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We have cloned two metal-regulated genes (mrgA and mrgC) from BaciUus subtilis by using transposon
Tn917-lacZ. Both were isolated as iron-repressible gene fusions, but the metal specificity and sensitivity of gene
repression are distinct. Transcription of mrgA-lacZ is induced at the end of logarithmic-phase growth in
minimal medium, and this induction is prevented by excess manganese, iron, cobalt, or copper. Limitation for
metal ions is sufficient for mrgA-lacZ induction, since resuspension in medium lacking both manganese and iron
rapidly induces transcription. Transcription of mrgC-lacZ is also induced by iron deprivation but is not
repressed by added manganese or other metal ions. Expression of mrgC-lacZ and a 2,3-dihydroxybenzoic
acid-based siderophore is repressed in parallel by iron, and in both cases, only iron effects repression. We have
cloned and sequenced the promoter and regulatory regions of both mrgA and mrgC. Both genes are preceded
by a predicted crA-dependent promoter element with overlapping sequences similar to the iron box consensus

element for recognition by the Escherichia coli ferric uptake regulator protein (Fur). Mutation of the putative
iron box for gene mrgC leads to partial derepression in iron-replete medium.

The regulation of gene expression in response to changing
levels of metal ions requires a sensor function, to monitor
metal ion levels, and an effector function, to mediate a
transcriptional or translational response (12). Two of the
best-studied metalloregulatory proteins, the mercury-sens-
ing MerR protein and the iron-sensing Fur protein, serve
both as direct metal ion sensors and as transcription factors
(2, 33). The importance of iron as an essential nutrient and
enzyme cofactor has led to sophisticated regulatory mecha-
nisms in both bacteria and eukaryotes to control intracellular
iron levels. We are interested in the mechanisms by which
iron regulates gene expression in the gram-positive organism
Bacillus subtilis.

Iron is an important nutrient for virtually all microorgan-
isms, yet it is largely insoluble at neutral pH under aerobic
conditions. Like many other organisms, B. subtilis synthe-
sizes and excretes a Fe(III)-specific chelator (siderophore)
under conditions of iron starvation. Early studies identified
2,3-dihydroxybenzoic acid (DHBA) and 2,3-dihydroxyben-
zoylglycine in cell culture supernatants of B. subtilis grown
under iron limitation (14). Recent studies indicate that some
B. subtilis strains have inducible uptake systems for hydrox-
amate-type siderophores as well (30). The synthesis of
siderophore and subsequent uptake of ferri-siderophore
complexes are inducible processes, suggesting that B. sub-
tilis has one or more iron-sensing metalloregulatory proteins
(24, 25, 30, 39). We report the cloning and characterization
of two metalloregulated promoter regions from B. subtilis
that are affected by iron availability.
We have determined the growth phase and metal ion

dependence of gene expression for two strains containing
transcriptional fusions to lacZ. Expression of mrgC-lacZ is
repressible only by addition of iron and appears to be
regulated similarly to that of genes necessary for siderophore
biosynthesis. In contrast, induction of mrgA-lacZ requires
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manganese limitation, although expression can also be pre-
vented by excess iron, copper, or cobalt. Sequence analysis
of the mrg4 and mrgC regulatory regions reveals the pres-
ence of sequences similar to the "iron box" recognized by
the Escherichia coli Fur protein. Mutation of one of these
iron box-like sequences demonstrates that it is important for
in vivo iron-mediated repression of gene expression.

MATERIALS AND METHODS

Reagents. Chemicals and antibiotics were purchased from
Sigma Chemical Co., St. Louis, Mo., except as noted.
Restriction endonucleases and DNA ligase were from New
England Biolabs and were used in accord with the manufac-
turer's instructions.

Bacterial strains and plasmids. All B. subtilis strains and
plasmids used in this study are listed in Table 1. The parent
strain for transposon mutagenesis was B. subtilis CU1065
(35). The two starting strains isolated in this work (designat-
ed HB1022 and HB1085) were produced by transformation
of CU1065 competent cells with chromosomal B. subtilis
DNA containing random insertions of transposon Tn917-
lacZ (17, 26) and selection for erythromycin (1 p,g/ml) and
lincomycin (25 p,g/ml) resistance (MLSr). All plasmids con-
taining B. subtilis chromosomal DNA were transformed
initially into E. coli Jm2r- (35). Subsequent plasmid manip-
ulations were performed with E. coli JM101 (26).
Media and growth conditions. Iron starvation plates were

prepared by addition of 100 ,uM ethylenediamine di(o-phe-
nylacetic acid) (EDDA) to LB plates (26). Medium and
plates were prepared with high-purity (Milli-Q) water to
control the level of adventitious iron contamination. 5-Bro-
mo-4-chloro-3-indolyl-13-D-galactopyranoside (X-Gal; 40 ,ug/
ml; United States Biochemical Co., Cleveland, Ohio) was
included as a chromogenic indicator for 1-galactosidase
(,3-gal) production.

