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Streptococcus pyogenes does not produce catalase, but it can grow in aerobic environments and survive in the
presence of peroxide. One of the stress proteins of this organism, peroxide resistance protein (Dpr), has been
studied to examine its role in resistance to hydrogen peroxide, but the protective mechanism of Dpr is not clear.
The aim of this study was to characterize the dpr gene and its role in dealing with different stresses. A dpr
deletion mutant was constructed by double-crossover mutagenesis. The dpr mutant was more sensitive to H2O2,
and complementation could partially restore the defect in the mutant. Pretreatment with the iron chelator
deferoxamine mesylate rescued the survival activity of the mutant under oxidative stress conditions. The dpr
mutant also showed a low survival rate in the long-term stationary phase, when it was treated with extreme
acids, and under alkaline pH conditions compared to the wild-type strain. The growth of the dpr mutant was
slower than that of the wild-type strain in iron-limiting conditions. The dpr mutant showed high sensitivity to
iron and zinc but not to manganese, copper, nickel, and calcium. Recombinant Dpr protein was purified and
showed iron-binding activity, whereas no DNA-binding activity was found. These data indicate that an iron-
binding protein, Dpr, provides protection from hydrogen peroxide stress by preventing the Fenton reaction,
and Dpr was identified as a novel stress protein that protects against several stresses in group A streptococci.

Oxidative stress is one of the common stresses in bacteria.
Bacteria encounter oxidative stress by exposure to reactive
oxygen species (ROS) present in the aerobic environment and
immune responses (3). ROS, such as superoxide (�O2), hydro-
gen peroxide (H2O2), and the hydroxyl radical (�OH), cause
severe damage to DNA, proteins, and lipids (16, 22). Bacteria
have developed complex strategies to protect themselves from
injury and to prevent exposure to oxidants. Multiple factors
participate in the protection of bacteria from ROS damage,
such as catalase, superoxide dismutase, NADH oxidase, alkyl
hydroperoxide reductase, and DNA-binding protein from
starved cells (Dps) (29, 35). The toxicity of H2O2 for microor-
ganisms is mild, but this compound can be transformed into
the highly toxic hydroxyl radical in the presence of iron by the
Fenton reaction (H2O2 � Fe2�3 �OH � OH� � Fe3�) (36).
In order to prevent the toxicity of H2O2, Dps, a ferritinlike
protein, can chelate the excess free iron and interfere with the
formation of highly toxic hydroxyl radicals by Fenton reactions
(17, 35, 47). Furthermore, Dps also protects cells against ROS
resulting from its binding to DNA nonspecifically in Esche-
richia coli (2, 23). Therefore, Dps family proteins are vital in
preventing hydrogen peroxide stress.

Most proteins belonging to the Dps family can bind to iron,
but some of them cannot bind to DNA to protect cells against
oxidative stress. (5, 35, 39). In addition, Dps homologues in

Salmonella enterica serovar Typhimurium (14) and Listeria
monocytogenes (26) and NapA in Helicobacter pylori have been
shown to be associated with virulence (31). All of these mol-
ecules are important for protecting against hydrogen peroxide
stress (14, 17, 25, 26, 35, 46). A Dps homologue is also present
in Streptococcus pyogenes (group A streptococcus [GAS]) and
is designated Dpr (Dps-like peroxide resistance) or MrgA (6).
The expression of dpr in GAS is elevated in the mouse infec-
tion model and in human saliva, as determined by microarray
analysis (12, 34). It has been suggested that dpr of GAS is an
important factor for protecting the organisms against oxidative
stress and may have roles in adaptation to the host environ-
ment.

Brenot et al. have shown that Dpr mutants are hypersensi-
tive to hydrogen peroxide and that the Dpr promoter, containing
a Per box, is recognized by the PerR regulator (6). However, the
protective mechanism and biological functions of Dpr are not well
known. In this study, we demonstrated the mechanism of hyper-
sensitivity to hydrogen peroxide of a dpr mutant in GAS and its
role in multiple stresses.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Wild-type GAS strain
A-20 (serotype M1) used in this study has been described previously (40). E. coli
DH5� was used for cloning, and E. coli BL21(DE3) served as the host for the
expression of His6-tagged Dpr protein. Plasmids pSF152 and pDL278 have been
described previously (43). Plasmid pET21b was purchased from Invitrogen,
Cergy-Pontoise, France. All GAS strains were cultivated in tryptic soy broth
supplemented with 0.5% yeast extract (TSBY) without agitation at 37°C. E. coli
strains were grown with agitation at 37°C in Luria-Bertani broth supplemented
with spectinomycin (100 �g/ml), ampicillin (100 �g/ml), or chloramphenicol (25
�g/ml) as necessary. For preparation of iron-limiting medium, TSBY was de-
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pleted of iron by adding 16 mM nitrilotriacetic acid (trisodium salt) (NTA) and
supplemented with MgCl2, CaCl2, MnCl2, and ZnCl2 (1 mM each).

