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The Iron-Binding Protein Dps2 Confers Peroxide Stress Resistance on

Bacillus anthracis
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Iron is an essential nutrient that is implicated in most cellular oxidation reactions. However, iron is a highly reactive element
that, if not appropriately chaperoned, can react with endogenously and exogenously generated oxidants such as hydrogen perox-
ide to generate highly toxic hydroxyl radicals. Dps proteins (DNA-binding proteins from starved cells) form a distinct class (the
miniferritins) of iron-binding proteins within the ferritin superfamily. Bacillus anthracis encodes two Dps-like proteins, Dps1
and Dps2, the latter being one of the main iron-containing proteins in the cytoplasm. In this study, the function of Dps2 was
characterized in vivo. A B. anthracis Adps2 mutant was constructed by double-crossover mutagenesis. The growth of the Adps2
mutant was unaffected by excess iron or iron-limiting conditions, indicating that the primary role of Dps2 is not that of iron
sequestration and storage. However, the Adps2 mutant was highly sensitive to H,0,, and pretreatment of the cells with the iron
chelator deferoxamine mesylate (DFM) significantly reduced its sensitivity to H,O, stress. In addition, the transcription of dps2
was upregulated by H,O, treatment and derepressed in a perR mutant, indicating that dps2 is a member of the regulon con-
trolled by the PerR regulator. This indicates that the main role of Dps2 is to protect cells from peroxide stress by inhibiting the

iron-catalyzed production of OH.

Bacillus anthracis is a Gram-positive spore-forming bacterium
that causes anthrax in humans and animals. Anthrax infects its
host by the entry of spores through skin abrasions, by the ingestion
of contaminated food, or via the respiratory system (9). Iron is an
important nutrient for bacterial growth and for virulence, and
consequently mammalian hosts have developed iron-withholding
mechanisms as a line of defense against invading pathogens. The
availability of free iron in the bloodstream is restricted by binding
proteins such as transferrin and lactoferrin, which have binding
constants of ~10720 M (13, 32). While transferrin severely limits
the growth of B. anthracis in human serum, it does not inhibit
other pathogens such as Staphylococcus aureus and Streptococcus
pneumoniae (34). This indicates that B. anthracis has not
evolved effective mechanisms to evade serum iron deprivation.
Instead, the phagocytosis of B. anthracis spores and their sub-
sequent germination and growth in macrophages serve both to
protect this bacterium from the inhibitory effects of serum and
to facilitate the accumulation of iron for the later systemic stage
of infection (31, 34).

In addition to iron-withholding systems, host macrophages
generate antimicrobial reactive oxygen species (ROS), such as su-
peroxide radicals (O,-~) and hydrogen peroxide (H,O,), within
macrophages to kill invading pathogens. The damaging effects of
oxidative stress can be intensified by the reaction of these molec-
ular species with intracellular iron (25). In particular, the combi-
nation of Fe(II) and H,O, leads, via Fenton chemistry [H,O, +
Fe(II) — OH- + OH™ + Fe(Ill)], to the production of highly
toxic hydroxyl radicals (OH-) that damage most types of biologi-
cal macromolecules (18). This means that pathogens must acquire
adequate sources of iron while avoiding or reducing its availability
for participation in OH- production. To this end, microorganisms
have developed mechanisms that detoxify ROS and chaperone
intracellular iron (41).

The connection between iron metabolism and oxidative stress
in B. anthracis is emphasized by our recent observation that this
organism takes up iron rather than manganese (2) in response to
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paraquat-induced superoxide stress (31, 39a). This seemingly
counterintuitive response is puzzling since an increase in cellular
iron would be expected to exacerbate the oxidative stress through
iron-catalyzed formation of OH-. The compartmentalization of
free iron into specialized iron storage proteins can neutralize iron
toxicity, and consequently, bacteria encode iron-binding proteins
such as ferritins, bacterioferritins, and Dps. Dps proteins belong
to the ferritin superfamily but represent a distinct group within
this family. Like ferritins, Dps proteins form a spherical protein
complex (nanocage) that surrounds a central cavity that holds
mineralized iron (8, 26). However, the ferroxidase center of Dps
proteins, which is responsible for the oxidation of ferrous iron,
generally consumes H,0O,, whereas ferritins use dioxygen (O,) to
generate H,0O,. The resulting nonreactive ferric iron (hydrated
ferric oxide) is stored in the central cavity of the proteins and can
serve as a reserve of this element (8, 22, 23). Therefore, in addition
to their role in iron storage, Dps proteins exert a protective effect
by concurrently reducing the toxicity of ferrous iron and H,0, (5,
19, 39, 40, 41).

