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Escherichia coli MntR protein is the Mn2�-responsive transcriptional repressor of the MntH manganese
transporter. We have used chromatin immunoprecipitation to determine the distribution of Mn2�-MntR
across the entire E. coli chromosome in vivo, and we report that MntR binds to only four targets, adjacent to
the mntH, mntR, yebN, and dps genes. Unexpectedly, we found that dps expression is directly repressed by
Mn2�-MntR.

Mn2� homeostasis in Escherichia coli is regulated by MntR,
a Mn2�-sensitive transcription factor (15). Mn2� stimulates
the binding of MntR to the promoter of the mntH gene, which
encodes the sole Mn2� transporter of E. coli. Thus, in Mn2�-
rich environments, MntR represses the mntH promoter,
thereby shutting down the synthesis of MntH and preventing
accumulation of toxic levels of Mn2�. Similar systems control
Mn2� uptake in Bacillus subtilis, Staphylococcus aureus, Salmo-
nella enterica serovar Typhimurium, and related bacteria (3, 11,
12, 16). To determine the extent of the MntR regulon in E. coli
we used chromatin immunoprecipitation and DNA microar-
rays (ChIP-chip) (7) to identify sites of Mn2�-MntR binding in
vivo. Strain BW25113 (6) was grown aerobically in LB medium
supplemented with either 0.2 mM MnCl2 (to stimulate DNA
binding by MntR) or 0.1 mM EDTA (as a negative control). At
an optical density at 650 nm (OD650) of 0.3 to 0.4, cells were
treated with formaldehyde, and cellular DNA was extracted
and sonicated, yielding DNA fragments of 500 to 1,000 bp.
After immunoprecipitation with anti-MntR antibodies, DNA
fragments from MnCl2 or control EDTA-treated cells were
purified and labeled with Cy5 and Cy3, respectively. The two
DNA samples were then mixed and hybridized to the 43,450-
feature DNA microarray (Oxford Gene Technology, Oxford,
United Kingdom). After washing and scanning, the Cy5/Cy3
signal intensity ratio was calculated for each probe. The exper-
iment was done in duplicate, and an average of the two Cy5/
Cy3 ratios was used for further analysis. Complete data sets are
shown in Table S1 in the supplemental material. Figure 1A
gives an overview of the profile for MntR binding. Four distinct
MntR binding peaks are easily distinguishable from the back-
ground signal and correspond to intergenic regions of the chro-
mosome adjacent to the dps, mntR, yebN, and mntH genes
(note that, because they are located only �4,000 bp apart, the

separate dps and mntR peaks are not resolved in Fig. 1A). To
identify the precise MntR binding sequences, we used W-
AlignACE (5) to search for short, overrepresented DNA se-
quences in 400-bp segments centered on each peak. This pro-
cess identified the 26-bp sequence motif shown in Fig. 1B,
which matches the previously proposed consensus MntR-bind-
ing sequence (15). A detailed view of the binding signal for
each target is shown in Fig. 1Ci to Civ. Note that two motifs
were found at the yebN promoter and one motif was found at
each of the other targets (Table 1). Intriguingly, the MntR
binding sites at the yebN promoter are centered �400 bp
upstream of the yebN start codon. Thus, it is unlikely that
MntR acts as a transcriptional repressor at this locus.

We expected that the binding targets for MntR would be
adjacent to genes encoding proteins involved in the re-
sponse to Mn2�. Thus, MntH is the Mn2� transporter,
MntR is the Mn2� sensor (11, 15, 16), and the YebN protein
is a putative Mn2� efflux pump induced by excess Mn2� (G.
Storz, personal communication). However, at first sight, Dps
has no direct connection to manganese but is a well-char-
acterized stationary-phase nucleoid-associated protein that
stimulates supercompaction of the chromosome in response
to starvation and oxidative stress (1). Structural analysis of Dps
has shown that it has a fold similar to that of bacterial ferritin
and can sequester excess Fe2� ions (9). Expression of Dps is
known to be regulated by OxyR, in response to oxidative stress
(2), and three nucleoid proteins, IHF, Fis, and H-NS, in re-
sponse to growth phase (2, 8). The organization of transcrip-
tion factor binding sites in the dps regulatory region is shown in
Fig. 2A. IHF and OxyR both function as activators, while Fis
and H-NS repress transcription. Note that the MntR binding
site identified by our analysis (Table 1) overlaps with the Fis
binding sites (Fig. 2A).

The dps100, -200, -300, and -400 promoter fragments encode
a series of nested deletions in the dps regulatory region (Fig.
2A). Previously, we used these fragments, cloned in the low-
copy-number lac expression plasmid pRW50, to measure dps
expression in response to growth rate (8). Here we have ex-
amined expression from each dps promoter::lac fusion in the
presence or absence of Mn2� or EDTA in either log-phase or
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stationary-phase JCB387�lac cells (14), grown in LB. The re-
sults of this experiment are shown in Fig. 2B. The data show
that the addition of MnCl2 or EDTA to JCB387 cultures had
no effect on dps expression during rapid growth. Conversely, in
stationary phase, the addition of MnCl2 to cultures resulted in
marked repression of dps expression. This repression required
only the core dps promoter region containing the MntR bind-
ing motif and was not dependent on upstream promoter se-
quences. We reasoned that our failure to detect Mn2�-depen-
dent repression of dps expression during rapid growth might be

due to the effects of Fis, which represses dps expression during
mid-log phase but not stationary phase (8). Thus, we measured
expression from the dps100 fragment in JCB3871�lac�fis cells
(19). The results show that, in the absence of Fis, Mn2� de-
pendent repression of dps expression can be observed in mid-
log-phase cells (Fig. 3A). Surprisingly, the addition of EDTA
resulted in increased dps promoter activity only in stationary-
phase JCB3871 cells. Finally, to confirm that repression of dps
expression by Mn2� was mediated by MntR, we repeated our
analysis in KP7600 (13) cells and the mntR derivative JD17512

