases that were changed in the Fur binding and/or MntR binding site mutants are shown
below the putative binding sequences. The predicted translational start site (Start), ribosomal binding site (RBS.), �10 site, and �35 site are
indicated. The boundary of SPI-1 based on Mills et al. (26) is shown in the sitABCD sequence by a large black triangle. Arrows demarcate the
regions cloned in the lacZ fusion constructs.
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mntH (19) (Fig. 1). It is interesting to speculate that an OxyR
binding site may have existed in sitABCD but it was disrupted
during the formation and/or acquisition of SPI-1 in the Salmo-
nella chromosome. Alternatively, MntH could be particularly
suited to function under conditions of oxidative stress.

The sitABCD promoter is regulated by MntR and Fur. The
similarity of the sitABCD promoter with the mntH promoter
and the presence of a putative MntR binding site suggested
that sitABCD is regulated by MntR in addition to Fur. To
directly test this hypothesis, we monitored expression of the
sitABCD and mntH promoters in the presence and absence of
MntR and/or Fur. Transcriptional lacZ fusions were con-
structed with the wild-type sit and mntH promoter regions
containing the putative Fur and MntR binding sites (Fig. 1).
The OxyR binding site of the mntH promoter was not included
in the mntH construct for comparison with the sitABCD pro-
moter (which does not contain an OxyR binding site) and to
remove any confounding effects of OxyR regulation. The fu-
sion constructs were integrated in single copy into the chro-
mosome at att�. Thus, the chromosomal sit and mntH loci are
wild type in these strains. The fusion strains were grown in
defined minimal medium that had been treated with Chelex
resin to minimize the amounts of available Mn and Fe. Various
concentrations of Mn and Fe were added back to the minimal
medium (between 0.1 and 20 �M for Mn and between 0.2 and
40 �M for Fe) to observe any repressive effects on transcrip-
tion (Fig. 2).

The addition of Mn caused at least a 34-fold decrease in sit
transcription in a wild-type background (Fig. 2A). Essentially
full repression was evident with 1 �M Mn. This repression was
mediated primarily by MntR. However, in the absence of
MntR, the promoter was still repressed threefold with 1 �M
Mn, and this repression was dependent on Fur. Similarly, the
sit promoter was repressed at least 21-fold in the presence of
2 �M Fe (Fig. 2B). Most of this repression was dependent on
Fur, but MntR could repress the promoter more than twofold
in response to Fe. A caveat to this interpretation is that the
metals that we are adding could be contaminated. However, on
the basis of the manufacturer’s chemical analyses, we would
expect that the 20 �M Mn would contain less than 0.3 nM
contaminating Fe, while 40 �M Fe would contain approxi-
mately 0.06 �M contaminating Mn. Thus, contaminating met-
als are not sufficient to explain the results. These data show
that sit transcription is negatively controlled by both MntR and
Fur. While MntR primarily responds to the Mn concentration
and Fur primarily responds to the Fe concentration, both pro-
teins can use the other metal and repress transcription. In
addition, MntR and Fur appear to act independently of one
another. For example, at higher Mn concentrations, Fur causes
a two- to threefold reduction in sit transcription in both the
presence and absence of MntR (Fig. 2A).

Similar results were obtained for the mntH promoter (Fig.
2C and D). As was reported previously (19), the mntH pro-
moter is regulated in response to both Mn and Fe, primarily via
MntR and Fur, respectively. However, Fur can respond to Mn,
and MntR can respond to Fe to cause repression. This repres-
sion is certainly less than when the proteins are responding to
their cognate metals but is still significant. However, we noted
a reduction in mntH transcription in response to both Mn and
Fe, even in the absence of both regulatory proteins (Fig. 2C

and D). This is not an inherent property of pAH125-derived
lac fusions as evidenced by the absence of an effect on the sit
fusion, especially in response to Fe (Fig. 2A and B). Thus,
although there are subtle differences, the mntH and sit pro-
moters are regulated similarly by Fur and MntR in response to
Fe and Mn.