B. anthracis encodes a predicted maxiferritin (BA5296) and
two miniferritin Dps-like proteins, namely, Dpsl (BA2013) and
Dps2 (BA5290). However, it should be noted that the nomencla-
ture of the Dps proteins is somewhat confused. The original an-
notations for BA2013 (Dps1) and BA5290 (Dps2) (33) are used in
this paper. However, Papinutto et al. (29) named BA2013 Dlp-2
and BA5290 Dlp-1, while Liu et al. (26) named BA2013 Dps2 and
BA5290 Dpsl. While the function of the B. anthracis ferritin has
not been studied, both Dpsl (i.e., BA2013) and Dps2 (i.e.,
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TABLE 1 Strains and plasmids used in this study

Strain or plasmid Trait or relevant genotype?

Source or reference

Strains
Bacillus anthracis
UM23C1-2 pXO1~ pXO2~ Ura~ Riff
Adps2 mutant  UM23C1-2 Adps2:Km*

AperR mutant
Escherichia coli

UM23C1-2 AperR:Km*

17
This work
This work

TOP10 F~ mcrA (mrr-hsdRMS-mcrBC) ¢80 lacZAM15 lacX74 deoR recAl araD139 (ara-leu)7697  Invitrogen Ltd., Paisley, United Kingdom
galU galK rpsL (Str*) endAl nupG
GM48 JM110 dam dcm Stratagene, Amsterdam, Netherlands
Plasmids
pUTE583 Cm" in E. coli; Erm* in B. anthracis 7
pUTE618 Cm* Km" in E. coli 7
pGEM-T Amprin E. coli Promega Corp.
pHTO1 Ampr Cm, Pgrac promoter, lacl, E. coli/B. subtilis shuttle vector MoBiTec, Germany
pKG400 Expression vector for B. anthracis; derivative of pUTE583 containing Py, lacl; Em* Cm*  This work
pKG400-dps2 pKG400 with dps2 cloned downstream of the Pgrac promoter This work

@ Abbreviations: Km?, kanamycin resistance; Amp*, ampicillin resistance; Cm*, chloramphenicol resistance; Erm*, erythromycin resistance; Sp*, spectinomycin resistance.

BA5290) have been shown to have ferritin-like activity when over-
expressed in Escherichia coli (29). Dpsl and Dps2 have been ex-
tensively characterized in vitro (26, 29, 37). These studies have
shown that their reactivity with H,O, and O, is in striking contrast
to that of the Dps proteins characterized in other organisms (26),
which generally use H,O, as the preferred iron oxidant with an
~100-to 1,000-fold preference over O, (11, 38, 41). In vitro, Dps2
has no detectable ferroxidase activity with H,O, and instead uses
O, as the iron oxidant. The absence of reactivity with H,O, is
unique among known Dps proteins and potentially points to a
role in iron storage rather than detoxification. In contrast, Dpsl
uses both H,O, and O, as iron oxidants, with just an ~3-fold
preference for H,0, (26), and it may function as both a detoxify-
ing enzyme and an iron storage protein.

The current studies are aimed at elucidating the role of Dps2 in
iron homeostasis and oxidative stress resistance in B. anthracis and
the regulation of its gene expression. In order to determine the
role of this protein in defense against oxidative stress, we have
created an isogenic mutant of B. anthracis in which the dps2 gene
is deleted. The results of these in vivo studies complement previ-
ous in vitro analyses of the purified protein (26, 29) but point to a
role for Dps2 in oxidative stress resistance.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains
and plasmids used in this study, together with their relevant characteris-
tics, are described in Table 1. The avirulent Bacillus anthracis strain
UM23C1-2 (pX01~ pX02~) (17) was used to generate the Adps2 and
AperR mutants by replacement of their entire coding sequences with an
omega element conferring kanamycin resistance ({)-km DNA cassette
[35]). The primers used to generate the upstream and downstream frag-
ments are shown in Table 2. Escherichia coli strain TOP10 (Invitrogen,
United Kingdom) was used as the host for cloning, and GM48 (dam dcm)
(Stratagene, Netherlands) was used as an intermediate host to obtain non-
methylated plasmid DNA for electroporation into B. anthracis. Comple-
mentation studies were carried out using a pUTE583-based expression
plasmid, pKG400. A Sacl and Smal fragment from pHT01 (MoBiTec, Gottingen,
Germany), encoding the isopropyl-B-p-thiogalactopyranoside (IPTG)-
inducible P, promoter, ribosome-binding site (RBS), and lacI repressor
gene, was cloned into the multiple-cloning site of pUTE583 to obtain
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pKG400. After amplification with primers Dps2-fwd and Dps2-rev (Table
2) and digestion with BamHI and EcoRI, the dps2 gene was cloned
downstream of the P, promoter and RBS in pKG400 to generate
pKG400-dps2.