Construction of a dpr mutant and a complementation strain. A dpr deletion
mutant was constructed by using GAS strain A-20 as the parental strain. Oligo-
nucleotide primers (forward primer 5�-CCGGAATTCGCGACAAAATAAAG
CCCAAA-3� and reverse primer 5�-CGCGGATCCTCAGCCGCCATGAAAA
TGTC-3�; EcoRI and BamHI restriction sites are underlined) were used for
amplification of the upstream 947 bp and downstream 1,021 bp of the dpr region.
The 2,496-bp PCR product was digested with BamHI and EcoRI and cloned into
vector pSF152, yielding plasmid pMW410. The dpr gene was digested at the
Eco0109I and XcmI restriction enzyme sites; then the sticky ends were filled in
and a chloramphenicol resistance cassette was inserted to disrupt the dpr region,
and the resulting construct was designated plasmid pMW411. The proper con-
struct was confirmed by PCR and restriction enzyme digestion. Plasmid pMW411
was introduced into A-20 by electroporation at 1.8 kV, and bacteria were resus-
pended in 1 ml TSBY immediately after electroporation. The sample was incu-
bated for 2 h at 37°C and plated on TSBY agar plates supplemented with 3 �g/ml
chloramphenicol to select mutants. The plates were incubated at 37°C for 24 to
48 h, and the mutant was confirmed by PCR and Southern blot analysis. For
complementation of the dpr mutant, 1,000 bp containing the dpr gene and
promoter region was amplified with forward primer 5�-CCGGAATTCTGCCC
GAACATATACTAAAA-3� and reverse primer 5�-CGCGGATCCATAAAGA
CGTTTGCCAAGGT-3� (EcoRI and BamHI restriction sites are underlined).
The purified DNA, digested with BamHI and EcoRI, was cloned into appropri-
ately digested shuttle vector pDL278, and the resulting plasmid was designated
pMW409. Plasmid pMW409 was electroporated into the dpr mutant, resulting in
a dpr complementation strain.

Cloning and purification of recombinant His6-tagged Dpr and Dps proteins.
The full-length dpr gene (528 bp) was amplified from A-20 genomic DNA by
PCR with a forward primer containing an EcoRI site (5�-CCGGAATTCCATG
ACAAACACACTCGTTGA-3�) and a reverse primer containing a XhoI site
(5�-CCGCTCGAGGAGTGCTGGGCCTTGTCCAC-3�) (restriction sites are
underlined). The dps gene was amplified from an E. coli K-12 strain by PCR
using primers CCGGAATTCCATGAGTACCGCTAAATTAGT and CCGCT
CGAGTTCGATGTTAGACTCGATAA (restriction sites are underlined). The
PCR products of the dpr and dps genes were digested with EcoRI-XhoI and
cloned into pET-21b to generate Dpr and Dps expression plasmids pMW408 and
pMW524, respectively.

Cultures of E. coli BL21 harboring the recombinant plasmids were grown to an
optical density at 600 nm of 0.6 prior to induction with 1 mM isopropyl-�-D-
thiogalactopyranoside (IPTG) for 4 h. Cells were harvested by centrifugation at
8,000 rpm, and each cell pellet was resuspended in 20 mM Tris-HCl–100 mM
NaCl (pH 7.5). The cells were disrupted by two passages through a French
pressure cell, and the cell debris was removed by centrifugation at 12,000 rpm.
Purification of the His6-tagged protein was performed by Ni2� affinity chroma-
tography (GE Amersham, Uppsala, Sweden). The purified recombinant Dpr
(rDpr) and recombinant Dps (rDps) proteins were dialyzed with 20 mM Tris-
HCl–100 mM NaCl (pH 7.5) and concentrated by using an ultrafiltration cell
(Amicon Corp., Lexington, MA).