Effects of mutations in the Fur and MntR binding sites on
the sitABCD and mntH promoters. In order to determine the
importance of the putative MntR and Fur binding sites to the
transcriptional activities of sitABCD and mntH, equivalent lacZ
transcriptional fusions with specific mutations in the MntR
and/or Fur binding sites were constructed. Nucleotides that
were highly conserved in known MntR or Fur (36) binding sites
were changed in order to disrupt binding to MntR or Fur,
respectively (Fig. 1). Because of the overlap between the bind-
ing sites and the promoter, the introduced mutations affected
the absolute level of transcription of the fusion constructs. In
the absence of regulators, the mutations in the MntR binding
site resulted in a 43% decrease in sitABCD transcription, but
only a 5% decrease was observed for the mntH promoter.
Mutations in the Fur binding site decreased the activity of the
sit promoter by 81% and the activity of the mntH promoter by
91%. Mutations in both the MntR and Fur binding sites de-
creased the activity of the sit promoter by 94% and the activity
of the mntH promoter by 82%. These results suggest that
changes in the binding sites may have altered the binding of the
RNA polymerase at the promoters independent of changes
due to altered binding of MntR and/or Fur with their respec-
tive binding sites. However, by normalizing the transcriptional
activity of each promoter construct, we could determine the
relative role of each binding site in transcriptional regulation.

The presence of Mn in the medium greatly reduced tran-
scriptional activity of sitABCD (Fig. 3A) and mntH (Fig. 3D)
only when there was both a wild-type MntR and MntR binding
site present, suggesting that MntR uses Mn as a cofactor and
binds to the MntR binding site. However, when MntR was
mutated, repression by Mn was still evident (although there
was less repression than with wild-type MntR), and this repres-
sion was greatly reduced when Fur or the Fur binding site was
also mutated, suggesting that Fur can also use Mn as a cofactor
to bind at the Fur binding site. In a fur strain (MntR�) with a
mutated MntR binding site and in an mntR strain (Fur�) with
a mutated Fur binding site, there was little or no repression,
indicating that in response to Mn, neither Fur nor MntR binds
to the heterologous binding site.

Similar results were observed with Fe, Fur, and the Fur
binding site (Fig. 3B and E). Fe in the medium greatly re-
pressed transcription of sit and mntH only when both wild-type
Fur and the Fur binding site were present. When Fur was
mutated, repression by Fe was still evident, but this repression
was lost when MntR or the MntR binding site was also mu-
tated. These results suggest that both Fur and MntR can use
Fe as a cofactor to bind to the Fur binding site and MntR
binding site, respectively. In a fur strain (MntR�) with a mu-
tated MntR binding site, there was no repression by Fe, indi-
cating that MntR does not bind to the Fur binding site. In an
mntR strain (Fur�) with a mutated Fur binding site, there was
some repression of sitABCD, suggesting that the mutations in
the Fur site might not completely disrupt binding (Fig. 3B).
This minor repression was not significantly affected by the
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addition of the MntR binding site mutation. This Fur-medi-
ated repression was not very strong, nor was it observed for
the mntH promoter (Fig. 3E). Transcriptional activities of
sitABCD and mntH were also examined in the presence of both
Mn and Fe (Fig. 3C and F). In general, the activity of each
strain reflected the additive effects of Fur- and MntR-mediated
repression. Note that in some instances transcriptional activity
of the various fusions was increased up to twofold the normal-
ized value (set at 100%) obtained in a fur mntR double mutant
background. These effects are seen even in fusions lacking both
MntR and Fur binding sites and are primarily observed when
isogenic fur� and fur mutant strains are compared. Given the

pleiotropic nature of fur mutations, this could reflect subtle
changes in general physiology. We do not believe that these
twofold or less effects impinge on our overall interpretation of
the data.