Bacterial cultures were routinely grown at 37°C in Luria-Bertani (LB)
broth with vigorous agitation (220 rpm) or on LB agar. Bacterial growth
was monitored spectrophotometrically at 540 nm. The following antibi-
otics (Sigma-Aldrich, United Kingdom) were used to supplement media
as required: ampicillin (50 pg/ml), erythromycin (400 ug/ml for E. coli
and 5 pg/ml for B. anthracis), kanamycin (20 pug/ml), and chloramphen-
icol (6 mg/ml).

DNA manipulations and general techniques. Restriction enzymes
and T4 DNA ligase were used according to the manufacturer’s instruction
(New England BioLabs). A miniprep system (Promega, United Kingdom)
was used to isolate plasmid DNA from E. coli. PCR was carried out with
Platinum Pfx DNA polymerase (Invitrogen, United Kingdom) using
primers (Table 2) purchased from Invitrogen (United Kingdom) or
Eurogentec (United Kingdom). PCR products were purified with the
QIAquick PCR purification kit (Qiagen, CA). Extraction of chromosomal
DNA from bacterial strains was carried out with the DNeasy blood and
tissue kit (Qiagen, CA).

Liquid culture growth assays. Overnight precultures of B. anthracis
strains were diluted into fresh LB medium without a selective antibiotic to
an optical density at 540 nm (OD,,,) of 0.05 and then grown at 37°C with
agitation (220 rpm). To determine the effect of iron limitation on the
growth of B. anthracis strains, deferoxamine mesylate (DFM) (Sigma-
Aldrich, United Kingdom) was added to the exponentially growing cul-
tures (ODs,, of 0.3) at a final concentration of 15.0 mM and growth
monitored with respect to an untreated control. Similarly, to achieve the
conditions of iron overload, Fe(II)SO,, - 7H,O was added to the cultures at
1.0 and 2.0 mM. Sensitivities to oxidative stress compounds were deter-
mined by the addition of either H,O, (1.0 mM) or paraquat (0.8 mM),
and when necessary, cultures were pretreated for 10 min with Fe(I1)SO, -
7H,0O or DEM, respectively, to overload cells with or restrict them of iron.

RNA extraction and Northern blot analysis. Total RNA was isolated
using a RiboPure bacterial kit (Ambion) according to the manufacturer’s
protocol with modifications to optimize RNA vyield or using the hot-
phenol method as described previously (10). A digoxigenin (DIG)-labeled
RNA probe specific for dps2 was synthesized in vitro with T7 RNA poly-
merase, using a PCR template synthesized using the oligonucleotide
primers in Table 2 and the DIG RNA labeling kit (Roche, United King-
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TABLE 2 Oligonucleotide primers used in this study

Role of Dps2 in B. anthracis

Function and primer name Sequence? (5" —3")

PCR amplification product (bp)

Mutant construction

dps2 upstream region (760)
dps2 downstream region (582)
perR upstream region (428)

perR downstream region (315)

Dps2 up-F GCCCCGCGGGGCTTGTTCAAGCATTAGGT

Dps2 up-R CCGGAATTCTATGATCAATCTCCTTTTGAG

Dps2 down-F CCGGAATTCGGAAGCGGCTCGTTTAGAGTC

Dps2 down-R GCCTCTAGAGGTTGTATTAGCGGTTTGAA

PerR up-F GCCTGCTCTAGAAATGGTTACAGTAGGAGAAATGGC
PerR up-R GTACCCAAGCTTGGTGAGAATGAGCATTAAGTATTC
PerR down-F GTACCGGAATTCGCGTTTGTCCAGAGTGTCATAAGG
PerR down-R GTACCGGAATTCTTTAATTCTTCTTTGACCACCGTC

Northern blot probes

dps2 probe (465)

Complete dps gene (498)

Dps2-For ATGAACAAACAAGTAATCGAAG

Dps2-Rev-T7 ctaatacgactcactatagggagaTAGCATCCAAGCGTGTTTTTC
Complementation

Dps2-fwd CAAGGATCCCATAATGAACAAACAAGTAATCGAAG

Dps2-rev CAAGAATTCAAGCGACTCTAAACGAGCC

Primer extension
Dps2

GAATAAAACGCTCCAGTCTG

@ Primer sequences were derived from the B. anthracis genome sequence (33). Restriction sites (underlined) and additional bases to improve restriction enzyme binding (bold) are
indicated. Lowercase letters indicate a 5" extension with the T7 promoter sequence for the creation of an antisense RNA probe. Primers used for primer extension analysis were 5'-

FAM labeled.

dom). Northern blot analysis was conducted as described by Eymann et al.
(10).