Modified minimal medium (21) contained 40 mM potas-
sium morpholinopropane sulfate (MOPS) (adjusted to pH 7.4
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Characteristics Source or
reference

B. subtilis strains
CU1065 W168 trpC2 attSP, 35
HB1022 CU1065 mrgA::Tn917-lacZ (MLST) This work
HB2022 CU1065 mrg4::Tn917-lacZ::pTV21A2 (Cmr) This work
HB3022 CU1065 mrg4::Tn917-lacZ::pLC2210 (MLSr Cmr) This work
HB3122 CU1065 mrg4::Tn917-lacZ::pLC2220 (MILS Cmr) This work
HB3222 CU1065 mrgA::Tn917-lacZ::pLC2230 (MLST Cm') This work
HB1085 CU1065 mrgC::Tn917-1acZ (MLSr) This work
HB2085 CU1065 mrgC::Tn917-lacZ::pTV21A2 (Cmr) This work
HB3085 CU1065 mngC::Tn917-lacZ::pLC8510 (MISr Cmr) This work
HB3086a CU1065 mrgC::Tn917-lacZ::pLC8610 (MLSr Cmr) (mutant) This work
HB3087a CU1065 mrgC::Tn917-IacZ::pLC8610 (MLST Cmr) (wild type) This work

E. coli strains
JM1O1 supE hsdDS thi A(lac-proAB) F' (traD36 proAB+ laclq lacZAM15)
JM2r- mcrAB hsdR hsdM+ recAl A(lac-proAB) thi gyrA96 relAl srl::TnlO Stan Zahler

F' (proAB lacZAM15)

Plasmids
pTV21A2 Ampr, pBR322 replicon; Cmr, pE194 replicon 41
pGEM3Zf(+)-cat-1 Ampr Cmr; pBR322 replicon 41
pLC22-RI Plasmid rescue from EcoRI-digested HB2022 DNA This work
pLC22-H3 Plasmid rescue from HindIII-digested HB2022 DNA This work
pLC22-Sph Plasmid rescue from SphI-digested HB2022 DNA This work
pLC85-RI Plasmid rescue from EcoRI-digested HB2085 DNA This work
pLC2210 pGEM-3Zf(+)-cat-1 with EcoRI-BamHI fragment from pLC22-RI This work
pLC2220 pGEM-3Zf(+)-cat-1 with HindIII-BamHI fragment from pLC22-H3 This work
pLC2230 pGEM-3Zf(+)-cat-1 with SphI-BamHI fragment from pLC22-SphI This work
pLC8510 pGEM-3Zf(+)-cat-1 with EcoRI-BamHI fragment from pLC85-RI This work
pLC8610 Derivative of pLC8510 after oligonucleotide mutagenesis This work

a These two strains differ only in the site of homologous recombination during the plasmid integration event. Strain HB3086 is derepressed for iron regulation
of mrgC-lacZ, whereas HB3087 is regulated identically to HB3085.

with KOH), 2 mM potassium phosphate (pH 7.0), glucose
(2%, wt/vol), (NH4)2SO4 (2 g/liter), MgSO4 7H20 (0.2
g/liter), sodium citrate. 2H20 (1 g/liter), potassium gluta-
mate (1 g/liter), tryptophan (8 mg/liter), 3 nM (NH4)6Mo7024,
400 nM H3BO3, 30 nM CoCl2, 10 nM CuS04, 10 nM ZnSO4,
and 80 nM MnCl2 unless otherwise indicated. Iron was
added to the indicated final concentrations as 10 mM FeCl3
dissolved in 100 mM HCl. Glucose was included to inhibit
sporulation during stationary phase. Minimal medium plates
contained 1.5% Bacto-agar (Difco, Detroit, Mich.). E. coli
strains were grown on LB plates and 2XYT broth with
antibiotics as appropriate (ampicillin [200 ,ug/ml] or chloram-
phenicol [5 ,uglml]).
Resuspension experiments were performed by harvesting

mid-logarithmic-phase cells grown in minimal medium sup-
plemented with 5 ,uM FeCl3. The cells were washed once
with 0.1 M NaCl and collected by centrifugation. The cell
pellet was resuspended in minimal medium containing the
indicated metal ions to an initial cell density of between 0.1
and 0.4, measured at 600 nm. Cells were incubated with
shaking at 37°C, and samples were removed hourly for
measurements of ,B-gal activity, cell density, and sidero-
phore production.
DNA manipulations and sequencing. Isolation ofB. subtilis

chromosomal DNA (13) and transformation were done as
described before (7). Plasmid DNA was isolated by the
alkaline lysis method (26, 27). DNA sequences were deter-
mined with Sequenase version 2.0 (United States Biochem-
ical) and the dideoxy chain termination method of Sanger et
al. (27). Double-stranded DNA templates were prepared and
sequenced as recommended by United States Biochemical.

Regions of chromosomal DNA upstream from each iron-
regulated locus were cloned by using plasmid pTV21A2 and
the method of Youngman (41). In this technique, plasmid
pTV21A2 was cleaved with XbaI endonuclease prior to
transformation into B. subtilis strains containing a Tn917-
lacZ insertion. Plasmid pTV21A2 integrants were selected
by chloramphenicol resistance (Cm', 5 ,ug/ml) and screened
for loss of MLSr. This identified double-crossover homolo-
gous recombination events that inserted the ColEl origin of
replication and ,B-lactamase gene from pBR322 between the
transposon ends. The pTV21A2 derivative strains were
designated HB2022 (derived from HB1022) and HB2085
(derived from HB1085) (Table 1).
Chromosomal DNA from strains HB2022 and HB2085 was

digested with either EcoRI, HindIII, or SphI and ligated
under dilute conditions to favor intramolecular events. The
ligated DNA was used to transform E. coli Jm2r- to ampi-
cillin resistance. The resulting plasmids are listed in Table 1.
Various fragments of the upstream genomic DNA were

subcloned into pGEM-3Zf(+)cat-1 to generate integrational
plasmids (41). These plasmids were used to transform the
corresponding parent strain (HB1022 or HB1085) to Cmr.
The resulting strains, listed in Table 1, were screened for
promoter activity on minimal medium plates containing
X-Gal in the absence and presence of 5 ,uM FeCl3.