These results suggest that repression of sitABCD and mntH
is mediated by MntR binding to the MntR binding site or Fur
binding to the Fur binding site, and each repressor can use
either Mn or Fe as a cofactor. These studies also confirm the
involvement of the proposed MntR and Fur binding sites in
the sitABCD and mntH promoters. The relative repression by
MntR acting at the MntR binding site or Fur acting at the Fur
binding site was independent of mutations in the other binding

FIG. 2. Effects of various concentrations of Mn or Fe on the transcriptional activities of the sitABCD and mntH promoters. Transcriptional lac
fusions with the wild-type sit (A and B) or mntH (C and D) promoters were assayed in wild-type, mntR, fur, and mntR fur background strains.
Strains were grown overnight in minimal medium or minimal medium containing various concentrations of Mn (A and C) (0.1 to 20 �M) or Fe
(B and D) (0.2 to 40 �M). �-Galactosidase activities were normalized to the activity of the mntR fur background strain grown in minimal medium
without added metals. Data are presented as means 
 standard deviations (error bars) (n � 4). Strains JS404, JS408, JS412, JS416, JS420, JS424,
JS428, and JS432 were used.
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FIG. 3. Effects of mutations in putative Fur and/or MntR binding sites on the transcriptional activities of the sitABCD and mntH promoters.
Transcriptional lac fusions with the wild-type sit promoter or the sit promoter with site-specific mutations in Fur and/or MntR binding sites were
assayed in wild-type, mntR, fur, or mntR fur background strains (A to C). Likewise, transcriptional lac fusions with the wild-type mntH promoter
or the mntH promoter with site-specific mutations in Fur and/or MntR binding sites were assayed in wild-type, mntR, fur, or mntR fur background
strains (D to F). Strains were grown overnight in minimal medium or minimal medium supplemented with 20 �M Mn (A and D), 20 �M Fe (B
and E), or both 20 �M Mn and 20 �M Fe (C and F). �-Galactosidase activities were normalized to the activities of the corresponding mntR fur
background strain. Data are presented as means 
 standard deviations (error bars) (n � 4). Strains JS404 to JS435 were used.
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site (Fig. 3), again suggesting that these regulatory proteins act
independently of one another to control transcription at these
promoters.

Fur, but not MntR, can use Co as a cofactor to repress sit
transcription. To determine whether Fur or MntR can use
divalent metals other than Mn or Fe as a cofactor, we exam-
ined the transcription of sit in various background strains
(mntR, fur, or mntR fur) in response to 10 �M Co, Cu, or Zn
(Fig. 4). We found that the activity of the sitA::lac fusion in the
wild-type and mntR background strains were reduced by Co,
but not Cu or Zn. In fur and mntR fur background strains, there
was no reduction in activity by Co. Therefore, these results
suggest that Fur, but not MntR, can use Co as a cofactor to
repress sit transcription.

Effects of oxygen on sit transcription. The importance of Mn
in the biology of prokaryotic cell function is only beginning to
be appreciated (21). Mn is required for several enzymes in-
volved in general metabolism but is also required for oxidative
stress response proteins, including the superoxide dismutase
SodA and the nonheme catalase KatN (33). Indeed, SodA is
predicted to be the predominant enzyme containing Mn in the
cell. Regulation of SodA production is complex but includes
repression by Fnr, ArcA, and Fur, such that expression is
repressed under anaerobic conditions (16). Fnr and ArcA are
global transcriptional regulators that control several genes in
response to oxygen availability.

Given the potential role of Mn in protection against oxida-
tive stress, we monitored expression of sitABCD under aerobic
versus anaerobic conditions. When grown in LB medium, the
activity of a sitA::lac fusion in the wild-type background strain
was greatly reduced (by 98%) under low oxygen conditions
compared to that under high oxygen conditions (Fig. 5). Tran-
scriptional regulators ArcA and Fnr were not involved, since
regulation was normal in an arcA fnr background. Regulation
was also normal in an mntR background strain. In a fur back-

ground, however, the transcriptional activity was higher under
aerobic conditions and the level of repression under anaerobic
conditions was significantly affected but still evident (62-fold
repression in the wild type; 8-fold repression in the fur mu-
tant). Loss of both MntR and Fur allowed high-level expres-
sion under both conditions, although there was still a 27%
decrease in expression when the cells were grown anaerobically
for reasons that are not clear. These results suggest that Fur
and MntR are largely responsible for the increased repression
of sit under anaerobic conditions compared to aerobic condi-
tions. Furthermore, repression could be due to the increased
availability under anaerobic conditions of reduced metals that
act as cofactors with the metalloregulatory proteins.

