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ABSTRACT Streptococcus pyogenes (group A Streptococcus [GAS]) is an obligate hu-
man pathogen responsible for a broad spectrum of human disease. GAS has a require-
ment for metal homeostasis within the human host and, as such, tightly modulates
metal uptake and efflux during infection. Metal acquisition systems are required to com-
bat metal sequestration by the host, while metal efflux systems are essential to protect
against metal overload poisoning. Here, we investigated the function of PmtA (PerR-
regulated metal transporter A), a P1B-4-type ATPase efflux pump, in invasive GAS M1T1
strain 5448. We reveal that PmtA functions as a ferrous iron [Fe(II)] efflux system. In the
presence of high Fe(II) concentrations, the 5448ΔpmtA deletion mutant exhibited dimin-
ished growth and accumulated 5-fold-higher levels of intracellular Fe(II) than did the
wild type and the complemented mutant. The 5448ΔpmtA deletion mutant also showed
enhanced susceptibility to killing by the Fe-dependent antibiotic streptonigrin as well as
increased sensitivity to hydrogen peroxide and superoxide. We suggest that the PerR-
mediated control of Fe(II) efflux by PmtA is important for bacterial defense against oxi-
dative stress. PmtA represents an exemplar for an Fe(II) efflux system in a host-adapted
Gram-positive bacterial pathogen.

KEYWORDS iron efflux, PmtA, oxidative stress response, PerR, group A Streptococcus,
Streptococcus pyogenes

Defense against peroxide is recognized as one of the most widespread stress
responses in prokaryotes. A characteristic of the peroxide stress response is the

increased expression of peroxidases that can directly remove hydrogen peroxide as
well as the induction of systems that can repair damaged proteins and nucleic acids (1,
2). Streptococcus pyogenes (group A Streptococcus [GAS]) coordinates oxidative stress
responses through the action of the regulator PerR, which functions as a repressor of
oxidative stress defense genes under normal conditions through binding to DNA at per
boxes upstream of these genes (3, 4). This stable complex typically exists with Fe as a
prosthetic group; in the presence of hydrogen peroxide, Fe causes metal-catalyzed
oxidation and damage of the complex, leading to its dissociation and the subsequent
transcription of peroxide response genes (3–6). In GAS, the PerR-regulated oxidative
stress response encompasses both direct mechanisms, involving the detoxification of
reactive oxygen species (ROS), and indirect mechanisms, which involve the repair of
biomolecules damaged by oxidative stress. Direct mechanisms involving the enzymatic
detoxification of reactive oxygen species are achieved through alkyl hydroperoxidases
and glutathione peroxidases (1, 2, 5) as well as a single superoxide dismutase, SodA,
which is Mn dependent (7). An example of an indirect response mechanism is PolAI, a
DNA polymerase that repairs oxidatively damaged DNA (8).
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Another strategy employed by bacteria to ameliorate the effects of peroxide stress
is to control the intracellular concentration of prooxidant metal ions so as to minimize
the Fenton reaction (10, 11). Cu(I) and Fe(II) are biologically available metal elements
capable of potentiating Fenton chemistry. In the case of Fe(II), one aspect of the
bacterial peroxide stress response involves the decreased expression of Fe uptake
systems and the increased expression of Fe storage proteins that effectively sequester
Fe and thus prevent prooxidant activity (12–14). In contrast, copper concentrations
within the bacterial cell are held very low as a consequence of the action of a Cu efflux
system (CopYAZ) that is controlled by a Cu-sensing regulator (CopY) (15–17). The
possibility that Fe ions might also be effluxed from the bacterial cell during peroxide
stress has not been widely investigated. Recently, however, two P-type ATPases that
mediate bacterial Fe efflux, PfeT of Bacillus subtilis, which is regulated by Fur and PerR
(18), and FrvA of Listeria monocytogenes, which is regulated by Fur (19), have been
described.

GAS is an obligate human pathogen responsible for approximately 600,000 deaths
annually (20). Disease states range from mild infections of the skin (impetigo) and
pharynx (“strep throat”) to severe invasive disease such as necrotizing fasciitis and
streptococcal toxic shock syndrome. Repeated infection can also lead to postinfectious
immune sequelae such as poststreptococcal glomerulonephritis and rheumatic heart
disease (21). As a host-adapted human pathogen, GAS deploys multiple systems for
resisting innate and adaptive immunity during colonization and infection (21, 22).
These systems include mechanisms for defense against oxidative stress (23). To date,
the capacity of GAS to efflux Fe as part of the oxidative stress response has not been
investigated.