Genetic mapping and transformation. The procedures for
genetic transformation (two-step transformation procedure)
and preparation of competent B. subtilis cells have been
described (7). Genes were mapped by phage PBS1-mediated
transduction of Tn917-lacZ insertions as described before
(7).
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Siderophore assays. B. subtilis cultures were grown in
minimal medium at 370C (with shaking) with and without 5
p,M added FeCl3. One milliliter of cells was harvested by
centrifugation, and excess FeCl3 (250 pl of 10 mM FeCl3
dissolved in 100 mM HCl) was added to the culture super-
natant fraction. The supernatant fraction was neutralized by
the addition of 100 pl of 1 M Tris-HCl (pH 8.0), and the
absorbance at 510 nm was determined with a Perkin-Elmer
X-2 spectrophotometer. A standard curve was prepared with
DHBA (Sigma). In these assays, an optical density at 510 nm
(OD510) of 0.5 corresponds to 80 Fg of DHBA per ml. Yields
of siderophore were normalized to the cell mass by dividing
the measured siderophore (OD510) by the culture density
(OD6w).

13-Gal assays. Samples (1 ml) were removed from each
culture, centrifuged for 5 min, and stored at -20°C for at
least 30 min. Frozen cells were resuspended in working
buffer (Z buffer [19] with 400 ,M dithiothreitol) and stored
on ice. Samples of each cell suspension were diluted to a
final volume of 1 ml with working buffer and lysed by
incubation for 5 min at 37°C with 100 p,g of lysozyme per ml.
Samples were assayed for ,-gal by the method of Miller (19)
at room temperature (ca. 21°C). All assays were performed
on duplicate samples, and the values were averaged.

Site-directed mutagenesis. Oligonucleotide-directed muta-
genesis was performed by the method of Kunkel et al. (15)
with single-stranded phagemid DNA from plasmid pLC8510.
The mutagenesis reaction mix was transformed into E. coli
JM101, and plasmids were screened for the presence of the
oligonucleotide-encoded HindIII site. The resulting mutant
plasmid was named pLC8610.
To recover plasmid DNA from the mutant and wild-type

derivatives of HB1085 transformed by pLC8610 (strains
HB3086 and HB3087), chromosomal DNA was isolated,
digested with BamHI, and religated under dilute conditions.
The ligation mixture was used to transform E. coli JM2r- to
ampicillin resistance. The recovered plasmids contained the
copy of the mrgC promoter that was linked to lacZ but not
the second copy of the mrgC promoter.

Nucleotide sequence accession number. The DNA se-
quences of the mrgA and mrgC promoter regions have been
deposited in the EMBL and GenBank data bases under
accession numbers Z22928 (mrgA) and Z22929 (mtgC) and
L19547 (migA) and L19548 (mrgC), respectively.

RESULTS

Regulation of siderophore production in B. subtilis. We
have initiated a search for genetic loci in B. subtilis that
exhibit metalloregulation. Our starting strain, CU1065, is
predicted to contain iron-repressible loci, since it produces
DHBA-based siderophore only under conditions of iron
deprivation. We have modified the minimal medium of
Neidhardt et al. (21) to allow metal ion-limited growth of B.
subtilis. The complete metal-supplemented minimal medium
contains 30 nM Co(II), 10 nM Cu(II), 10 nM Zn(II), 80 nM
Mn(II), and 5 pFM Fe(III) and allows an OD6w of 2 to 3.5 to
be achieved. When Mn(II) was omitted, strain CU1065 grew
to an OD6. of only 0.2 to 0.3. When Fe(III) was omitted, an
OD6. of 1.5 to 2 was achieved and siderophore synthesis
was induced. Since cell growth was so dependent on man-
ganese addition, we routinely included 80 nM MnCl2 except
in experiments explicitly designed to test the effects of
manganese starvation. Addition of 5 ,uM iron to iron-starved
stationary-phase cells was followed by a resumption of
growth to the higher cell density characteristic of iron-

replete cultures (data not shown). A tonB mutant strain of E.
coli, unable to import iron by any of the high-affinity
pathways, was dependent on added iron for growth in this
minimal medium (data not shown).
As described initially by Ito and Neilands (14), B. subtilis

synthesizes and excretes both DHBA and 2,3-dihydroxyben-
zoylglycine under iron limitation. We detected these com-
pounds by modifications of a simple colorimetric assay (24).
Siderophore levels in the culture supernatant fraction, as
monitored by the formation of a purple ferric ion chelate,
increased upon the cessation of growth in minimal medium
lacking added iron (Fig. 1A) but not when the medium
contained 5 puM Fe(III). This is consistent with the iron
regulation reported previously for growth in minimal me-
dium supplemented with yeast extract (24). Titration exper-
iments indicate that siderophore biosynthesis can be com-
pletely repressed by addition of 1 p,M Fe(III) (Fig. 1B). None
of the other metal ions tested led to a decrease in sidero-
phore production, even when present at high levels. In fact,
both copper and cobalt stimulated siderophore production
two- to threefold (Fig. 1C).

Isolation of two metalloregulated transcriptional fusions. B.
subtilis CU1065 was transformed with a chromosomal DNA
library containing random Tn917-lacZ insertions. Transfor-
mants were screened on rich medium plates containing the
chromogenic indicator X-Gal in the presence and absence of
100 p,M EDDA as a ferric ion-specific chelator. Among
approximately 500 strains that expressed p-gal, we identified
a small subset of transcriptional fusions induced by the
presence of EDDA. These strains were further characterized
by measurement of P-gal levels during growth in minimal
medium in the presence and absence of added iron. Two
strains that demonstrated reproducible iron repression of
P-gal were designated HB1022 and HB1085, and the corre-
sponding metal-regulated genes were designated mrgA and
mrgC.