Effects of growth phase on sit transcription. We noted that
the sit operon was preferentially expressed in stationary phase.
Figure 6 shows the expression of the sitA::lac fusion in various
background strains grown to exponential and stationary phase.
When the wild-type strain was grown in LB medium, transcrip-
tional activity was approximately 40-fold higher during station-
ary phase than exponential phase. Growth of the wild-type
strain in minimal medium resulted in greater activity during
both exponential and stationary phases. Many genes induced in
stationary phase are controlled by the alternative sigma factor,
RpoS. However, sit does not appear to be controlled by RpoS;
there was very little difference in activity in an rpoS background
strain compared to a wild-type strain during growth in station-
ary phase in minimal medium (data not shown). Although
there was no difference in activity between an mntR strain and
a wild-type strain grown in minimal medium, in a fur back-
ground strain (with or without MntR), activity was high during
the exponential phase of growth. These results suggest that
repression of sit in the wild-type background strain during

FIG. 4. Effects of divalent metals other than Mn and Fe on the
transcriptional activity of the sitABCD promoter. �-Galactosidase ac-
tivities of a sitA::lac fusion in wild-type, mntR, fur, and mntR fur
background strains were measured after the bacteria were allowed to
grow overnight in minimal medium (M63 medium with 0.2% glucose)
supplemented with 10 �M (final concentration) of Co, Cu, or Zn. Units
are defined as follows: (micromoles of ONP formed per minute �
106)/(OD600 � milliliter of cell suspension). Data are presented as
means 
 standard deviations (error bars) (n � 4). Strains JS210,
JS211, JS390, and JS391 were used.

FIG. 5. Effects of aerobic and anaerobic growth on the transcrip-
tional activity of the sitABCD promoter. �-Galactosidase activities of a
sitA::lac fusion in wild-type, mntR, fur, mntR fur, and arcA fnr back-
ground strains were measured after the bacteria were allowed to grow
overnight in LB medium under aerobic and anaerobic conditions. Units
are defined as follows: (micromoles of ONP formed per minute �
106)/(OD600 � milliliter of cell suspension). Data presented as means

 standard deviations (error bars) (n � 2 or 3). Strains JS210, JS211,
JS390, JS391, and JS392 were used.
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exponential growth was due mainly to Fur. Furthermore, the
increased expression of sit during stationary phase was not due
to RpoS but was probably due to the decreased availability of
Fe.

Transcriptional regulation of mntR. We have shown that
MntR is the main transcriptional regulator of the sit operon in
response to Mn. Therefore, we examined more thoroughly the
regulation of mntR transcription. Upstream of mntR we iden-
tified a consensus MntR binding box (16 of 18 bases match the
consensus sequence), which suggests that MntR may be auto-
regulated. To directly address the regulation of mntR, we con-
structed a lacZ transcriptional fusion such that mntR itself was
not disrupted. Rather, the fusion joint was immediately down-
stream of the mntR stop codon and 4 bases into the overlap-
ping coding sequence of an open reading frame called b0818,
which apparently is in an operon with mntR. This disruption of
b0818 did not affect the repression of the sit operon by MntR
in response to Mn (data not shown), suggesting that our lacZ
fusion did not affect the expression and/or function of MntR.
To address the issue of autoregulation, we monitored the ac-

tivity of the mntR�::lac fusion in minimal medium with or
without added Mn. We did not detect any Mn-dependent
changes in mntR transcriptional activity during the exponential
or stationary growth phase (Table 2). These results suggest
that MntR does not repress its own transcription in response to
Mn.