In this work, we describe the role of the cation transport protein denoted PmtA
(PerR-regulated metal transporter A) (SPy1167), a P-type ATPase, as a PerR-regulated
efflux protein of GAS with specificity for Fe(II). Additionally, we demonstrate that Fe(II)
efflux provides increased resistance to oxidative stress through the efflux of prooxidant
Fe(II) under conditions of oxidative stress.

RESULTS
PmtA is a P1B-4-type ATPase. PmtA (SPy1167) is annotated in the M1T1 reference

genome (MGAS5005) (24) as a P-type ATPase (25). However, there are multiple sub-
classes of class P1B-type ATPases in bacteria, each with various metal specificities. Metal
ion specificity has previously been shown to depend on specific amino acid sequences
within transmembrane (TM) regions of the protein (26). In order to classify PmtA within
P-type ATPase class designations, an amino acid alignment of GAS PmtA with other
annotated P1B-4-type ATPases from different bacteria (NCBI nonredundant GenBank
database) was performed using MUSCLE (27). Following amino acid alignment and
hydrophobicity analysis using TMHMM (28), the transmembrane region was analyzed in
order to determine the P1B subclass (29, 30). P1B-4 ATPases feature a characteristic SPC
amino acid metal binding motif in transmembrane region 4 and an HEG(G/S)T metal
binding motif in transmembrane region 6 (29). This analysis confirmed that PmtA is a
P1B-4 P-type ATPase, a classification identical to that of PfeT and FrvA (Fig. 1A; see also
Fig. S1 in the supplemental material for the full alignment).

Phylogenetic analysis indicates that GAS PmtA is closely related to the P1B-4-type
ATPases from other lactic acid bacteria (clade a) (Fig. 1B). Within this clade, the
P1B-4-type ATPase lineage is differentiated into two clusters. GAS PmtA is closely related
to PmtA homologs found in other genetically related streptococcal species, including S.
dysgalactiae and S. canis, and a Chlamydia trachomatis PmtA homolog, which share
�90% amino acid identity (Fig. 1B, yellow shading, and Fig. S1). Furthermore, S.
pyogenes PmtA is genetically distinct from the lineages made up of functionally
characterized P1B-4-type ATPase family members B. subtilis PfeT (43% identity) (clade b)
and L. monocytogenes FrvA (47% identity) (clade e) (Fig. 1B).

A 5448�pmtA mutant is sensitive to high extracellular Fe(II) concentrations. To
investigate the role of pmtA in GAS physiology, we created an isogenic gene deletion
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FIG 1 Phylogenetic clustering and high-level conservation of key motifs within transmembrane helices of S. pyogenes PmtA
and homologous P1B-4-type ATPase family transporters. Amino acid sequences of P1B-4-type ATPases from 20 bacterial species
with close homology to GAS PmtA as well as previously characterized P1B-4-type ATPases were used for analysis. (A) Multiple-
sequence alignment of TM helices 4 and 6 from the PmtA and P1B-4-type ATPase family protein alignment (see Fig. S1 in the
supplemental material). Key conserved motifs within TM helices 4 and 6 are highlighted in blue, and the essential serine residue
within TM helix 6 is highlighted in red. Consensus patterns based on discriminating equivalence class at a 100% threshold are
indicated below the alignment. Percent amino acid identities relative to S. pyogenes PmtA (TM helices 1 to 6) are indicated next
to the species name. (B) Unrooted maximum-likelihood phylogenetic tree of S. pyogenes PmtA-related sequences based on
protein sequences derived from the six core transmembrane helices common to the P1B-4-type ATPase family. The corresponding
multiple-sequence alignment is presented in Fig. S1 in the supplemental material. The bar indicates the number of amino acid

(Continued on next page)
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mutant in invasive GAS M1T1 isolate 5448 (31). Briefly, the 5448ΔpmtA strain was
constructed by allelic exchange of the ahpA3 cassette with pmtA (SPy1167). The
5448ΔpmtA mutant was complemented through the exchange of ahpA3 with the
wild-type (WT) pmtA allele. We examined the growth characteristics of wild-type strain
5448 (5448 WT), 5448ΔpmtA, and 5448ΔpmtA::pmtA with various metal concentrations.
In Todd-Hewitt broth supplemented with 1% (wt/vol) yeast extract (THY broth) alone,
all strains grew equivalently (Fig. 2A). However, in the presence of 8 mM Fe(II),
5448ΔpmtA exhibited a prolonged doubling time (3.4 � 0.2 h [standard deviation {SD}]
versus 1.3 � 0.2 h [SD] for the WT and 1.4 � 0.1 h [SD] for 5448ΔpmtA::pmtA; P �

0.0001) and reached a lower final cell yield than did 5448 WT and 5448ΔpmtA::pmtA
with identical treatments (Fig. 2C). This reduction in the growth rate and endpoint
density in the 5448ΔpmtA mutant became more pronounced with increasing concen-
trations of Fe(II) (Fig. 2B to D). A similar effect was noted with Co(II), where 5448ΔpmtA
showed a diminished growth rate and reached a lower stationary-phase optical density
(OD) than did 5448 WT and 5448ΔpmtA::pmtA under the same conditions (see Fig. S2
in the supplemental material). This growth defect of the 5448ΔpmtA mutant was
restored in the complemented mutant. Growth analysis in the presence of Mn(II), Ni(II),
Cu(II), or Zn(II) showed no difference in the growth of the 5448ΔpmtA mutant relative
to 5448 WT or 5448ΔpmtA::pmtA (Fig. S3 to S6).

FIG 1 Legend (Continued)
substitutions per site under the WAG substitution model. Asterisks indicate bootstrap values greater than 90 (out of 100
replicates). The dashed oval denotes clade a, and yellow shading highlights subclade a containing PmtA of GAS.

FIG 2 Growth curve analysis in the presence of Fe(II). Cultures of strains 5448 WT, 5448ΔpmtA, and 5448ΔpmtA::
pmtA grown overnight were diluted to a starting OD600 of 0.05 in THY broth (A) or THY broth supplemented with
6 mM (B), 8 mM (C), or 10 mM (D) Fe(II). Growth at 37°C was monitored by recording the OD595. Graphs represent
means � standard deviations of data from 3 independent biological replicates.
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Intracellular metal accumulation by 5448�pmtA. Based on the finding that
5448ΔpmtA is sensitive to high concentrations of Fe(II), we sought to determine
whether this sensitivity arose through an inability to efflux this metal ion. Inductively
coupled plasma mass spectrometry (ICP-MS) was used to analyze the intracellular metal
accumulation of 5448 WT, 5448ΔpmtA, and 5448ΔpmtA::pmtA grown in THY broth after
challenge with Fe(II). In the absence of additional Fe(II) in the medium, 5448ΔpmtA
accumulated approximately 2-fold-higher levels of intracellular Fe than did 5448 WT
and the complemented mutant (Fig. 3A) (P � 0.001). Intracellular Fe accumulation was
increased in all strains following the addition of 8 mM Fe(II). However, the 5448ΔpmtA
mutant accumulated approximately 5-fold more Fe than did 5448 WT and the com-
plemented mutant (Fig. 3B) (P � 0.0001). ICP-MS was also used to analyze intracellular
metal accumulation after the addition of Co(II) and Zn(II). Only Co significantly accu-
mulated in the 5448ΔpmtA background (see Fig. S7 in the supplemental material). In
addition to the lack of growth inhibition of the 5448ΔpmtA mutant by Zn(II) (Fig. S6),
the lack of significantly higher Zn accumulation in the 5448ΔpmtA strain when chal-
lenged by Zn(II) suggests that PmtA does not function as a Zn exporter, as previously
hypothesized (25).

Streptonigrin exerts a toxic effect against 5448�pmtA. Based on the observation
of increased intracellular Fe levels within the 5448ΔpmtA mutant, we hypothesized that
this mutant would show greater susceptibility to streptonigrin. Streptonigrin is an
aminoquinone antibiotic that exerts Fe-dependent toxicity against bacteria (32). The
addition of 200 nM streptonigrin to THY broth resulted in an increased doubling
time (2.4 � 0.3 h [SD] versus 1.3 � 0.2 h [SD] for the WT and 1.4 � 0.4 h [SD] for
5448ΔpmtA::pmtA; P � 0.01) and a reduced stationary-phase optical density of the
5448ΔpmtA mutant (Fig. 3D and E). Furthermore, 250 nM streptonigrin completely
inhibited the growth of the 5448ΔpmtA mutant compared to 5448 WT and the
complemented mutant, which grew normally (Fig. 3F). This result further supports
the view that PmtA is involved in Fe efflux and that elevated intracellular Fe levels in
the 5448ΔpmtA mutant (due to the inability to efflux the metal) result in toxicity to the
cell.