H2O2 sensitivity assays. H2O2 sensitivity was examined and modified by using
liquid culture methods previously described by Brenot et al. (6). Overnight
cultures of GAS were reinoculated (1:100) into fresh TSBY and incubated at
37°C for 5 h. An aliquot of each culture was removed, and the cell pellet was
suspended in 1� phosphate-buffered saline. A 100-�l aliquot was removed (time
zero), and 5 mM (final concentration) H2O2 was added to the bacterial culture.
The mixture was incubated at 37°C for 1 h. Appropriate bacterial dilutions were
plated onto solid TSBY agar plates for determination of the numbers of CFU.
The viable cells were counted, and the percentage of surviving cells was calcu-
lated by dividing the number of CFU at 1 h by the initial number of CFU at time
zero. In the iron chelator complementation analysis of H2O2 hypersensitivity, the
method described by Ishikawa et al. was used, with modifications (17). The
bacteria were pretreated with different concentrations of deferoxamine mesylate
(DFOM) (Sigma Chemical Co., St. Louis, MO) for 30 min at 37°C and then
challenged with 5 mM H2O2 for 1 h without agitation. The results were expressed
as the averages and standard errors of the means of at least three independent
experiments.

Iron staining. Iron staining was performed as described elsewhere (8, 17, 45).
Different concentrations of rDpr, rDps, and bovine serum albumin (BSA) were
incubated with 1 mM Fe(NH4)2(SO4) � 6H2O on ice for 30 min. The mixtures
were resolved by 8% nondenaturing polyacrylamide gel electrophoresis (PAGE).
Iron-binding proteins were visible in a gel stained with 1 mM 3-(2-pyridyl)-5,6-
bis(2-[5-furyl sulfonic acid])-1,2,4-triazine (Ferene S; Sigma Chemical Co.) and

15 mM thioglycolic acid (Sigma Chemical Co.) in 2% (vol/vol) acetic acid. A gel
was stained with Coomassie brilliant blue as a loading amount control.

DNA-binding assay. The DNA-binding assay was performed as described
previously (2, 17, 46). Different amounts of the rDpr and rDps proteins were
added to plasmid pUC18 DNA containing Fe(NH4)2(SO4). The mixtures were
incubated for 1 h on ice and electrophoresed using a 1.0% agarose gel in
Tris-acetate buffer. DNA on the gel was detected by staining it with ethidium
bromide.

Spontaneous mutation rates. The method used to determine spontaneous
mutation rates was the method described by Poyart et al., with modifications
(29). Overnight cultures of GAS were reinoculated (1:100) into fresh TSBY and
incubated at 37°C for 5 h. Then strains were treated with 0.1 mM H2O2 for 2 h.
Appropriate dilutions of the strains were plated on TSBY agar with or without
0.1 �g/ml rifampin (Sigma Chemical Co.). The mutation rate was calculated by
dividing the number of rifampin-resistant CFU by the total number of CFU of
GAS.

Long-term growth assays. To investigate long-term survival of GAS strains,
overnight GAS cultures were inoculated (1:100) into fresh TSBY. The viable cell
counts were periodically determined by plating the appropriate dilution on a
TSBY agar plate.

pH stress assays. Aliquots of overnight stationary-phase cultures of GAS
strains were removed. Cells were incubated in medium whose pH was adjusted
to 4 or 11 at 37°C for 1 h. The viable cell counts were determined, and the
percentage of survival was calculated by dividing the number of CFU at 1 h by
the initial number of CFU at time zero.

Metal stress assays. The procedures used for metal stress assays were modi-
fied from the procedures of Nair and Finkel (25). Overnight stationary-phase
cultures of GAS strains were incubated at 37°C in the presence or absence of
different metals at the following final concentrations: 30 mM FeSO4, 50 mM
ZnCl2, 30 to 100 mM MnCl2, 0.1 to 1 mM CuSO4, 1 to 100 mM NiSO4, and 1 to
100 mM CaCl2. Viable cell counts were determined at different times. All metal
stress assays were performed at least three times.