In E. coli, the Fur regulatory protein senses intracellular
ferrous ion and represses the expression of about 30 different
gene products (2). The majority of these gene products are
involved in the synthesis and uptake of various sidero-
phores. Therefore, we tested the ability of these strains to
synthesize catechol-type siderophores. In both strains, si-
derophore is still produced and is repressed by addition of
iron to the minimal medium (data not shown and Fig. 1A).
Therefore, neither of these transposon insertions inacti-
vates genes essential for the synthesis of DHBA-derived
siderophores. Both strains grew well in minimal medium
supplemented with tryptophan, suggesting that no additional
auxotrophies were conferred by these insertions. We deter-
mined the genetic map position of these Tn917-lacZ inser-
tions by using PBS1 phage-mediated generalized transduc-
tion: mrgA is located at 295° (31% cotransduced with cysB
and 4% with hisA), and mrgC is at 2000 (94% cotransduced
with metBS and 50% with hisH) on the B. subtilis genetic
map.

Induction of migA and mrgC during growth in minimal
medium. We measured P-gal levels during growth in minimal
medium with and without 5 ,uM added iron. Expression of
mrgA-lacZ (strain HB1022, Fig. 2A) was induced concomi-
tantly with the cessation of growth only in minimal medium
lacking iron. Induction of mrgC-lacZ (strain HB1085, Fig.
2B) occurred within 2 to 3 h after dilution into the iron-
limiting minimal medium, and P-gal levels peaked reproduc-
ibly during mid-logarithmic phase. For both strains, expres-
sion of P-gal remains low when cells are grown in the
complete minimal medium containing 5 ,uM iron. For com-
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FIG. 1. Metal ion regulation of siderophore biosynthesis. (A)
Growth of B. subtilis (open symbols, right axis) and accumulation of

siderophore (solid symbols, left axis) are plotted versus time of

incubation in minimal medium with (S. 0) and without (U, El)5 p.M

Fe(III) supplementation. The minimal medium is that described in

Materials and Methods. The data shown are for strain HB1085,

although identical curves were observed for strain HB1022 and the

parent strain CU1065. (B) Siderophore yield (U, OD510f/OD6W) after

12 h of incubation in minimal medium with various levels of Fe(III)
supplementation. The data shown are for strain CU1065, although
identical curves were observed for strains HB1022 and H1B1085. (C)
Yield of siderophore after 24 h of incubation in minimnal medium

supplemented with various metal ions. Minimal medium containing
trace micronutrients as described in Materials and Methods was

supplemented with no additional metal ions (-) or indicated di-

valent metal ion (100 p.M). The data shown are for strain HB1085,

but similar results were obtained for all other strains.

parison, ,-gal levels in many other strains, including some
with transcriptional fusions that are inducible by EDDA, are
indistinguishable during growth in minimal medium with and
without iron.

Specificity of metal iron regulation of mrgA and mrgC. We
tested the ability of other metal ions to cause repression of
mrgA-lacZ and mrgC-lacZ. In initial experiments, cells were
grown in minimal medium supplemented with a 100 ,uM
concentration of one metal ion [Fe(III), Mn(II), Co(II),
Cu(II), Zn(II), or Ca(II)], and "-gal was assayed at 12 and 24
h after inoculation. At these times, induction of mrgA and
mrgC is maximal (Fig. 2). From these experiments, we
concluded that only iron repressed mrgC, whereas mrgA is
repressed by iron, manganese, copper, or cobalt.
To determine the level of each metal ion required for a

transcriptional response, cells were grown in minimal me-
dium containing the indicated metal at between 10 nM and 1
mM, and p-gal was assayed at 12, 18, or 24 h postinocula-
tion. The results for 24 h postinoculation are shown in Fig. 3,
but essentially identical repression curves were obtained at
12 and 18 h. Half-maximal repression of mrgC-lacZ requires
the addition of between 0.2 and 0.4 ,uM Fe(III), and expres-
sion is insensitive to Mn(II) addition to at least 1 mM (Fig.
3B). We note that the metalloregulation of mrgC-lacZ is very
similar to the regulation of siderophore biosynthesis: both
are only repressible by iron and are slightly stimulated by
either divalent copper or cobalt (Fig. 1C and data not
shown). In contrast, micromolar levels of iron, manganese,
cobalt, or copper all repressed mrgA-lacZ. Half-maximal
repression of mrgA-lacZ occurs with approximately 0.2 ,M
Mn(II), 1 to 2 p,M Co(II) or Fe(III), 10 pM Cu(II) (Fig. 3A),
or approximately 100 p,M Zn(II) (data not shown). The levels
of metal ions that cause repression have little effect on cell
growth.

Metal ion limitation is sufficient for induction of m4gA and
mrgC. To determine whether transcription of mrgA and
mrgC could be induced by sudden removal of the appropri-
ate metal ion from growing cultures, we resuspended mid-
logarithmic-phase cells in various minimal media. As ex-
pected for an iron-regulated gene, induction of mrgC-lacZ
occurs rapidly upon resuspension in minimal medium lack-
ing iron but not in medium containing iron (Fig. 4B). In
contrast, expression of mrgA-lacZ is not observed following
resuspension in minimal medium lacking iron until the cells
have grown to the end of the logarithmic phase (5 to 6 h after
resuspension) (Fig. 4A), suggesting that another component
may be repressing mrgA. Since our standard minimal me-
dium contains 80 nM Mn(II) (see Materials and Methods),
we hypothesized that this low level of Mn(II) was repressing
mrgA expression until the Mn(II) was exhausted by growth.
We tested this idea by resuspending cells in medium lacking
added manganese in the presence and absence of 5 p,M
Fe(III). In the absence of both iron and manganese, mrgA-
lacZ is dramatically induced, commencing 1 h after resus-
pension (Fig. 4A).