Changes in pmtA gene expression profiles under different conditions. Given
that the 5448ΔpmtA mutant was found to be sensitive to Fe(II), we sought to assess the
nature of pmtA regulation. Thus, 5448 WT was grown in the presence of subinhibitory
concentrations of Fe(II) and the Fe chelator 2,2=-dipyridyl, and the gene expression of
pmtA was examined by reverse transcriptase quantitative real-time PCR (RT-qPCR).
Consistent with data from our growth analysis, we observed a 4-fold upregulation of
pmtA in the presence of Fe(II) (Fig. 4A), while the addition of the Fe chelator 2,2=-
dipyridyl resulted in an approximately 16-fold downregulation of pmtA (Fig. 4A).

A consensus per box, the regulatory element bound by PerR, is found immediately
upstream of the pmtA gene (6, 25, 33). We therefore sought to determine whether pmtA
is upregulated by hydrogen peroxide, consistent with PerR regulation. Quantitative
gene expression data for 5448 WT indicated that pmtA is upregulated approximately
4-fold when exposed to 5 mM H2O2 and approximately 8-fold when exposed to 8 mM
Fe(II) (Fig. 4B). This upregulation was PerR dependent, as pmtA gene expression was
constitutive in 5448ΔperR. Gene regulation was restored to wild-type levels in the
5448ΔperR complemented mutant, suggesting that hydrogen peroxide and Fe(II) in-
duce pmtA in a PerR-dependent manner.

Growth of 5448�pmtA is inhibited by reactive oxygen species. As excess
intracellular Fe is capable of potentiating oxidative stress in biological systems, we
hypothesized that Fe accumulation in the 5448ΔpmtA mutant may result in increased
susceptibility to oxidative stress. Thus, growth analysis of strains 5448 WT, 5448ΔpmtA,
and 5448ΔpmtA::pmtA was performed in the presence of hydrogen peroxide. In the
presence of up to 3 mM hydrogen peroxide alone, the 5448ΔpmtA mutant grew at a
rate equivalent to those of 5448 WT and the complemented mutant (see Fig. S8 in the
supplemental material). However, when cells were pretreated with a subinhibitory
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FIG 3 Intracellular Fe accumulation and streptonigrin sensitivity. (A and B) Mid-exponential-growth-phase cultures (OD600 �
0.6 to 0.8) of strains were challenged with sterile water (A) or 8 mM Fe(II) (B). Cells were analyzed by ICP-MS, with metal
accumulation normalized to the total protein content. Graphs represent means and standard deviations of data from 3
independent experiments (1-way ANOVA was used for all comparisons to 5448 WT under each condition [**, P � 0.01; ***, P �
0.001; ****, P � 0.0001]). (C to F) Growth curve analysis of strains 5448 WT, 5448ΔpmtA, and 5448ΔpmtA::pmtA. Cultures grown
overnight were diluted to an OD600 of 0.05 in THY broth alone (C) or THY broth with 150 nM (D), 200 nM (E), or 250 nM (F)
streptonigrin. Growth at 37°C was monitored by recording the OD595. Graphs represent means � standard deviations of data
from 3 independent biological replicates.
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FIG 4 Gene expression analysis of pmtA and H2O2 stress sensitivity. (A) 5448 WT was grown in the presence of Fe(II) or
2,2=-dipyridyl, and gene expression of pmtA was analyzed. (B) 5448 WT, 5448ΔperR, and 5448ΔperR::perR cells grown at 37°C to
mid-exponential phase (OD600 � 0.6 to 0.8) were challenged with water (control), 5 mM H2O2, or 8 mM Fe(II) for 30 min. pmtA
gene expression was analyzed by qPCR using gyrA as the reference gene. Data represent the mean ΔΔCq (log2) values � standard
deviations from 3 independent biological replicates (2-way ANOVA was used for all comparisons to the control for each strain
[*, P � 0.05; ** P � 0.01; ***, P � 0.001]). (C to F) Growth curve analysis of 5448 WT, 5448ΔpmtA, and 5448ΔpmtA::pmtA in
hydrogen peroxide. Strains were grown in THY broth plus 2 mM Fe(II) to mid-exponential phase (OD � 0.6 to 0.8) and diluted
to an OD600 of 0.05 in THY broth with 0.00 mM (C), 1 mM (D), 2 mM (E), or 3 mM (F) H2O2. Growth at 37°C was monitored by
recording the OD595. Graphs represent means � standard deviations of data from 3 independent biological replicates.
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concentration of Fe(II) (2 mM), the 5448ΔpmtA mutant exhibited a prolonged lag phase
and impaired growth in the presence of increasing H2O2 concentrations (Fig. 4D to F).
These data suggest that PmtA plays a role in the GAS response to hydrogen peroxide
stress through the efflux of intracellular Fe(II). We additionally examined the sensitivity
of the 5448ΔpmtA mutant using the superoxide generator methyl viologen (paraquat).
In contrast to its growth in THY broth (Fig. S9A), the 5448ΔpmtA mutant showed an
increased doubling time relative to those of 5448 WT and the complemented mutant
with 1 mM paraquat (4.1 � 0.8 h [SD] versus 2.5 � 0.3 h [SD] for the WT and 2.5 � 0.6
h [SD] for 5448ΔpmtA::pmtA; P � 0.01) and 1.25 mM paraquat (Fig. S9B and S9C). In a
humanized plasminogen mouse model of invasive disease, the 5448ΔpmtA mutant was
equally as virulent as 5448 WT and the complemented mutant (Fig. S10).