Primer extension analysis. Primer extension analysis, used to deter-
mine the transcriptional start sites, was performed using a 5'-6-
carboxyfluorescein (FAM)-labeled oligonucleotide primer (Eurogentec,
United Kingdom) (Table 2) for the reverse transcriptase reaction. The
primer extension reaction was completed in two stages. In the initial re-
verse transcription step, total RNA (40 to 50 ug) was heated at 70°C for 5
min in the presence of 100 pmol primer, followed by the addition of 100 U
Moloney murine leukemia virus (MMLYV) reverse transcriptase (Ambion,
TX), 1 mM deoxynucleoside triphosphates (ANTPs) (Fermentas, United
Kingdom), and 40 U of recombinant RNasin RNase inhibitor (Promega,
United Kingdom) in a total volume of 30 ul. The reaction mixtures were
incubated at 42°C for 60 min. The initial reverse transcription reaction
mixture was replenished with the above reagents and then subject to a
second extension reaction by incubation at 42°C for further 60 min. The
FAM-labeled cDNA products were treated with 10 ng RNase A (Ambion,
TX) and purified with a MinElute reaction cleanup kit (Qiagen, CA). In
addition, a target DNA fragment was sequenced with dideoxynucleotide-
based reactions utilizing the Thermo Sequenase primer cycle sequencing
kit (GE Healthcare, United Kingdom) and the same FAM-labeled primer.
Both sequencing and extension products were loaded in a capillary-based
electrophoresis DNA sequencer (Applied Biosystems 3730, CA) and the
resulting electropherograms aligned using Peak Scanner software version
1.0 (Applied Biosystems, CA) to determine the sizes of the primer exten-
sion products.

RESULTS

The major role of Dps2 is not that of iron storage. We recently
identified Dps2 as one of four major iron-binding proteins pres-
ent in the cytoplasm of B. anthracis (39a). In order to investigate
the role of this protein, we determined the growth characteristics
of a Adps2 mutant in LB broth in the presence of the ferrous iron
chelator deferoxamine mesylate (DFM), which reduces the avail-
ability of iron, and excess iron (Fig. 1). The concentrations of
DFM (15 mM) and iron (1 and 2 mM) that were used visibly
limited the growth of wild-type B. anthracis, mildly in the case of
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DEM, transiently in the case of 1 mM iron, and severely in the case
of 2 mM iron (Fig. 1). Irrespective of the conditions tested, the
growth of the Adps2 mutant was similar to that of the wild-type
strain (Fig. 1A and B). In addition, a plate diffusion assay was
performed to test the sensitivity of the Adps2 mutant to Fe(II)SO,,
but again no significant changes in iron sensitivity, as determined
by the size of the zone of inhibition, were observed in comparison
to the wild type (data not shown). If Dps2 were important for iron
storage, the growth of the Adps2 mutant would be expected to be
differentially affected by iron excess or limitation in comparison
to the wild type.

Dps2 promotes tolerance to peroxide but not superoxide
stress. To establish whether Dps2 has a role in protecting B. an-
thracis against oxidative stress, we determined the sensitivity of the
Adps2 mutant to exogenous H,0, and endogenous superoxide
stress, the latter generated by treatment with paraquat. Cells were
grown to exponential phase (ODs,, 0.3) in LB medium and either
H,0, (1 mM) or paraquat (0.8 mM) added. The Adps2 mutant
was significantly more sensitive to peroxide stress than the wild
type (Fig. 2), while superoxide stress had no observable influence
on its growth (Fig. 3). These data indicate that Dps2 is a compo-
nent of the oxidative stress defense system of B. anthracis that is
specific to H,O.,.