Identification of metalloregulated promoter regions. We
used plasmid pTV21A2 to clone upstream chromosomal
DNA containing mrgA-lacZ and mrgC-lacZ into E. coli (41)
(Fig. 5). Various DNA fragments from these upstream
regions were subcloned into plasmid pGEM3Zf(+)-cat-1 (41)
for integration into the chromosome at regions of homology.
To locate the promoter and regulatory sequences required
for gene expression, these integrational plasmids (Cmr) were
introduced into the original Tn917-lacZ-containing strains
(MLSr). If the plasmid contains sequences located entirely
between the promoter region and the site of transposition,
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FIG. 2. Growth phase dependence of gene expression in iron-limited and iron-replete conditions. The level of 3-gal expression from each

Tn917-lacZ gene fusion is represented in Miller units (19) in the absence (a) and presence (0) of 5 pM added Fe(III) (left axis). Cell growth
(measured at 600 nm) is plotted with (0) and without (E) iron (right axis). (A) mrgA-lacZ (strain HB1022); (B) mrgC-lacZ (strain HB1085).

then the resulting integrant strain will fail to express 1-gal
because of separation of the promoter from the operon
fusion. Conversely, DNA fragments containing the promoter
will retain expression upon integration. In this manner, the
promoter regions required for lacZ expression were located
to small DNA regions suitable for sequence analysis (Fig. 5).

Integration of a plasmid containing the 0.9-kb SphI-
BamHI fragment upstream of mrgA-lacZ restored expres-
sion of 1-gal, whereas integration of a plasmid containing the
smaller EcoRI-BamHI fragment led to loss of 13-gal expres-
sion. This indicates the presence of essential cis-acting
sequences in the interval between the SphI and EcoRI sites
(Fig. 5A). Similarly, the minimal promoter region for mrgC-
lacZ is located on a 0.5-kb EcoRI-BamHI fragment (Fig.
SB). Each integrant strain was tested for regulation of 1-gal

A.

*E

la

production in response to metal ions. The minimal promoter
regions defined above confer regulated gene expression
indistinguishable from that in the original transposon-con-
taining strains, suggesting that these cloned fragments con-
tain all necessary cis-acting sequences for metalloregulation.

Sequence analysis ofmrgA and mrgC promoter regions. We
determined the complete nucleotide sequence of the pro-
moter and regulatory regions for both mrgA and mrgC (Fig.
6). Sequences essential for mrgA expression reside between
the SphI and EcoRI sites (Fig. 6A). This region contains the
3' end of a predicted upstream open reading frame (orfA)
followed by a small intergenic region. An excellent fit to the
consensus recognition elements for the {A form of RNA
polymerase is apparent. This putative promoter element
contains a four of six base match to the -35 consensus and

B.

V-q

Added Metal Ion (pM) Added Metal Ion (,M)

Cb-Iv
0

10

FIG. 3. Metal ion titrations of 1-gal expression. (A) Strain HB1022 (migA-lacZ) was grown for 20 to 24 h in minimal medium containing
the indicated concentration of added metal ion. Metal ions added were iron (0), manganese (U), cobalt (D), and copper (0). The minimal
medium is described in Materials and Methods and contained trace metal ions [80 nM Mn(II) except in the manganese titration and no added
iron except in the iron titration]. (B) Strain HB1085 (mrgC-lacZ) was grown as above in medium supplemented with either iron (0) or
manganese (U). For comparison, repression of siderophore is also shown for strain HB1085 (A) (a similar repression curve was obtained for
strain HB1022; data not shown).
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FIG. 4. Regulation of mrgA and mrgC by iron and manganese. Cells were grown to mid-logarithmic phase, harvested, and resuspended

in minimal medium with the indicated metal ions. (A) ,3-Gal expression from mrgA-lacZ (strain HB1022) in Miller units (19) (left axis) after
resuspension in medium containing neither manganese nor iron (A), no manganese and 5 ,uM iron (+), 80 nM manganese and no iron (A),
or both 80 nM manganese and 5 FLM iron (0). (B) ,8-Gal expression from mrgC-lacZ (strain HB1085) after resuspension in minimal medium
(containing 80 nM manganese) in the absence (a) and presence (a) of 5 p,M added iron.

A
pLC22-H3

1.5 10.51 0.1 0.41
+ pLC2220
- pLC2210
+ pLC2230

B
pLC85-H3

I I Z w lacM-zp lerl
4.0 1 2.55 10.61 ° 51'_

+ pLC8510
FIG. 5. Location of promoter and regulatory regions of m-gA

and mrgC. (A) Restriction map of plasmid pLC22-H3. Restriction
sites upstream of the site of the transposon in m-gA are indicated.
The ColEl origin is located between the truncated erm gene (er')
and the 1-lactamase gene (bla). For plasmids pLC2210, pLC2220,
and pLC2230, the indicated restriction fragment was cloned into the
polylinker region of pGEM-3-Zf(+)-cat-1 (41). Upon integration of
these plasmids into the original transposon-bearing strain, HB1022,
the expression and regulation of 1-gal activity were determined. A +
indicates that iron-regulated promoter activity was regenerated, and
a - indicates greatly reduced or no detectable expression. (B)
Restriction map of plasmid pLC85-H3. Restriction sites and pro-
moter location upstream of mrgC are indicated. Experiments were
as described for pLC22-H3 in panelA except that plasmid subclones
were integrated into strain HB1085.

perfect matches to both the -10 consensus and the RTRTG
element often found at -15 (20). A sequence predicted to
function as a strong ribosome-binding site is located down-
stream of the promoter and upstream of the proposed mrgA
reading frame (37). The transposon insertion in strain
HB1022 interrupts the 60th codon of this reading frame.
The promoter region of mrgC is located on an EcoRI-

BamHI fragment overlapping the 5' end of the inserted
Tn917-lacZ transposon (Fig. 6B). This region contains a
predicted d--dependent promoter element with five of six
matches to both the -10 and -35 consensus elements and a
three of five match to the -15 element. In strain HB1085,
transposon Tn917-lacZ is inserted into the 27th codon of the
proposed mrgC reading frame.
These three partial open reading frames (orfA, mrgA, and

mrgC) were compared with sequence data bases to detect
homologous genes. There were no obvious homologs for
either orfA or mrgC, although the limited sequence available
at this time renders this conclusion tentative. The m-gA
partial open reading frame is 42.6% identical with the amino
terminus of a gene of unknown function from Anabaena
variabilis (accession number D01016). More sequence data
will reveal whether this putative homology extends through-
out the two open reading frames.