The mntR�::lac fusion appeared to be induced in the sta-
tionary growth phase when the bacteria were grown in LB but
not in minimal medium (Table 2). The increased activity dur-
ing the stationary growth phase in LB was not due to rpoS,
because activity did not decrease in an rpoS background strain.
Activity of the strain grown in minimal medium was also not
affected by a mutation in rpoS. Since sit transcriptional activity
increased during stationary phase in an RpoS-independent
Fur-dependent manner, we examined whether Fur was also
involved in mntR expression. Search for a Fur binding site in
the mntR promoter region revealed a sequence that matched
12 of 19 bases in the Fur binding consensus sequence. How-
ever, several highly conserved bases in the consensus sequence
did not match the bases in the sequence found in the mntR pro-
moter. Furthermore, the transcriptional activity of the mntR
fusion during exponential growth in LB medium remained
unchanged with the introduction of a fur mutation (33.12 

1.73 units of activity in the fur background strain JS438 com-
pared to 35.52 
 1.49 units of activity in the wild-type back-
ground strain). Unlike results for sitABCD, neither Fur nor MntR
appears to be involved in mntR transcriptional regulation.

DISCUSSION

Initial studies of the sit operon of S. enterica serovar Typhi-
murium addressed the roles of Fe and Fur on transcription (18,
43), but it has since been discovered that the major metal
transported by SitABCD is Mn instead of Fe (20). Studies on
the other known Mn transport system of Salmonella, MntH,
showed that Fur and MntR are important in regulation in
response to Fe and Mn, and this regulation involved Fur and
MntR binding sites in the promoter region of mntH (19).
Therefore, we examined the transcriptional regulation of
sitABCD in response to Fe and Mn in more detail. Our studies
indicate that both Fur and MntR regulate sit transcription in
response to Fe and Mn, respectively, although both regulators
can use the alternative metal to partially repress transcription.
Site-specific mutations in putative Fur and MntR binding sites
disrupted regulation by Fur and MntR, confirming that those
sites are involved in transcriptional regulation. Moreover, Fur

FIG. 6. Effect of growth phase on the transcriptional activity of the
sitABCD promoter. �-Galactosidase activities of a sitA::lac fusion in
wild-type, mntR, fur, and mntR fur background strains were measured
after growth in LB medium or minimal medium (M63 medium with
0.2% glucose) to exponential or stationary growth phase. Units are
defined as follows: (micromoles of ONP formed per minute � 106)/
(OD600 � milliliters of cell suspension). Data are presented as means

 standard deviations (error bars) (n � 2). Strains JS210, JS211,
JS390, and JS391 were used.

TABLE 2. Transcriptional activity of the mntR promoter

Straina

�-Galactosidase activityb

Minimal mediumc

LB
Without Mn With Mn

Exponential Stationary Exponential Stationary Exponential Stationary

14028 mntR�-lac 70.46 
 6.17 85.16 
 5.89 88.02 
 10.31 95.10 
 6.06 32.41 
 2.27 85.17 
 5.93
14028 mntR�-lac rpoS::tet 69.56 
 6.62 95.96 
 4.15 62.24 
 3.02 97.60 
 4.78 29.59 
 0.66 149.65 
 8.55

a Strains JS436 and JS437 were used.
b Data presented as means 
 standard deviations (n � 6). Units are defined as follows: (micromoles of ONP formed per minute � 106)/(OD600 � milliliters of cell

suspension).
c M63 medium supplemented with Casamino Acids treated with Chelex resin with or without the addition of 20 �M Mn.
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and MntR act independently of one another at both the sit and
mntH promoters. This is consistent with the relative positions
of the sites: the Fur and MntR sites are on approximately the
same face of the helix in sit but are three quarters of a turn
closer in the mntH promoter.