Growth of 5448�pmtA in Fe(II) can be restored by Mn(II) supplementation.
Based on previously reported findings that the growth of a B. subtilis pfeT mutant in
Fe(II) could be restored by the addition of Mn(II) (18), we sought to determine if Fe(II)
toxicity in the 5448ΔpmtA mutant could be ameliorated by the addition of Mn(II).
Growth of the 5448ΔpmtA mutant was inhibited by 8 mM Fe(II); however, growth could
be restored to near-wild-type levels by the addition of 0.25 mM Mn(II) (Fig. 5). These
data confirm that, similar to a B. subtilis pfeT mutant, Fe(II)-mediated toxicity in the
5448ΔpmtA mutant could be abrogated by the addition of Mn(II). Similarly, the growth
defect of the 5448ΔpmtA mutant with 250 nM streptonigrin could also be restored by
the addition of 0.25 mM Mn(II) (see Fig. S11 in the supplemental material). The ability
of Mn(II) to restore the growth of the 5448ΔpmtA mutant was also observed for Co(II)
toxicity (Fig. S12).

FIG 5 Growth curve analysis of 5448 WT, 5448ΔpmtA, and 5448ΔpmtA::pmtA in Fe(II) and rescue of the 5448ΔpmtA
mutant by Mn(II). Cultures of strains 5448 WT, 5448ΔpmtA, and 5448ΔpmtA::pmtA grown overnight were diluted to
an OD600 of 0.05 in THY broth (A) or THY broth with 8 mM Fe(II) (B), 8 mM Fe(II) plus 0.25 mM Mn(II) (C), or 8 mM
Fe(II) plus 0.5 mM Mn(II) (D). Growth at 37°C was monitored by recording the OD595. Graphs represent means �
standard deviations of data from 3 independent biological replicates.
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DISCUSSION

During infection, GAS encounters reactive oxygen species. GAS encodes the regu-
lator PerR, which acts to sense and coordinate the bacterial response to oxidative stress.
Previous research examining the PerR regulon has shown that this regulator controls
the direct detoxification of reactive oxygen species, mechanisms to repair ROS-
mediated damage, and a number of genes involved in metal homeostasis (6, 33, 34).
Here, we provided evidence to suggest that the PerR-regulated GAS gene pmtA
encodes an Fe(II) efflux pump that contributes to defense against reactive oxygen
species.

The acquisition of transition metal ions, such as Zn, Fe, and Mn, has emerged as an
important factor in bacterial pathogenesis. Although bacterial pathogens are starved
for Fe by the human host, they produce a variety of high-affinity uptake systems that
can acquire this metal ion (35). Fe uptake is important for GAS pathogenesis (36); the
bacterium can acquire Fe from hemoglobin (37) but not transferrin or lactoferrin (38).
GAS utilizes the ABC transporters Siu and Sia in conjunction with Shr and Shp for heme
uptake (36, 39, 40). Given the importance of Fe as a difficult nutrient to acquire, it had
previously been assumed that Fe export is not required, but instead, excess Fe would
be sequestered in ferritin or ferritin-like proteins (41), and the import of Fe would be
downregulated (42). Here, we demonstrate that PmtA is a PerR-regulated GAS P1B-4

P-type ATPase that contributes to resistance to oxidative stress through the removal of
prooxidant Fe(II) from the intracellular environment. Our observations coincide with the
P1B-4 P-type ATPases PfeT of B. subtilis (18) and FrvA of L. monocytogenes (19), both of
which are also Fe(II) efflux pumps regulated by the Fur family of regulators. The likely
role of PmtA as an Fe(II) exporter is further supported by the observation that the pmtA
deletion mutant accumulated higher levels of Fe(II) than did the WT strain under both
normal and Fe(II) stress conditions.