To confirm the role of Dps2 in peroxide stress resistance, we
constructed a strain in which the dps2 mutation was comple-
mented with an IPTG-inducible copy of dps2 on plasmid
pKG400-dps2 (Fig. 4). Cells grown to exponential phase (ODs,,
of 0.3) in the presence or absence of IPTG (10 mM) were treated
with H,O, (1 mM). Neither the presence of pKG400-dps2 nor the
addition of IPTG alone affected growth. However, when the com-
plementation strain grown in the absence of IPTG was challenged
with H,0,, growth was severely inhibited. The presence of IPTG
in the medium to induce the expression of dps2 from pKG400-
dps2 significantly limited the inhibitory affect of H,O, on growth,
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FIG 1 Response of B. anthracis to excess- or low-iron conditions. The B. anthracis UM23C1-2 wild-type strain (ll and [J) and its Adps2 mutant (A and A) were
grown to exponential phase (ODs,4, 0f 0.3) in LB medium at 37°C and treated with Fe(II)SO, - 7H,O (1 mM and 2 mM) (A) and the iron chelator DFM (15 mM)
(B). The arrows indicate the time points at which the Fe(II)SO, - 7H,0 and DFM were added to the culture. Similar growth kinetics were obtained from a

minimum of two independent experiments.

confirming that the inhibition of the Adps2 mutant by peroxide
was due to the absence of Dps2.

To some extent our in vivo data are in apparent conflict with
the in vitro data of Liu et al. (26) that indicate that Dps2 (Dps-1
according to their terminology) uses O, rather than H,O, as an
iron oxidant; the use of the latter would have provided an expla-
nation for the role of Dps2 in the detoxification of to H,O,.

Iron incorporation in vivo exerts tolerance to peroxide
stress. Since iron homeostasis is especially important under con-
ditions of oxidative stress, we determined the impact of peroxide
and superoxide stresses on the Adps2 mutant in the presence of
excess iron. The B. anthracis wild-type strain and Adps2 mutant
were grown in LB with and without excess iron to exponential
phase (ODs,, of 0.3) and then treated with H,O, to induce per-
oxide stress. The combination of H,0, and excess iron resulted in
a severe growth inhibition of the Adps2 mutant strain followed by
cell lysis, while this combination of treatments only moderately
affected the wild type (Fig. 2A). In contrast to the dramatic effects

A,

FQ(“) + H.O,

—&— UM23C1-2

—®— UM23C1-2 +H,0,

—&— UM23C1-2 +Fe + H,0,
01 —0— Adps2
—O— Adps2 +H,0,
—&— Adps2 + Fe + H0,

¢ 1 2 3 4 5 6 7 8 9
Time {hour}

of H,0,, iron excess had little or no effect on the growth of the
wild type or the Adps2 mutant under paraquat stress (Fig. 3). This
suggests that Fenton chemistry does not play a major role in the
paraquat-induced killing of B. anthracis, and this view is rein-
forced by array date that shows that the LexA regulon is induced in
response to peroxide but not superoxide stress (31).

Next we tested the growth of the wild type and the Adps2 mu-
tant under H,O, stress under iron-depleted conditions (Fig. 2B).
Pretreatment of wild-type B. anthracis with DFM alone has a rel-
atively small influence on cell growth under H, O, stress (Fig. 2B),
presumably due to iron limitation and a requirement of iron-
utilizing enzymes involved in respiration and resistance to endog-
enous oxidative stress. However, pretreatment of the culture me-
dium with DFM reduces the sensitivity of the Adps2 mutant to
H,0,, and consequently its response to peroxide stress is indistin-
guishable from that in the wild type (Fig. 2B). Taken together,
these results clearly implicate ferrous iron in the sensitivity of the
Adps2 mutant to H,0,. They indicate that Dps2 has a role in

DFM + H,0,

—8— UM23C1-2
—— UM23C1-2 +H,0,

—&— UM23C1-2 + DFM + H,0,
—0— Adps2
—0—
=2 ]

1 F
:

o1
Adps2 + H,0,
Adps2 + DFM + H,0,

0.01

© 1 2 3 4 5 6 7 8 9
Time {hour)