RESULTS

Construction of a dpr mutant and a complementation
strain. The role of the dpr gene in the stress response was
examined by constructing a GAS dpr mutant. A dpr deletion
mutant, SW575, was constructed by double-crossover mu-
tagenesis and confirmed by Southern blotting (Fig. 1A). The
chromosomal DNA was digested with BclI, and then the mem-
brane was hybridized with the 0.5-kb fragment upstream of the
dpr gene. The data showed that there was a 1.4-kb band in the
wild-type strain, whereas a 5.1-kb band was present in the dpr
mutant (Fig. 1B). The dpr complementation plasmid derived
from shuttle vector pDL278 was introduced into SW575, re-
sulting in a strain designated SW576. The growth curves of
SW575 and SW576 were similar to that of the wild-type strain
(data not shown).

Role of dpr in oxidative stress. To determine the role of dpr
in oxidative stress, A-20, SW575, and SW576 were treated with
5 mM H2O2 and incubated for 1 h. The results showed that the
level of survival of the A-20 strain was 100-fold higher than
that of SW575. The sensitivity to hydrogen peroxide was re-
stored to nearly wild-type levels in the complementation strain
SW576 (Fig. 2A). The sensitivity of the dpr mutant to hydrogen
peroxide is similar to that described previously (6). However,
the mechanism by which dpr confers resistance to oxidative
stress in GAS is not known. To investigate the mechanism of
resistance to H2O2 in GAS, the wild-type strain and mutant
were pretreated with different concentrations of the iron che-
lator DFOM (Desferal) for 30 min and then challenged with 5
mM H2O2. As shown in Fig. 2B, the higher the concentration
of the iron chelator used in the experiment, the greater the
survival of the dpr mutant. The survival of SW575 increased 2
logs in the presence of 10 �M DFOM, whereas there was no
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significant increase in the survival of A-20 in the presence of 10
�M DFOM. When the two strains were pretreated with
DFOM concentrations higher than 10 �M, the survival activity
did not increase significantly. The results showed that an iron
chelator, DFOM, can rescue hypersensitivity of a dpr mutant to
H2O2, suggesting that Dpr serves as an iron chelator.

Characterization of the Dpr protein. In order to clarify the
protective mechanism and roles of Dpr in oxidative stress,
His6-tagged rDpr proteins were overexpressed in E. coli and

purified under native conditions using a nickel-chelating col-
umn. The predicted molecular mass of the rDpr protein with
T7 and His6 tags is 22 kDa. More interestingly, workers have
described Dpr homologs that can form a spherical structure,
like ferritin, which is composed of 12 identical subunits (35).
The molecular mass of the rDpr protein was determined by
nondenaturing PAGE and denaturing sodium dodecyl sulfate-
PAGE. The rDpr protein was resolved at 22 kDa under dena-
turing conditions (Fig. 3A), whereas the molecular mass was
more than 400 kDa as determined by nondenaturing PAGE
(Fig. 3B). Thus, a polymeric form of Dpr was present in our
purified preparation. In order to determine the iron-binding
property of Dpr, different concentrations of the rDpr and rDps
proteins were pretreated with Fe(NH4)2(SO)4, and the mix-
tures were subjected to nondenaturing PAGE. The iron-pro-
tein complex could be found after the gels were stained with
Ferene S, an iron-specific staining dye (Fig. 3C). These results
demonstrated that Dpr is similar to Dps and is an oligomeric
protein having iron-binding activity. The rDpr and rDps pro-
teins were also used to perform a gel mobility shift assay with
plasmid pUC18 to determine whether rDpr possesses DNA-
binding activity. The results showed that for the rDpr mixture
there was no band shift in the DNA-binding assay (Fig. 3D,
lanes 3 to 5), whereas Dps-DNA complexes displayed de-
creased mobility during electrophoresis (Fig. 3D, lanes 7 and

FIG. 1. Construction and confirmation of the dpr mutant.
(A) Schematic diagram of construction of the dpr mutant by allelic
exchange. The dpr gene was replaced by a 1.6-kb chloramphenicol
resistance cassette. The DNA was introduced into GAS by electropo-
ration. BclI restriction enzyme sites were present in the dpr locus. The
thick line indicates the fragment from the dpr upstream region used as
the probe for Southern blotting. The predicted hybridization sizes are
shown. (B) Southern blot confirming the disruption of dpr. Chromo-
somal DNA from the wild type and the dpr mutant were digested with
BclI and probed with the DNA upstream of dpr. Lane 1, �/HindIII
marker; lane 2, wild-type genomic DNA; lane 3, dpr mutant genomic
DNA; lane 4, 100-bp marker.