FIG. 1. Chromosome-wide distribution of the Escherichia coli MntR protein. (A) Location of MntR binding sites. The panel shows ChIP-chip
data for MntR plotted against the features of the E. coli chromosome. Binding peaks for MntR are labeled with the name of the adjacent gene.
Note that the separate peaks for MntR binding at the dps and mntR loci are too close together to be distinguished from each other at this
resolution. The asymmetry in nucleotide composition between the leading and the lagging strand is shown as GC skew. (B) DNA sequence content
of MntR binding sites. The panel shows a DNA sequence motif overrepresented in DNA fragments immunoprecipitated with anti-MntR. (C) The
panel shows detailed MntR binding data from ChIP-chip experiments at the dps (i), mntR (ii), yebN (iii), and mntH (iv) genomic loci. The Cy5/Cy3
ratio for individual probes on the DNA microarray are shown as single lines plotted against the corresponding genome coordinates on the E. coli
chromosome. Genes are shown as arrows, with putative MntR targets highlighted in red.
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(National BioResource Project [NIG, Japan]). As expected,
repression of dps expression by Mn2� was abolished in the
absence of MntR (Fig. 3B).

In conclusion, we report the first chromosome-wide analysis
of MntR binding. We show that, as previously predicted (12),
the MntR regulon is small and consists of just four discrete
binding loci. This is in contrast to other recently analyzed
repressor proteins that bind numerous targets, including non-

canonical target sites and targets in coding DNA (17, 18).
Three of the four MntR targets (mntH, mntR, and yebN) are
genes directly involved in Mn2� homeostasis, and the mode of
MntR action at these loci is documented elsewhere (Storz,
personal communication). Conversely, the dps gene encodes a
protein that mediates chromosome compaction and binds
Fe2� to protect cells against oxidative stress. Interestingly, the
mntH, yebN, and dps promoters are all thought be regulated by
Fur and/or OxyR in addition to MntR. This suggests an inti-
mate connection between cellular responses to oxidative stress
and Mn2�/Fe2� homeostasis. Indeed, recent observations have
shown that Mn2� protects against oxidative stress and is a key
component of the OxyR-mediated stress response (4). Since
Dps also protects cells against oxidative stress by sequestering
Fe2�, it is logical that dps expression should be induced when
manganese levels are low and the risk of oxidative stress due to
excess Fe2� is increased. Intriguingly, Dps from Sulfolobus
solfataricus has been shown to bind Mn2� (10) and we specu-
late that Dps proteins from other organisms could be promis-
cuous with respect to their metal binding properties. Finally,
we note that, while the MntR binding sites at the mntR, mntH,
and yebN loci are conserved in E. coli and S. enterica (12), the

TABLE 1. MntR binding sites identified by ChIP-chip analysisa

Peak center (bp) Gene MntR binding motifb Location of motif (bp)

848204 dps ATTAAGTATAGCACCGGCTATGTGTT 848189.5
852127 mntR/rybA TACAGATATAGCACAGGCTATATTAT 852286.5
1903240 yebN ACTAAACATAGCTTTGGCTAAATTCA 1903300.5

ATCAGACATAGCTTAGGCTATATTAC 1903338.5
2510830 mntH/nupC ATGAAACATAGCAAAGGCTATGTTTT 2510752.5

a The table lists genome coordinates of MntR binding peaks, the genes adjacent to the MntR binding peaks, and the sequence and location of the likely MntR binding
sites.

b Matches to the MntR consensus sequence are shown in bold, and mismatches are underlined.

FIG. 2. Mn2�-MntR represses transcription from the dps pro-
moter. (A) The dps regulatory region and truncated derivatives. The
panel shows a diagrammatic representation of the dps promoter
(shown by an arrow) and the surrounding regulatory region of DNA.
Binding sites for the transcriptional activators of dps transcription, IHF
and OxyR, are shown by blue and pink boxes, respectively. Binding
sites for the known repressors of dps transcription, Fis and H-NS, are
shown by white and green boxes, respectively. The MntR binding site
identified by our ChIP-chip analysis is shown as a purple box. Different
regulatory region fragments used in this work (dps100, -200, -300, and
-400) are also shown. (B) Dps expression is repressed by Mn2� in
stationary phase. The bar chart depicts levels of �-galactosidase activ-
ity in JCB387 cells carrying different-length dps regulatory region frag-
ments fused to lacZ. Activities were measured in with and without
MnCl2 or EDTA in either log-phase (OD650 of 0.3 to 0.4) or stationary-
phase (OD650 of �4.0) cells. Growth conditions were similar to those
used for ChIP-chip experiments.

FIG. 3. Fis and MntR function redundantly at the dps promoter
during logarithmic growth. (A) Fis and MntR function redundantly at
the dps promoter. The panel shows levels of lacZ expression from the
dps100::lacZ fusion in JCB3871�fis cells. The addition of MnCl2 to
cultures results in repression of lacZ expression regardless of growth
phase. (B) Mn2� repression of the dps100 promoter fragment requires
MntR. The bar chart illustrates the results of �-galactosidase activity
assays with either KP7600 (a parent strain) or JD17512 (mntR::Kmr)
cells that have been transformed with the dps100::lacZ fusion con-
struct. The data show that MntR is required to mediate repression by
MnCl2. Activities shown are for stationary-phase cells. Growth condi-
tions were similar to those used for ChIP-chip experiments.
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site at the dps promoter is found only in E. coli. Thus, there are
likely to be subtle differences in the metal homeostasis strate-
gies utilized by these closely related bacteria.
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