FIG 2 Response of B. anthracis to oxidative stress. The B. anthracis UM23C1-2 wild-type strain (ll, @, and A) and its Adps2 mutant (], O, and A) were grown
to exponential phase (ODs,, 0f 0.3) in LB medium at 37°C with or without H,O, (1 mM), and with or without pretreatment with Fe(II)SO,, - 7H,O (1 mM) (A)
or DEM (15 mM) (B). The arrows indicate the time points at which the cultures were pretreated with DFM or Fe(II)SO, - 7H, 0O, which was followed, after 10 min,
by the addition of H,O,. Similar growth kinetics were obtained from a minimum of two independent experiments.
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log (ODs,)
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FIG 3 Effect of the addition of iron [1 mM Fe(II)SO, - 7H,0)] on the response
of wild-type B. anthracis UM23C1-2 and the Adps2 mutant to paraquat (PQ).
Exponentially growing (ODs,, of 0.3) cultures were pretreated with
Fe(II)SO, - 7H, O for 10 min before being challenged with 0.8 mM paraquat.
The arrow indicates the time point at which the cultures were pretreated with
Fe(II)SO, - 7H, 0, followed by the addition of paraquat. Similar growth kinet-
ics were obtained from a minimum of two independent experiments.

protecting cells from superoxide stress, presumably by limiting
the production of OH- through its ability to mitigate the effects of
the toxic combination of ferrous iron and H,O,.

Dps2 is a member of the PerR peroxide stress regulon. We
analyzed the expression of the dps2 gene in response to H,O, and
paraquat by measuring the abundance of the dps2 transcript by
Northern blotting. The dps2 gene was transcribed as a monocis-
tronic transcript of ~0.5 kb. While the expression of dps2 is not
changed in response to superoxide stress, the abundance of dps2
mRNAs was significantly increased in response to H,O, (Fig. 5).
The second, very-low-abundance transcript of approximately 1.1
kb is likely to be the result of read-through into the downstream
gene, BA5291. PerR is an H,O,- and metal-responsive regulatory
protein that regulates the peroxide stress response in Gram-
positive bacteria. As dps2 is induced in response to H,0,, we in-
vestigated whether its expression was affected in a AperR mutant.
Northern analysis of the total RNA from the AperR mutant
showed a high level of dps2 transcription in both the presence and

10 -
1 4
0.1 -
—m— Adps2 + pKG400-dps2
—8— Adps2 + pKG400-dps2 + IPTG
—e— Adps2 + pKG400-dps2 + H,0,
—o— Adps2 + pKG400-dps2 + IPTG + H,0,
0.01 ‘ . . . . :

0 1 2 3 4 5 6

FIG 4 Complementation of the Adps2 mutant with a plasmid-encoded copy
of Dps2. The Adps2 mutant was transformed with pKG400-dps2, encoding an
IPTG-inducible dps2 gene. Cultures were grown with (open symbols) or with-
out (closed symbols) IPTG (10 mM) to exponential phase (ODs,, of 0.3 [ar-
row]) in LB medium at 37°C (squares) and treated as required with H,0, (1
mM) (circles). Similar growth kinetics were obtained from a minimum of two
independent experiments.
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Co H,0, PQ
wt A wt A wt A
(kb)
2.0
1.5 -
1.0 B < Read through mRNA
05 -« < dps2 (0.5 kb)

FIG 5 Regulation of dps2 in response to oxidative stress and the role of PerR.
Northern blot analysis was performed using 3 ug total RNA of B. anthracis
UM23C1-2 (wild type [wt]) and the AperR mutant (A) using a DIG-labeled
probe internal to the dps2 gene fragment. Cells were grown aerobically in
Luria-Bertani (LB) broth to an ODs,, of 0.3, treated with hydrogen peroxide
(H) or paraquat (PQ) to final concentrations of 1 mM and 0.8 mM, respec-
tively, and compared to the untreated control (C). The dps2 mRNA was ex-
pressed as a 0.5-kb monocistronic transcript. Expression of dps2 is induced by
H,O, but not by paraquat, while deletion of perR did not significantly affect the
expression of dps2 following oxidative stress. Basal levels of the dps2 transcript
were significantly increased in the AperR mutant, indicating the repression of
dps2 expression by PerR. The second, very weak transcript at 1.1 kb is likely to
be a read-through mRNA extending into the downstream gene, BA5291.

absence of oxidative stress (Fig. 5), which suggests that dps2 ex-
pression is negatively regulated by PerR.

Primer extension analysis was carried out to map the transcrip-
tional start site of dps2. The analysis showed that dps2 was ex-
pressed primarily from transcripts initiated at 49 and 50 nucleo-
tides (AT) upstream of the ATG translation initiation codon (Fig.
6). Analysis of the region upstream of the transcriptional start site
revealed the presence of putative —10 (TATAAT) and —35
(TTGACA) boxes, corresponding to Bacillus subtilis -
dependent consensus promoter sequence (5" TTGGCA-16/18 bp-
TATAAT 3’ [16]). A consensus sequence identical to the well-
characterized recognition sites of B. subtilis PerR-regulated genes
(TTATAATnATTATAA [12]), with a nucleotide identity of 15/15,
was found overlapping the mapped transcriptional start sites and
the —10 promoter element (Fig. 6). Taken together, these data
indicate that dps2 mRNA is initiated from a single promoter and is
a member of the B. anthracis PerR regulon.