FIG. 2. Roles of dpr in oxidative stress. (A) Effect of H2O2 treat-
ments on GAS survival. After cells were freshly subcultured for 5 h in
TSBY, H2O2 (5 mM) was added to 1-ml aliquots of the culture. After
60 min, viable counts were determined by plating on TSBY agar before
and after the addition of H2O2. The data are the means and standard
deviations of three independent experiments. (B) Effect of the iron
chelator DFOM on the hypersensitivity to H2O2 of the dpr mutant.
GAS A-20 and SW575 were pretreated with different concentrations of
chelators for 30 min and then challenged with 5 mM H2O2 for 1 h. The
numbers of viable bacteria were determined by serial dilution and
plating on TSBY agar. The data are the means 	 standard deviations
of three independent experiments.
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8). Taken together, the results indicate that Dpr cannot bind to
DNA.

Effect of dpr on DNA damage. ROS derived from H2O2 by
the Fenton reaction can partially damage DNA, and most
antioxidants can protect cells against oxidative DNA damage
that results in DNA mutations (11). To determine whether
Dpr not only protects GAS against H2O2 killing but also pre-
vents mutation, the bacterial cultures were treated with H2O2

and selected on rifampin plates. The results showed that the
mutation frequency to rifampin resistance of the dpr mutant
(2.4 � 10�6 	 5.07 � 10�7) was 17-fold higher than that of A-20
(1.4 � 10�7 	 5.13 � 10�8) or SW576 (3.1 � 10�7 	 1.12 �
10�7). The data indicate that dpr can minimize DNA damage
caused by ROS in GAS.

Effect of dpr in the long-term stationary phase. It has been
reported that GAS can persist in long-term stationary-phase

cultures (44). To determine whether dpr had a role in the
long-term stationary phase, GAS were cultured in vitro for 9
days, and the numbers of viable GAS were determined by
plating on TSBY agar. The survival of the dpr mutant was
found to have decreased by 1 log after 6 days and by 3 logs after
7 days compared with the wild-type strain (Fig. 4A). The plas-
mid in SW576 restored the defect in survival in the long-term
stationary phase, and the plasmid could be extracted from the
complementation strain after 7 days of incubation (Fig. 4A).
No surviving cells could be detected in dpr mutant cultures
after 8 days of incubation, while surviving cells in the wild-type
and complemented cultures were not detectable after 9 days.
The initial pH of the fresh TSBY was 6.9, and the pH was
consistently determined to be between 5.7 and 5.8 throughout
the 9-day course of the experiment (data not shown). There-
fore, the survival defect in the long-term stationary phase of

FIG. 3. Characterization of the rDpr protein. Different amounts of rDpr were electrophoresed on a 15% sodium dodecyl sulfate (SDS)-PAGE
gel (A) and an 8% nondenaturing polyacrylamide gel (B). Lane 1, marker; lanes 2 to 4, 1, 5, and 10 �g of rDpr, respectively. (C) Different amounts
of recombinant proteins and BSA preincubated with or without Fe(NH4)2(SO4) were electrophoresed on nondenaturing PAGE gels. A visible
iron-protein complex was evident after the gels were stained with Ferene S. Coomassie blue staining of the gel served as a loading amount control.
(D) DNA-binding activities of rDpr. Recombinant proteins and BSA were incubated with plasmid pUC18 containing Fe(NH4)2(SO4) on ice for
1 h. The mixtures were electrophoresed using a 1% Tris-acetate agarose gel, and the gel was stained with ethidium bromide. Lane 1, DNA marker;
lane 2, plasmid pUC18 alone; lanes 3 to 5, pUC18 with rDpr (1, 5, and 10 �g, respectively); lanes 6 to 8, pUC18 with rDps (0.5, 1, and 5 �g,
respectively); lane 9, pUC18 with 10 �g BSA.
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the dpr mutant was not due to the pH shift. However, a higher
survival rate was found when GAS strains were cultured in the
presence of 5% CO2 than when they were cultured in a normal
atmosphere (Fig. 4B). We suggest that the suddenly decreased
survival of SW575 was probably due to the ROS derived from
oxygen and that dpr is an important factor for GAS survival in
the long-term stationary phase.