In this study, we found that Fur, acting at the Fur binding
site, can repress mntH and sitABCD in response to Fe or Mn.
Consistent with independent action of the two regulators, this
Fur-mediated regulation was unaffected by mutations in the
MntR binding site. Previously, we suggested that Fur can re-
press mntH in response to Mn, but the exact mechanism was
unclear (19). The complexity arose from the observation that,
whereas mutational loss of both MntR and the MntR binding
site left only residual regulation of mntH in response to Mn,
significant regulation was observed in the mntR strain where
the binding site was intact. Mutational loss of both MntR and
the Fur binding site also relieved repression. These results
suggested that the residual Mn-dependent regulation that was
mediated by Fur required both the Fur and MntR binding
sites. Our results here suggest a simpler model where Fur acts
only at the Fur binding site. Discrepancies between the two
studies might be due to differences in the construction of the
transcriptional lacZ fusions. In the present study, the promoter
regions encompassing the MntR and Fur binding sites were
cloned upstream of lacZ and integrated into the chromosome
in a single copy. Furthermore, specific base changes were made
within the binding motifs only (eight base changes for the Fur
binding site and six base changes for the MntR binding site). In
our original study, a larger region of the mntH promoter that
included the MntR binding site, Fur binding site, and OxyR
binding site was cloned upstream of lacZ in a single- or low-
copy-number plasmid. Several specific base changes in the
motifs were made (12 base changes for the Fur binding site and
16 base changes for the MntR binding site) plus base changes
between the motifs were made when restriction sites were
incorporated into the region. Perhaps the restriction site in-
troduced immediately downstream of the Fur binding site,
along with the mutations in the MntR binding site, affected
binding of Fur in response to Mn.

Optimal expression of sitABCD occurs under aerobic condi-
tions in stationary phase. We had previously noted that mntH
expression was also induced in stationary phase (19). This
initially suggested that additional regulatory circuits might be
involved in the transcriptional control. However, our results
suggest that oxygen and growth phase primarily affect the avail-
ability of metals. Anaerobic repression of sit was unaffected by
loss of the oxygen-sensing global regulator ArcA or Fnr. How-
ever, this repression was greatly relieved by mutations in both
mntR and fur, with single mutations in fur producing a greater
effect than mutations in mntR. Under low oxygen conditions,
the soluble reduced form of iron (Fe2�) would become avail-
able for transport, leading to repression of the Fur regulon.
The fact that Mn remains in the reduced state independent of
oxygen conditions may explain why MntR had much less effect
on anaerobic repression than Fur did. Likewise, stationary-
phase induction of the sit promoter was unaffected by loss
of the regulator, RpoS. In contrast, loss of both Fur and
MntR led to essentially constitutive expression in all phases
of growth. The simplest explanation is that available iron and
manganese become limited as the cell population increases,

leading to induction of the Fur and MntR regulons. Although
metal availability is certainly important, additional data (D. G.
Kehres and M. E. Maguire, unpublished data) suggest that
stationary-phase induction in some media is more complex,
and further studies are required to completely understand sit
and mntH regulation in response to growth phase.

MntR, acting at its cognate binding site, can repress sitABCD
and mntH in response to Fe (shown here and in reference 19).
This Fe-mediated repression by MntR is independent of Fur.
In a fur background, the Fe concentration is presumably in-
creased, due to constitutive expression of iron transporters
(13), but the response of MntR to physiological levels of iron
is also seen in a fur� background where the Fur binding site
has been mutated (e.g., Fig. 3E). MntR belongs to the DtxR
family of metalloregulatory proteins that can be divided into
two groups on the basis of their primary responsiveness to Fe
or Mn (13). These proteins share structural similarities, includ-
ing two residues directly involved in metal coordination that
are conserved within each group but differ between groups and
have been shown to be important in metal ion selectivity (13).
However, selectivity is apparently more complicated and subtle
than this would suggest. The E. coli MntR protein reportedly
does not respond to Fe (30). The E. coli and Salmonella pro-
teins differ by 12 of 157 amino acids; the metal coordinating
amino acids are conserved. This fundamental difference be-
tween the two orthologs needs to be confirmed by direct com-
parison but could be useful in defining metal specificity in this
important class of proteins.