DISCUSSION

Iron acquisition is essential for bacterial pathogenesis (4). How-
ever, due to its propensity to participate in redox chemistry, iron is
also potentially toxic to living cells (23, 24). Therefore, concomi-
tant with iron uptake, cells need to avoid toxicity by storing intra-
cellular iron in a less reactive form. It has been suggested that Dps1
and Dps2 of B. anthracis are important for iron binding and se-
questration, and overexpression of either Dpsl or Dps2 in E. coli
increased its resistance to the presence of excess iron in the growth
medium (29). To determine the role of Dps2 in B. anthracis, we
constructed a dps2 mutant and analyzed its response to iron excess
and deficiency. Growth of the Adps2 mutant was unaffected by
either relative to that of the wild type, suggesting that the primary
role of Dps2 is not that of iron storage.

In addition to the Dps-like miniferritins, B. anthracis also en-
codes the maxiferritin BA5296, and this might explain why Dps2
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Sequence

Primer
extension

TTAATAGATTATAATAATTATAAATTAGTAA

B . TTGTTCAAATTAATTCCAGCAAAAGGG ttgattTATACGAATTAAT
-35
AGAII‘ tataa tAATTATAA[AT TAGTAATTGGTATCACATAATAACTC
-10
AARaggagaTTGATCATAATGAACAAACAAGTAATCGAAGTATTAA
RBS
ACAAACAAGTAGCAGACTGGAGCGTTTTATTCACAAAACTACACAA
D Primer
....... TAATTAAAAGCGGAAGCGGCTCGTTTAGAGTCGCTTTTT
Terminator

FIG 6 (A) Primer extension analysis of the dps2 promoter. Two adjacent
peaks were detected in the primer extension analysis using 50 ug total RNA
from B. anthracis UM23C1-2 (wild-type) cells. (B) Nucleotide sequence of the
dps2 promoter region. The mapped transcription start sites are in bold and
marked by dots, the potential —10 and —35 regions and ribosome-binding site
(RBS) of the dps2 promoter are indicated in bold lowercase, and the start
(ATG) and stop (TAA) codons for the dps2 translation sequence are under-
lined. The putative PerR-binding site is boxed. The 23-bp palindromic se-
quence with a calculated AG value of —7.2 kcal mol~! (IDT OligoAnalyzer 3.1)
predicted as the transcriptional terminator for dps2 is as indicated by a dotted
line. The FAM-labeled primer for primer extension analysis is shown by an
arrow. The primer extension reaction mixtures were loaded in a capillary-
based electrophoresis DNA sequencer (Applied Biosystems 3730) and com-
pared with the corresponding sequencing reaction mixtures using the same
labeled primer. Results were analyzed with the Peak Scanner (version 1) pro-
gram (Applied Biosystems).

does not appear to be required for growth under iron-depleted
conditions. In Listeria monocytogenes, which does not encode a
maxiferritin homologue, the Dps-like protein Fri has been shown
to be required for iron storage (28). Dps family proteins are im-
portant components of the prokaryotic defense against oxidative
stress. In B. subtilis, dpsA, which is a homologue of both dpsI and
dps2 of B. anthracis, is required for oxidative stress resistance dur-
ing stationary growth phase (3). However, despite the presence of
a weak putative B. subtilis-like Fur recognition sequence (TGATA
ATnATTATCA [12]) within the dpsI promoter region (with an
identity 11 of 15 nucleotides), this gene is not induced along with
other putatively Fur-regulated genes in response to superoxide
stress (31).