Effects of dpr at extremely alkaline and acid pHs. To exam-
ine the role of Dpr in extreme pH stress conditions, overnight
GAS cultures were shifted to TSBY medium with different pH
values for 1 h. The survival rates of the wild-type strain were
similar in the pH range from 5 to 10 (data not shown). How-
ever, the dpr mutant had a threefold-lower survival rate at pH
4 (extremely acidic conditions) (Fig. 5A) and a 100-fold-lower
survival rate at pH 11 (extremely alkaline conditions) (Fig. 5B)
than the wild-type strain after 1 h of incubation.

Effect of dpr in iron-limiting conditions. It has been reported
that GAS has three iron acquisition transporters used to ac-
quire heme, ferric iron, and ferrichrome (15). This suggests
that the iron-binding protein, Dpr, and the metal transporters
are involved in iron homeostasis and growth. To investigate the
survival rate of a dpr mutant of GAS, we compared the abilities
of wild-type and mutant bacteria to grow in TSBY media (Fig.
6A) and in iron-limiting medium that was pretreated with 16
mM NTA (Fig. 6B). The growth of the dpr mutant was signif-
icantly reduced under iron-limiting conditions compared to the
growth of the wild-type strain and the complementation strain.

None of the strains could grow after the concentration of the
iron chelator was increased to 18 mM (Fig. 6C). However, the
defect could be restored in medium supplemented with FeSO4

(Fig. 6D).
Effect of dpr on metal stresses. Metal is vital for bacterial

growth, but an excess is toxic to bacteria. Overnight cultures of
A-20, SW575, and SW576 were treated with different amounts of
metals, and the results showed that there were no significant
differences in the survival rates after treatment with manganese,
copper, nickel, and calcium (data not shown). However, when
these strains were treated with 30 mM ferrous sulfate, the survival
of the dpr mutant was 1.5 logs lower than that of the wild-type
strain after 30 min of incubation, and the plasmid in the comple-
mentation strain fully restored the survival (Fig. 7A). After 2 h of
incubation, the dpr mutant was found to be 4 logs more suscep-
tible to iron stress than the wild-type strain (Fig. 7A). In addition
to iron, it was found that the dpr mutant was hypersensitive to
zinc. After 2 h of treatment with 50 mM zinc sulfate, the density
of the wild-type strain was 107 CFU/ml, whereas the density of the
dpr mutant was reduced to 
104 CFU/ml (Fig. 7B). The dpr
mutant was not detectable after 3 h of incubation, whereas the
density of the wild-type strain was 
104 CFU/ml.

DISCUSSION

In this study, we characterized the iron-binding ability of the
Dpr protein and showed that Dpr could protect GAS against

FIG. 4. Survival of GAS in the long-term stationary phase.
(A) Overnight cultures of GAS were subcultured in fresh TSBY for 9
days at 37°C without agitation. Viable bacteria were counted every day.
An asterisk indicates that no surviving GAS were detected. (B) The
wild-type strain, SW575, and SW576 were cultured in an incubator
containing a normal atmosphere and an incubator containing 5% CO2
at 37°C for 7 days.

FIG. 5. Influence of extreme pH conditions on the survival of GAS.
A-20, SW575, and SW576 were harvested from overnight cultures, and
bacteria were suspended in pH 4 (A) and pH 11 (B) TSBY. The
bacterial suspensions were incubated for 1 h at 37°C, and the numbers
of remaining viable bacteria were determined by plating serial dilu-
tions on TSBY agar plates. The results are representative of three
separate experiments.
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ROS made by the Fenton reaction. Moreover, a strain defec-
tive in Dpr has less resistance to multiple stresses. To our
knowledge, this is the first demonstration that Dpr is vital for
several stress responses in GAS.

Homologues of a Dps-like protein have been identified in
several bacteria, and the roles of these homologues are diverse
(35). Dps-like proteins in intracellular bacteria, such as ferrit-
inlike Dps in S. enterica serovar Typhimurium and Fri in L.
monocytogenes, are important virulence factors (14, 26). The
iron-binding activities of Dps-like proteins are found in most
bacteria (17, 21, 30, 35, 46), but the DNA-binding activities are
present in only some bacteria, like H. pylori, Mycobacterium
smegmatis, and Porphyromonas gingivalis (10, 13, 35, 41). Most
of the dpr homologues are required for resistance to hydrogen
peroxide (35). The GAS dpr mutant was hypersensitive to
hydrogen peroxide stress, whereas if it was pretreated with 10
�M DFOM, an iron chelator, the survival rate increased to
nearly that of the wild-type strain (Fig. 2B). In addition, the
iron-binding activity of Dpr in GAS was also characterized by
Ferene S staining (Fig. 3C). These data suggest that Dpr binds
free iron in the cytosol to prevent toxicity through the Fenton
reaction.