Iron box elements in mrgA and mrgC promoter regions. The
putative mrgA and mrgC promoter regions contain se-
quences similar to the "iron box" consensus sequence
recognized by the E. coli Fur protein (10). These putative
regulatory sequences vary from an 11 of 19 to a 14 of 19
match to the 19-bp iron box consensus (10) (Fig. 7). Se-
quences of equivalent similarity with the consensus element
are functional in E. coli. As discussed by Griggs and Koni-
sky (10), 11 of these 19 positions are more highly conserved
and are therefore presumed to be more important for se-
quence discrimination by the Fur protein. Therefore, we
have tabulated the match to consensus for both the complete
19-bp consensus and the 11-bp subset of highly conserved
residues (Fig. 7).
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A
Sph I

1 GCATGCATTGGAAGGTTTTTCTGAAAGCCTGCGTATCGAGCTGCTTCCGTTCGGTATCGAAAGCCGCTTTGATCGAGCCG
M H W K V F L K A C V S S C F R S V S K A A L I E P

81 GGCTCATACAAGACATCGATCTGGTCAACGTCATTATCAAATTTTATGTCGGTGCCTCGTGCAGATTCAGCCTATCATCA
G S Y K T S I W S T S L S N F M S V P R A D S A Y H Q

161 ATACTATAAAAAGATCCTTTCCTATGTTCAAAAAAACGGAGAAGAAATCGGAGATCCCCAAGAGGTTGCCGACCTCATTT
Y Y K K I L S Y V Q K N G E E I G D P Q E V A D L I Y

241 ATCAATTGGCAACAAAACACGACATAAAGAATTTGCGATACCCGATCGGAAAGGGCATCAAGCTCACCCTGCTGTTCCGA
Q L A T K H D I K N L R Y P I G K G I K L T L L F R

Pvu II
321 TCGCTTTTTCCTTGGTCTGCGTGGGAGTCTATCCTGAAGAAAAAGCTATTCAGCTGATCTAAATTATAATTATTATAATT

S L F P W S A W E S I L K K K L F S stop

-35 -15 -10 r.b.s.
401 TAGTATTGATTTTTATTTAGTA,TA.T.,ATATAATTAAGTCAACAGATCACAAGGAGACGTTATCTTATGAAAACTGAAAA

] mrgA-1 M K T E N
[ .. **.. * mrgA-2

EcoRI
481 CGCAAAAACAAATCAAACATTAGTTGAGAATTACTGAACACACAATTATCAAACTGGTTTCTTTTATACTCTAAGCTCC

A K T N Q T L V E N S L N T Q L S N W F L L Y S K L H

561 ACCGTTTCCATTGGTATGTGAAAGGGCCTCATTTCTTTACATTGCACGAGAAATTTGAAGAACTTTATGACCATGCGGCT
R F H W Y V K G P H F F T L H E K F E E L Y D H A A

641 GAAACGTGGATACCATCGCTGAGCGCCCGTC
E T W I P S L S A R

B
EcoRI -35 -10

1 GAATTCGCGCAGAAGACAAAGCATTACAGGAATACAGCGTAAAATAGCGATTGAAAATCATTCTCAACCA.,T,G,TTAAAATG
. see......... ] mrgC-1

r.b.s
81 GGTTTGAAAAAGATTCTCAATCASGaTGGTGAAGCAAATGACAATGCTGTTTTTGCTTGGAGCGGTTTGTACATATAGTG

[I**. *.* * * ] mrgC-2 M T M L F L L G A V C T Y S V

161 TATTAATTGGTTTTGTATTAAAAGGAATCTCTAATA
L I G F V L K G I S N

FIG. 6. DNA sequence of mrgA and mngC promoter regions. The DNA sequence is indicated up to the site of the transposon insertion.
Putative promoter elements are indicated by double underlines for -35 and -10 consensus regions and by a dotted underline for the -15
element. Possible 19-bp iron box-like regulatory elements are indicated by brackets, with * used to indicate a match to the consensus. (A)
mrgA-lacZ; (B) mrgC-lacZ.

The iron box-like element with the greatest match to the linked to the expressed copy of mrgC-lacZ. The recombi-
19-bp consensus overlaps the -35 consensus element of the nants containing the mutated operator linked to the mrgC-
putative mrgC promoter. To investigate the role of this lacZ fusion were designated HB3086 and differ from strain
sequence in iron regulation, we engineered a site-specific HB3085 only in the four altered positions. The integrants
sequence alteration in this region to reduce the fit to consen- that have a wild-type operator linked to lacZ are designated
sus from 14 of 19 to only 10 of 19 while leaving the adjacent HB3087. Five independent transformants that exhibited less
-35 promoter recognition element unaltered (Fig. 8). This effective repression of ,3-gal in the presence of 5 ,uM added
altered iron box sequence was constructed in plasmid iron were identified. Plasmid DNA was recovered from all
pLC8510, and the resulting mutant plasmid, pLC8610, was five strains (as described in Materials and Methods) and
integrated into the mrgC-lacZ fusion strain HB1085. De- found to contain the new HindIII site, as predicted (strains
pending on the site of the recombination event, the resulting HB3086). This demonstrates that these five strains contain
strains will have either a mutant or a wild-type operator the mutant copy of the operator linked to mrgC-lacZ. In