The first described bacterial Fe efflux system was the cation diffusion facilitator FieF
of Cupriavidus metallidurans, which provided resistance to high-Fe(II) stress and also
had metal specificities for Cd(II), Co(II), Ni(II), and Zn(II) (43). GAS PmtA also demon-
strated specificity for Co(II). While we observed that PmtA is able to efflux Fe(II) from
GAS, it can also efflux Co(II), which is consistent with the function of P1B-4-type ATPases
(18, 29). PmtA was previously described to be involved in Zn(II) transport (25). Those
authors’ conclusions were based on microarray data demonstrating that PerR differen-
tially regulated pmtA alongside genes involved in Zn transport. Furthermore, those
authors reported that PmtA had high homology to ZosA of B. subtilis [before this
protein was redefined as the Fe(II)-transporting P1B-4-type ATPase PfeT] and that
growth of the pmtA perR double mutant restored the Zn(II) hyperresistance phenotype
observed in the perR mutant to near-WT levels (25). However, the accumulation of Zn
in the pmtA mutant was not demonstrated. Here, we have shown that Zn does not
accumulate in the 5448ΔpmtA mutant (see Fig. S7 in the supplemental material).

Under oxidative stress conditions, excess Fe(II) is capable of reacting with superox-
ide and H2O2 (10, 44). Fe-bound proteins may be vulnerable to damage by these
reactive oxygen species, leading to the liberation of Fe as labile ions. If allowed to
accumulate, this increased amount of Fe could further potentiate oxidative stress; thus,
GAS possesses PmtA to efflux Fe(II) from the cell under oxidative stress conditions. As
such, the 5448ΔpmtA deletion mutant, which contained higher levels of intracellular
Fe(II) than did the WT strain, grew less efficiently in the presence of hydrogen peroxide
and superoxide. Similarly, the Salmonella enterica serovar Typhimurium Fe efflux pump
STM3944 mutant was shown to be more sensitive to hydrogen peroxide (45). The PerR
regulon in GAS controls a variety of genes involved in the response to hydrogen
peroxide stress (5). Here, we confirm that pmtA expression is upregulated by both Fe(II)
and hydrogen peroxide and is regulated via PerR. The GAS ferritin-like protein Dpr
(formerly MrgA) is also regulated by PerR (14) and has been shown to chelate Fe and
protect GAS under conditions of oxidative stress (46). We hypothesize that GAS uses
Dpr and PmtA to sequester and export Fe(II) under oxidative stress conditions, respec-
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tively. Upon initial entry into the host, GAS undoubtedly encounters oxidative stress
(23, 47). However, the lack of a virulence defect of the 5448ΔpmtA mutant in the mouse
invasive disease model may reflect a niche-specific effect where this mutant is still able
to survive and cause disease. Dpr may compensate for the loss of PmtA in the mouse
model of invasive disease.

The necessity of maintaining the Fe/Mn ratio in Gram-positive bacteria such as
Streptococcus pneumoniae and GAS is particularly important for defense against oxida-
tive stress and pathogenesis (48–50). During oxidative stress, mismetallation of proteins
can occur when the Fe/Mn ratio is disrupted (44). THY broth is a metal-rich microbio-
logical medium; we have determined that THY broth as used in our laboratory contains
approximately 15 �M Fe, which may explain the level of Fe accumulation that we
observed in the 5448ΔpmtA mutant. Thus, when media and cells were treated with
2,2=-dipyridyl, the downregulation of pmtA may have been caused by a decreased
amount of available Fe. Furthermore, the Mn rescue of the 5448ΔpmtA mutant when
stressed with streptonigrin, Fe(II), and Co(II) is consistent with results obtained by
examining PfeT of B. subtilis (18). We speculate that Fe might exert a toxic effect by
mismetallating into Mn-containing metalloproteins. Thus, the addition of Mn relieves
the toxic effect of excess Fe(II). In summary, PmtA represents an essential system for
ensuring Fe(II) homeostasis in GAS, thus providing an important additional mechanism
for resistance to oxidative stress.