We also found that Dpr can protect GAS from extreme pH
stress. Since ion pumps and ion transporters play important
roles in controlling the pH homeostasis in bacteria and most of
these factors are regulated by metalloregulators (1, 7), Dpr
might control the intracellular concentration of iron and reg-
ulate ion transporter genes in GAS.

Iron is an essential factor for bacterial growth and during

FIG. 6. Growth of GAS strains in TSBY containing different amounts of iron chelator and ferrous sulfate. (A) Wild-type strain A-20, SW575,
and SW576 were incubated in TSBY without any treatment at 37°C, and the optical density at 600 nm (OD600) was determined during growth.
Strains were also incubated in TSBY with 16 mM NTA (B), 18 mM NTA (C), and18 mM NTA plus 10 mM ferrous sulfate (D).

FIG. 7. Survival of GAS strains after metal stresses. Overnight cul-
tures of wild-type strain A-20 (f), SW575(�), and SW576 (�) were
challenged with 30 mM ferrous sulfate (A) or 50 mM zinc sulfate (B) at
37°C without agitation. The remaining viable bacterial counts were
determined at different time points by determining the number of
CFU, and the data are means 	 standard deviations.
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infection. A multimetal transport system (mts) and a strepto-
coccal metal transport repressor (mtsR) were identified previ-
ously in GAS (4, 19, 20). MtsABC is an ABC transporter which
possesses the ability to accumulate iron and zinc, and MtsR is
a metallorepressor that represses the streptococcal iron acqui-
sition (sia) operon (4). Moreover, strains with mtsABC or mtsR
mutations exhibit impaired growth in iron-depleted conditions
(4, 20). However, in this study, the dpr mutant also grew more
slowly in the iron-restricted conditions than the wild-type
strain. Our results suggest that the iron-binding protein, Dpr,
plays an important role under iron-limiting conditions.
Whether dpr is also related to mtsABC or mtsR requires further
study.

ROS can be generated through Fenton-like or autooxidation
reactions by some heavy metals in addition to iron (37). Ap-
propriate concentrations of metals are important for bacterial
growth, but excess metals are lethal to bacteria. Heavy metals
not only bind to free thiol groups, destroying protein function,
but also compete with cofactors in proteins (9, 37). In this
study, we analyzed several heavy metal stresses, and the results
showed that Dpr plays a vital role in iron and zinc stress but not
in manganese, copper, nickel, or calcium stress. The amino
acid sequences of Dpr in Streptococcus mutans and S. pyogenes
are 72% identical. It has also been reported that Dpr binds not
only to iron but also to zinc in S. mutans (46). The concentra-
tions of zinc in serum and lung tissue have been reported to be
around 15.3 and 229.4 �M, respectively (42). However, the
concentrations of zinc are increased in blood and other body
sites; e.g., they are increased three- to fourfold in the liver
during inflammation (24, 38).

GAS can cause asymptomatic infections for weeks to months
and then result in tonsillitis when there is a defect in immunity
(27, 28, 32). Shelburne et al. found that GAS is able to persist
in human saliva (33, 34). When gene expression in human
saliva is analyzed, dpr is one of the upregulated genes (34). It
seems reasonable to suppose that Dpr plays a role in persis-
tence in human saliva. Survival in long-term stationary phase
may reflect persistence in the host environment. The long-term
stationary growth assays were performed under aerobic condi-
tions and produced ROS like hydrogen peroxide (18). Here,
we found that the dpr mutant had a defect in the ability to
survive after 6 days of incubation. This may suggest that H2O2

is produced by GAS in long-term stationary-phase conditions
and that mutants lacking Dpr are killed quickly by ROS de-
rived from hydrogen peroxide.

In summary, this study demonstrated that an iron-binding
protein, Dpr, prevents hydrogen peroxide stress by preventing
the Fenton reaction. Dpr was identified as a novel stress pro-
tein that is active in allowing GAS to tolerate several stresses.
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