Dps proteins generally utilize H,0, as an iron oxidant for their
ferroxidase activity, thereby removing H,O, and reducing the po-
tential for the formation of OH- radicals (8, 14). It has been pro-
posed that Dps proteins also protect DNA against oxidative stress
by binding nonspecifically to DNA. For example, the E. coli Dps
protein is expressed under both oxidative and nutritional stress
conditions, binding to DNA in a nonspecific manner to form sta-
ble Dps-DNA complexes that shield the DNA from the resulting
oxidative environment (1, 27). Previous studies have shown that
B. anthracis Dpsl and Dps2 do not bind to DNA (29). However,
despite the lack of interaction, in vitro DNA damage assays clearly
demonstrate that both Dpsl and Dps2 protect DNA from oxida-
tive damage, although Dpsl1 provides complete DNA protection
from degradation from a combination of Fe?* and H,O,, while
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Dps2 provides only partial protection (26). This is consistent with
in vitro data that shows that Dps1 uses both H,0, and O, as iron
oxidants, with an ~3-fold preference for the former, whereas
Dps2 uses only O, (26). It is worth emphasizing that the latter
observation is exceptional, as other Dps family members generally
use H,0, as the physiological iron oxidant and with an ~1,000-
fold greater efficiency than O, (8). The physiological relevance of
this observation in B. anthracis is not yet clear, particularly since,
in contrast to dps2, dpsl is not induced in response to either per-
oxide or superoxide stress (31).

The B. anthracis Adps2 mutant has much lower tolerance to
H,0, (Fig. 2A), which suggests a significant role for Dps2 in per-
oxide stress resistance. The presence of DFM abolishes the sensi-
tivity of the Adps2 mutant to H,O, (Fig. 2A and B). DFM is a
membrane-permeative iron chelator that interferes with the intra-
cellular free iron pool, but it does not chelate iron from proteins
(20, 21). Thus, complementing the in vitro study by Liu et al. (26),
in vivo Dps2 is likely to confer protection against H,O, by inhib-
iting the iron-mediated production of OH- through sequestration
of ferrous iron rather than its detoxification.

The intracellular levels of ROS are detected by regulatory mol-
ecules in the cell that trigger a homeostatic response, leading to an
increase in the activities of oxidative stress defense systems and a
faster removal of the oxidant. B. subtilis also encodes two Dps-like
proteins, known as DpsA and MrgA, but with a different patterns
of regulation. Liu et al. (26) have argued that B. anthracis Dpsl
shows more sequence similarity with B. subtilis MrgA, which is
regulated in log phase by H,O, and PerR (6), while Dps2 shows
more sequence similarity with B. subtilis DpsA, which is regulated
by the general stress sigma factor, o®, in the stationary phase (3).
However, we find that Dpsl and Dps2 are both more closely re-
lated to DpsA (62% and 58% identity, respectively) than to MrgA
(48% and 59% identity, respectively). Primer extension analysis
revealed that dps2 is expressed from a single o*-dependent pro-
moter and includes a consensus PerR-like binding site (Fig. 6). We
observed an increase in dps2 expression under H,0,, and its ex-
pression is constitutive in the absence of PerR (Fig. 5). Therefore,
like that of the B. subtilis homologue mrgA, the expression of B.
anthracis dps2 is PerR regulated.

The role, if any, of Dps2 with respect to resistance to endoge-
nous superoxide stress is not yet clear. The link between iron me-
tabolism and superoxide stress is of significance in light of recent
evidence that B. anthracis takes up iron following treatment with
paraquat (30, 31, 39a). It is recognized that endogenous superox-
ide stress can lead to oxidative damage by increasing the relative
amounts of intracellular free iron (20), and consequently, free
cytoplasmic iron may need to be neutralized to avoid iron-
mediated oxidative stress. However, the abundance of dps2
mRNA did not change in response to superoxide stress (Fig. 5),
while the growth of the Adps2 mutant was only marginally re-
duced compared with that of the wild type (Fig. 4). This suggests
either that the cytoplasmic free iron levels are not a major factor in
the toxicity of endogenous superoxide stress in this organism or
that free iron is rapidly sequestrated. Taken together, our results
show that Dps2 does not play a significant role in superoxide stress
resistance, a view that is consistent with our observation that the
abundance of iron in Dps2 is largely unaffected by exposure to
paraquat (39a). In the same study, we did not detect significant
iron pools associated with either Dps1 or ferritin, nor is there an
increase in their gene expression in response to paraquat (30, 31).
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The importance of these proteins for iron storage and oxidative
stress resistance has not been determined, and it remains to be
seen of how B. anthracis safely accumulates iron in response to
paraquat.

We conclude that B. anthracis Dps2 contributes to peroxide
stress resistance by sequestering cellular free iron to prevent the
production of OH-. This protective mechanism may be important
for virulence, as has been shown for Dps homologues in other
intracellular pathogens, including L. monocytogenes (28), Helico-
bacter pylori (NapA) (36), and Salmonella enterica serovar Typhi-
murium (15). Further characterization of B. anthracis dps2 to un-
derstand the importance of the Dps2 protein in the interaction
between this pathogen and its host is necessary.
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