MATERIALS AND METHODS
Phylogenetic and protein sequence analysis. Sequences that share homology with S. pyogenes

PmtA (see Table S1 in the supplemental material) were identified on the basis of a BLASTP search of the
nonredundant GenBank database (NCBI) and included functionally characterized P1B-4 ATPase amino acid
sequences from B. subtilis PfeT (GenBank accession number CUB17201.1), L. monocytogenes FrvA
(accession number NP_464168), and GAS PmtA (accession number AAZ51785.1). Determination of the
P-type ATPase subclass was performed by using previously described methods (26). Protein sequences
were aligned by using MUSCLE v3.8.31 (27) and trimmed to the common transmembrane domains 1 and
6 relative to the well-characterized PfeT protein from Bacillus subtilis (18). A best-fit phylogenetic tree was
estimated by using RAxML v8.2.8 (51) based on the WAG substitution model with gamma correction of
among-site rate variation. One hundred nonparametric bootstraps were applied.

Bacterial strains and growth conditions. The characterized invasive GAS M1T1 clinical strain 5448
was used in this study (31). 5448 WT and isogenic mutant strains were routinely cultured at 37°C in
Todd-Hewitt broth (Difco) supplemented with 1% (wt/vol) yeast extract (Merck) (THY broth). For growth
on solid medium, strains were cultured on 5% horse blood agar or THY agar (1.5%, wt/vol). Escherichia
coli strains were grown in lysogeny broth (LB) (52). E. coli strain MC1061 was used for the maintenance
of pHY304-derived plasmids, and the E. coli Top10 strain was used for the maintenance of pJRS233-
derived plasmids (see Table S2 in the supplemental material). For the selection of GAS, the antibiotics
kanamycin (300 �g/ml), spectinomycin (100 �g/ml), and erythromycin (2 �g/ml) were used. To select for
E. coli plasmids, kanamycin (50 �g/ml), spectinomycin (100 �g/ml), and erythromycin (500 �g/ml) were
used.

DNA manipulations and mutant construction. All GAS mutants were constructed according to
standard operating procedures (50). Briefly, the construction of 5448ΔpmtA was achieved by the
amplification of 5448 WT genomic DNA with primers pmtA-KO-1 (incorporating an XhoI site at the 5=
end) and pmtA-KO-2 (with homology to Kmr at the 5= end) to create the 5=-flanking region of pmtA.
Primers pmtA-KO-3 (with homology to Kmr at the 5= end) and pmtA-KO-4 (incorporating a BamHI site at
the 5= end) were used to amplify the 3=-flanking region of pmtA (see Table S3 in the supplemental
material). The Kmr cassette was amplified from pUC4�Km2 by using primers km-F and km-R. The
resultant fragments were amplified via 3-way PCR to form the construct pmtA-KO, which was ligated into
the temperature-sensitive shuttle vector pHY304 to yield pHY304-pmtA-KO. The plasmid was electro-
porated into electrocompetent GAS cells as previously described (53). A double-crossover event was
selected for, resulting in 5448ΔpmtA, which contains Kmr (marker) and has lost Eryr (shuttle vector).
Complementation of mutants was achieved by PCR amplification of the original pmtA allele using primers
pmtA-KO-1 and pmtA-KO-4 and ligation into vector pJRS233, yielding pJRS233-pmtA, which was
electroporated into 5448ΔpmtA. The plasmid was integrated via double crossover at 37°C for the
replacement of Kmr with pmtA at the original locus to yield 5448ΔpmtA::pmtA. All strains were confirmed
by DNA sequencing conducted at the Australian Equine Genetics Research Centre at the University of
Queensland.

Growth analysis. Growth analysis of 5448 WT, 5448ΔpmtA, and 5448ΔpmtA::pmtA was performed by
using various amounts of CoSO4·4H2O, CuSO4·5H2O, FeSO4·7H2O, MnSO4·4H2O, NiSO4·6H2O, ZnSO4·7H2O,
streptonigrin (Sigma), and methyl viologen (paraquat) (Sigma). All salts were analytical grade (Sigma).
Metal solutions were prepared in deionized distilled water and filter sterilized. Streptonigrin was
prepared with 100% ethanol and paraquat in deionized water. Cultures of GAS grown overnight in THY
broth were diluted in fresh THY broth to an OD at 600 nm (OD600) of 0.05 and supplemented with various
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concentrations of the compound. The optical density was measured at 595 nm every 30 min while cells
were grown statically at 37°C in a FLUOstar Optima plate reader (BMG Labtech) in flat-bottom 96-well
plates (Greiner) (final volume of 200 �l/well). For growth in the presence of hydrogen peroxide, GAS
strains 5448 WT, 5448ΔpmtA, and 5448ΔpmtA::pmtA were cultured at 37°C in THY broth or THY broth
supplemented with 2 mM Fe(II). Bacteria were harvested at the mid-log growth phase and diluted to an
OD600 of 0.05 in THY broth with various concentrations of hydrogen peroxide, and the optical density at
595 nm was recorded. The doubling time was calculated by using the reciprocal of the gradient of
natural-log-transformed OD595 values during the exponential growth phase.