Likewise, we found that the Fur protein was able to use both
Fe and Mn as a cofactor. In addition, Fur could repress the
sitABCD operon with Co. We previously showed that mntH is
also repressed by Co, although a higher concentration was
required (19). The importance of Co in controlling Mn trans-
port under physiological conditions is unclear, especially since
the level of Co in E. coli cells was shown to be extremely low
when the cells were grown in LB or minimal medium (27). In
in vitro experiments, Mn and Co have been shown to bind to
Fur (1), and Fur has been shown to use Mn and Co as a
corepressor in DNA binding studies (3). Privalle and Fridovich
(31) demonstrated that the Fur protein in E. coli has different
metal specificities that affect its function. Whereas the E. coli
aerobactin operon was repressed by Fur using either Fe or Mn
as a corepressor, sodA was repressed by Fur using Fe but not
Mn. Similar to results of the mntH study (19), we found that Cu
and Zn do not repress sit transcription. Therefore, whereas Zn
is a potent competitive inhibitor of Mn transport by sitABCD
(20), the metal apparently cannot be used by Fur or MntR as
a corepressor. Nevertheless, the Fur protein of E. coli does
bind Zn tightly in a different metal binding site than that of the
cofactors (2, 17). The exact mechanism of how the binding of
divalent metals into the two metal binding sites influences Fur
to bind to the Fur binding site to repress transcription is not
known (28). Clearly, the interaction of Fur with different met-
als is complex and may allow additional discriminatory control
over the expression of different genes.

There are apparently four MntR binding sites in the chro-
mosome of Salmonella. One of those sites is located in the
promoter of mntR, suggesting autoregulation. The presence of
an intact MntR box in the promoter sequence but the absence
of any Mn-dependent regulation of this locus presents a quan-
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dary. The expression of mntR might be more strictly regulated,
and perhaps the binding of MntR to this site might require
other factors or different conditions than those tested here.

The mutations in the Fur and MntR binding sites decreased
the absolute transcriptional activities of sitABCD and mntH
fusions with or without the regulatory proteins present, sug-
gesting that these mutations directly affected the promoters.
Mutations in the Fur binding sites decreased transcription 80
to 90%, likely due to changes in the �35 sequence. Interest-
ingly, mutations in the MntR binding site had much less effect
on the activity of the mntH promoter (5% decrease) than the
equivalent mutations had on the sit promoter (43% decrease).
This likely reflects differences in spacing between the MntR
binding sites and their respective �10 sites and perhaps Fur
binding sites. The absolute levels of activity produced by the
lac fusions containing wild-type binding sites in the absence of
regulators were approximately 3,200 U for sit and 400 U for
mntH, suggesting that the sit promoter is the stronger of the
two. Most importantly, repression by Fur could still be ob-
served for promoters mutated in the MntR binding site, and
repression by MntR could still be observed for promoters mu-
tated in the Fur binding site, suggesting that the effects of
mutations on or differences in inherent promoter strength did
not interfere with our ability to determine the relative roles of
Fur and MntR in regulation.

What remains unclear is why Salmonella would require both
Fur and MntR to alter gene transcription of the manganese
transport systems. One explanation is that these transport sys-
tems also transport Fe, and therefore, control by Fur would be
appropriate. However, under physiological conditions, Mn is
the predominant metal transported by MntH and SitABCD,
and the transport of Fe is likely not significant (20, 22). Our
results indicate that in response to low levels of Mn, MntR is
more efficient than Fur at repressing sitABCD and mntH. Like-
wise, in response to low levels of Fe, Fur can repress sitABCD
and mntH better than MntR. Fur has been well studied and is
known to control many other genes, and this may be a way to
coordinate Mn transport with other cellular functions. As we
have shown, sitABCD is controlled by oxygen level and growth
phase via the Fur regulatory protein. Currently, MntR is known
only to control Mn transport systems, but other cellular func-
tions may be discovered to be regulated by MntR as well.
These functions may thus be coordinated with Mn transport in
response to Mn levels, whereas Fur-controlled genes may be
coordinated with Mn transport in response to Fe levels.

In summary, transcriptional control of sitABCD is similar to
mntH in that both involve the metalloregulators, MntR and
Fur. MntR represses transcription by acting at the MntR bind-
ing site. MntR is most efficient when complexed with Mn but
can also use Fe. Fur-mediated repression requires the Fur
binding site and is most efficient with Fe, but Fur also responds
to Mn (or Co). The regulation of sitABCD is complex and
controlled by multiple regulators that may coordinate Mn
transport with other cellular functions in response to different
environmental conditions.
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