J. BAC-ERIOL.
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Iron Box
^ansnepnlve

mrgA-1
mrgA-2
mrgC-l
mrgC-2
fhuD-1
fhuD-2

gatAATgATWATcATTatc

TATAATTATTATAATTTAG
AGTATTGATTTTTATTTAG
GCGATTGAAAATCATTCTC
GAAAAAGATTCTCAATCAG
GATAATGATTATCAATTGC
GATAATGATTCTCTTTTTC

Match
19 11
13 11
11 10
14 9
12 8
16 10
16 9

FIG. 7. Iron box-like regulatory elements in B. subtilis. Possible
iron box-like elements of genes mrgA and mrgC are compared with
the consensus sequence for binding by the E. coli Fur protein. Iron
box elements are numbered from left to right as shown in Fig. 6. A
W indicates a conserved A or T. In the column labeled match, the
number of positions identical to those in the 19-bp and 11-bp
consensus elements is shown. The positions in each iron box that
match the 11 highly conserved positions are in boldface. For
comparison, the two iron box-like sequences found upstream of the
B. subtilis fhuD gene are shown (30).

contrast, recovered plasmid DNA from an integrant with
wild-type iron regulation did not contain the mutant operator
linked to mrgC-lacZ (strain HB3087).
The influence of the iron box mutation on iron-mediated

repression was measured by incubating strains HB3085
(wild-type operator) and HB3086 (mutant operator) in mini-
mal medium with various levels of added iron and determin-
ing the level of 1-gal present after cells entered the stationary
phase (Fig. 9). Repression in strain HB3086 required higher
levels of added iron, with an increase in the concentration of
iron required for half-maximal repression from 200 nM
(HB3085) to roughly 5 ,uM (HB3086). This derepression of
mrgC-lacZ in iron-supplemented medium suggests that this
gene is under negative control.

DISCUSSION

The regulation of gene expression by iron is well docu-
mented for many bacteria and eukaryotic systems. In bac-
teria, regulation typically occurs at the transcriptional level
and often involves the ferrous ion-dependent DNA-binding
protein Fur (ferric uptake regulator) (2). The Fur protein
from E. coli has been characterized in most detail, and
homologs from Vibrio cholerae and Yersinia pestis have now
been sequenced (16, 32). Fur acts to sense the level of
intracellular ferrous ion and represses the expression of
siderophore biosynthesis and uptake genes under iron-re-
plete conditions. Fur and Fur-like proteins also regulate the
expression of bacterial virulence factors, including hemo-
lysins and exotoxins (9, 18, 23). In addition to iron, the Fur
protein can sense and respond to many other first-row
transition elements, including Mn(II) and Co(II) in vivo (1)
and Ni(II) and Cd(II) in vitro (6).

Iron regulation is common in gram-positive organisms, but

HinDI1
Mutagenic Oligo GCGATTGAAAGC=TTCTCAACC

xxxx

GGAATACAGCGTAAAATAGCGATTGA&AATCATTCTCAACCATGTTAAAA GGGTTTG

Iron box * * - - -GATAATGATWATCATTATC

FIG. 8. Mutagenesis of putative iron box in the mrgC promoter
region. The indicated mutagenic oligonucleotide was used to alter
the proposed iron box element of mrgC at the four positions
indicated by x. The putative promoter recognition elements are
indicated by underlining. This alteration was designed to leave the
-35 recognition element unaltered, to introduce a new HindIII site,
and to reduce the fit to consensus from 14 of 19 to 10 of 19.

0
2 80
0
~60

cd40

20-
0-
0 1 2 3 4 5 6 7 8 9 10

Added Iron (gM)
FIG. 9. Iron-mediated repression of ,B-gal in a strain altered in

the putative iron box recognition element. Normalized levels of
,B-gal (percent of no-iron control value) for a strain containing a
wild-type mrgC-lacZ operator region (U) (strain HB3085;
mngC-lacZ::pLC8510) and a mutant operator region (0) (strain
HB3086; mrgC-lacZ::pLC8610). Cells were grown for 18 h after
dilution into minimal medium with the indicated amount of added
iron and assayed as described in Materials and Methods. Both
curves initiate at 100% expression at no added iron, although the
data points are superimposed.

much less is known about the molecular mechanisms of iron
control. One exception is the iron-regulated production of
diphtheria toxin by Corynebacterium diphtheriae that is
lysogenic for the ,B prophage. This regulation requires the
chromosomally encoded repressor DtxR (4, 28, 29). DtxR is
distinct from Fur protein both in amino acid sequence and in
DNA-binding specificity (29, 34). Although iron regulates
both the production and uptake of siderophores in B. subtilis
(24, 39), no molecular studies have addressed the mechanism
of this regulation.

Metalloregulation of mrgA and mrgC. As a prelude to the
identification of metalloregulatory proteins in B. subtilis, we
have screened random Tn917-lacZ transcriptional fusions
for iron-repressible expression of ,B-gal. The two genes
characterized in this report, mrg4 and mrgC, are repressed
by metal ions. Iron, manganese, copper, and cobalt all
prevent the stationary-phase induction ofmrgA-lacZ expres-
sion, with manganese being the most potent effector. In
contrast, only iron effects repression of mrgC-lacZ.