Quantitative intracellular metal accumulation analysis. Strains 5448 WT, 5448ΔpmtA, and
5448ΔpmtA::pmtA were grown to the mid-exponential growth phase (OD600 � 0.6 to 0.8) in THY broth
and challenged with an equal volume of either sterile deionized H2O or Fe(II) in H2O to a final
concentration of 8 mM Fe(II), 1 mM Co(II), or 1 mM Zn(II) for 1 h at 37°C. Cells were harvested by
centrifugation at 3,200 � g and washed 3 times with 1� phosphate-buffered saline (PBS) plus 250 mM
EDTA and 3 times with 1� PBS, and a sample was taken to determine the total protein content by a
bicinchoninic acid (BCA) assay (Thermo Scientific). Samples were digested in 70% nitric acid at 70°C for
48 h, diluted to 2% nitric acid, and analyzed by ICP-MS for Fe, Zn, and Co at the School of Geosciences
at the University of Queensland. The metal content was normalized to the total protein content obtained
from the BCA assay.

RNA extraction. Cultures of GAS grown overnight were diluted to an OD600 of 0.025 in THY broth
or THY medium supplemented with 8 mM Fe(II) or 50 �M 2,2=-dipyridyl. At the mid-exponential growth
phase (OD600 � 0.6 to 0.8), 5 ml of the culture was harvested by centrifugation at 8,000 � g for 10 min,
and pellets were resuspended in TRIzol (Invitrogen), transferred to lysing matrix B tubes (MP Biomedi-
cals), and mechanically lysed by using the FastPrep 120 instrument (Thermo Scientific). Alternatively, in
experiments with 5448 WT, 5448ΔperR, and 5448ΔperR::perR, strains were grown to the mid-exponential
phase and exposed to 5 mM H2O2 or 8 mM Fe(II) for 30 min, and the resultant bacterial pellets were
processed identically. RNA was extracted from lysates by the addition of 0.2 volumes of chloroform,
and phase separation of RNA was undertaken by centrifugation at 12,000 � g for 30 min at 4°C. The
aqueous phase was removed, combined with 70% ethanol, and loaded onto RNeasy columns (Qiagen)
for purification according to the manufacturer’s recommendations. Following RNA elution in ultrapure
water, RNA was DNase digested by using RNase-free DNase (Turbo; Ambion) according to the manu-
facturer’s directions. RNA integrity was examined by gel electrophoresis and quantified by spectropho-
tometric analysis on the NanoDrop instrument (Thermo Scientific). PCR amplification of the RNA samples
was performed to confirm the absence of genomic DNA contamination.

Quantitative gene expression analysis. A total of 500 ng of RNA was converted to cDNA by using
Superscript III (Invitrogen) with random hexamers according to the manufacturer’s directions. Quanti-
tative PCR (qPCR) was performed by using SYBR green master mix (Applied Biosystems) with primer
mixes at 100 nM and cDNA at 2 ng per reaction mixture on the Viia7 instrument (Applied Biosystems).
qPCR primers used in this study are described in Table S3 in the supplemental material. Data were
analyzed by using LinRegPCR (54) to obtain quantification cycle (Cq) values with gyrA as the reference
gene, and data were plotted as ΔΔCq values (55), using either THY broth alone or 5448 WT plus H2O as
a control.

Invasive model of GAS infection. Transgenic humanized plasminogen mice heterozygous for the
human plasminogen transgene (AlbPLG1�/	) were infected with a dose of 2 � 108 to 4 � 108 CFU of
5448, 5448ΔpmtA, or 5448ΔpmtA::pmtA. Mice (n � 10) were subcutaneously infected with freshly
prepared GAS strains in 100 �l of 1� PBS, and virulence was assessed as previously described (56). All
animal experiments were conducted according to the Guidelines for the Care and Use of Laboratory
Animals (National Health and Medical Research Council, Australia) and were approved by the University
of Queensland Animal Ethics Committee.

Data analysis. All data were analyzed by using GraphPad Prism 7. Analyses of ICP-MS and gene
expression data were performed by using either 1-way analysis of variance (ANOVA) (for WT-only and
single-condition experiments) or 2-way ANOVA (for comparison of strains under mixed conditions).
Murine survival curves were analyzed by using the Mantel-Cox log rank test. Growth curve data represent
means � standard deviations of results from 3 independent biological replicates.
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