Neither of these transcriptional fusions inactivates func-
tions essential for the biosynthesis of DHBA-based sidero-
phore. Fusions to siderophore-biosynthetic genes might
have been recovered in a more exhaustive screening of
transposon-containing strains, or they may have been sys-
tematically eliminated in our studies by our requirement for
growth in the presence of EDDA. The iron responsiveness of
siderophore synthesis in each strain was comparable to that
in the wild-type B. subtilis parent strain, demonstrating that
iron regulation of these biosynthetic functions is not altered
by these transposon insertions.
The metalloregulation ofmrg4 and mrgC differs in several

respects. The stationary-phase induction of mrgA can be
prevented by the addition of any of a number of different
metals, although with various levels of responsiveness.
Induction of mrgA-lacZ does not occur until the end of
logarithmic growth in medium lacking iron and containing 80
nM manganese (Fig. 2 and 4). In contrast, resuspension in

%-Ullavllbub..
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medium lacking both iron and manganese led to a more rapid
transcriptional response (Fig. 4). This suggests that mrA4-
lacZ induction requires manganese limitation for induction
and is sensitive to repression by low levels of iron.

Transcription of mrgC-lacZ is responsive only to iron
(Fig. 3 and data not shown). Accordingly, m)gC is induced
upon resuspension of cells in minimal medium lacking added
iron after only 1 to 2 h of growth (Fig. 4). The iron repression
ofmrgC-lacZ parallels that observed for siderophore biosyn-
thesis in B. subtilis. The quantitative and qualitative re-
sponse to various metal ions is extremely similar, and, as
with mrgC-lacZ, siderophore biosynthesis is induced upon
resuspension of cells in minimal medium lacking added iron
(data not shown). We hypothesize that the mrgC gene and
the siderophore biosynthesis functions have a common
regulatory pathway.
Manganous ion is the most potent effector ofmrgA repres-

sion identified. Manganous ion is internalized by a high-
velocity active transport system in B. subtilis (8). Moreover,
transport is induced by manganese starvation (< 100 nM) and
repressed by addition of >1 ,uM manganese in a process
requiring new protein synthesis (31). These observations
support the idea that manganese can act as a specific
regulator of gene expression, independently of iron. In
addition, bacilli are unusual in that manganous ion appears
to regulate the production of many secondary metabolites,
including surfactin, subtilin, and bacilysin (40). Indeed, in
some cases (e.g., bacilysin production), manganese and iron
appear to have antagonistic affects on production (22). This
is in contrast to manganese regulation in gram-negative
organisms, in which Mn(II) represses iron-regulated genes
by supplanting intracellular Fe(II) for the activation of Fur
protein. Genes regulated in this manner, such as the gene for
Pseudomonas aeruginosa exotoxin A, are repressed by 1
FM iron but require about 1 mM manganese for a similar
level of repression (3). We do not believe that a single
regulatory protein in B. subtilis is responsible for both
manganese- and iron-dependent regulation, since these re-
sponses can be genetically separated and some genes are
exclusively regulated by only one of the two metal ions (data
not shown).

Iron repression ofmrgC is partially relieved by mutations in
an iron box. Sequence analysis of the mrgA and mrgC
promoter regions identifies consensus elements for recogni-
tion by the 0A RNA polymerase. Overlapping each promoter
element are sequences resembling the E. coli iron box
consensus (Fig. 6 and 7). The best fit in each case is a 13 of
19 or a 14 of 19 match to the consensus. Iron box sequences
of 13 of 19 and 14 of 19 are functional in E. coli and bind Fur
protein in footprinting experiments (10). Sequences with
lower levels of similarity can also bind Fur protein when
appropriately positioned next to higher-affinity sites (5). It is
possible for sequences with limited similarity to a consensus
to occur simply by chance. However, the expected fre-
quency of a 14 of 19 match to the iron box consensus is once
in every 25 kb of random-sequence DNA (38). By contrast,
a 10 of 19 match to the palindromic iron box consensus
should occur statistically once in every 75 bp and should
therefore be interpreted with caution.
To test the role of the putative iron box sequence over-

lapping the mrgC promoter, we replaced the wild-type
chromosomal operator with a mutated sequence. The sub-
stitution of four consensus bases leads to an approximately
25-fold increase in the concentration of iron necessary to
effect half-maximal repression, consistent with a role for this
sequence in binding an iron-dependent repressor protein

(Fig. 9). The level of promoter activity in iron-limiting
minimal medium was similar to that in the wild type (less
than twofold change), suggesting that this multiple base
substitution has not substantially altered basal promoter
activity. These results lead us to speculate that mrgC is
negatively regulated by a protein with DNA-binding speci-
ficity similar to that of the E. coli Fur protein. Consistent
with this hypothesis, we have observed that the purified E.
coli Fur protein can bind to the mrgC promoter-operator
region in a gel mobility shift assay (data not shown). In
addition, the recent sequencing of a B. subtilis gene impor-
tant for uptake of hydroxamate siderophores also reveals the
presence of iron box-like sequences (30).

Multiple metalloregulatory systems in B. subtil. The clon-
ing and characterization of these two metalloregulated pro-
moter regions provides a starting point for the investigation
of gene regulation by metal ions in B. subtilis. The differ-
ences in regulation that we have observed are most simply
explained by proposing at least two separate metalloregula-
tory systems. For example, a Fur-like protein may mediate
the transcriptional response to iron, and a separate protein
may detect manganous ion. Unlike the genes controlled by
the E. coli Fur protein, however, mrgC-lacZ and the genes
responsible for siderophore biosynthesis are not responsive
to Mn(II). Iron-specific sensing mechanisms do exist that
detect extracellular Fe(III) rather than intracellular Fe(II).
For example, the E. coli FecR and Fecd proteins detect
periplasmic Fe(III)-citrate (36) and might therefore be man-
ganese blind. There are, to date, no examples of metalloreg-
ulatory proteins that specifically sense the manganous ion.
We hope to use these gene fusions as tools to identify and
clone the regulatory proteins responsible for these metal-
specific transcriptional responses in B. subtilis.
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