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Differential Activation of Staphylococcus aureus Heme Detoxification
Machinery by Heme Analogues
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The reactive nature of heme enables its use as an enzymatic cofactor while rendering excess heme toxic. The importance of heme
detoxification machinery is highlighted by the presence of various types of these homeostatic systems in Gram-positive and
Gram-negative microorganisms. A number of pathogens possess orthologs of the HssRS/HrtAB heme detoxification system, un-
derscoring a potential role this system plays in the survival of bacteria in heme-rich environments such as the vertebrate host. In
this work, we sought to determine the role of this system in protection against metalloporphyrin heme analogues identified by
previous studies as antimicrobial agents. Our findings demonstrate that only toxic metalloporphyrins maximally activate ex-
pression of the Staphylococcus aureus heme detoxification system, suggesting that the sensing mechanism of HssRS might re-
quire a component of the associated toxicity rather than or in addition to the metalloporphyrin itself. We further establish that
only a subset of toxic metalloporphyrins elicit the oxidative damage previously shown to be a significant component of heme
toxicity whereas all toxic noniron metalloporphyrins inhibit bacterial respiration. Finally, we demonstrate that, despite the fact
that toxic metalloporphyrin treatment induces expression of S. aureus heme detoxification machinery, the HrtAB heme export
pump is unable to detoxify most of these molecules. The ineffectiveness of HrtAB against toxic heme analogues provides an ex-

planation for their increased antimicrobial activity relative to heme. Additionally, these studies define the specificity of HssRS/
HrtAB, which may provide future insight into the biochemical mechanisms of these systems.

Staphylococcus aureus is a Gram-positive coccus that asymptomat-
ically colonizes the skin and nostrils of nearly one-third of the
human population (1, 2). However, through the use of its numerous
virulence determinants, this organism has the ability to breach the
host defensive barriers to cause invasive diseases such as endocarditis,
toxic shock syndrome, osteomyelitis, and sepsis (3, 4). One of these
virulence factors is the iron-regulated surface determinant (Isd) sys-
tem which enables S. aureus to acquire and utilize host iron stores,
the bulk of which are coordinated to heme molecules that are
bound by hemoglobin and sequestered within erythrocytes (5).

In addition to utilizing heme as a nutrient iron source, S. aureus
can employ both endogenously synthesized and exogenously ac-
quired heme as a respiratory cofactor (6). During respiration,
electrons are extracted from catabolized carbon sources and
passed through a series of electron carriers to the heme molecules
housed within cytochromes. The redox potential of heme enables
it to accept electrons from membrane-associated quinones and
donate them to a terminal electron acceptor, which is oxygen in
the case of aerobic respiration, in order to generate a proton mo-
tive force (7, 8). The proton motive force is harnessed by respiring
bacteria in order to efficiently synthesize the energy transfer mol-
ecule ATP.

Although heme is a useful nutrient and cofactor, high levels of this
molecule become toxic to most organisms (9). While this toxicity is
likely multifaceted, it can be at least in part attributed to the nonspe-
cific redox cycling that occurs between heme and oxygen when excess
heme accumulates within the cell membrane. Upon exposure to at-
mospheric oxygen, membrane-associated heme molecules can auto-
oxidize to generate damaging superoxide radicals. This reaction is
potentiated by the presence of menaquinone, which reduces heme
and allows multiple rounds of auto-oxidation to occur (10).

Because heme toxicity is widespread among numerous organ-
isms, various types of heme detoxification systems are utilized by a
diverse array of bacteria. Mechanisms to counteract the effects of
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heme exposure include degradation, export, and sequestration of
heme (9). One of the best-characterized examples of the export
mechanism of heme detoxification is the heme-regulated transporter
HrtAB. HrtA was first identified in S. aureus as the gene most starkly
upregulated in response to heme exposure (11). Further charac-
terization revealed that this transporter is regulated by the heme
sensor system HssRS. Upon exposure to toxic levels of heme, the
HssRS two-component system activates expression of HrtAB (12,
13). Subsequent work in Lactococcus lactis demonstrated that
HrtAB detoxifies heme by exporting excess heme from the cell (14,
15). Deletion of either HssRS or HrtAB results in extreme sensi-
tivity to heme exposure (12, 13, 16). The importance of HssRS/
HrtAB for bacterial survival within heme-rich environments such
as the vertebrate host is evidenced by the presence of this system in
numerous Gram-positive pathogens such as Bacillus anthracis,
Enterococcus faecalis, Corynebacterium diphtheriae, Listeria mono-
cytogenes, and Streptococcus agalactiae (13, 17, 18). HrtAB has
been shown to be upregulated in a B. anthracis mouse model of
infection, further highlighting the role of this system as a virulence
determinant (16).

Heme is composed of a tetrapyrrole ring known as protoporphy-
rin IX (PPIX) bound to an iron atom. However, PPIX can be artifi-
cially or naturally complexed to other metals. These molecules are
collectively known as noniron metalloporphyrins (MPs). A subset of
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these heme analogues were identified by previous studies as potential
antimicrobial agents capable of inducing bacterial death at low mi-
cromolar concentrations (6, 19). MPs are thought to enter the bacte-
rial cell by exploiting endogenous heme acquisition systems (19).
Once they are taken up by the cell, these molecules are trafficked to
the membrane and exert their toxicity in part by displacing cyto-
chrome-associated heme and inhibiting respiration (6).

In this study, we sought to determine the role that the endog-
enous heme detoxification system of S. aureus plays in protecting
against these heme analogues. Our findings indicate that toxic
MPs are maximally sensed by S. aureus HssRS; however, HrtAB is
ineffective at detoxifying most of these molecules. The inability of
HrtAB to detoxify noniron MPs provides an explanation for their
increased antimicrobial activity relative to heme. Additionally,
these studies defined the specificity of HssRS/HrtAB, providing
functional insight that could assist in the elucidation of the bio-
chemical mechanisms of these important systems.

MATERIALS AND METHODS

Chemicals. Metalloporphyrins (MPs) were purchased from Frontier Bio-
sciences. All other chemicals used in this study were purchased from
Sigma-Aldrich unless otherwise specified.

Bacterial strains and growth conditions. All experiments in this
study were performed in S. aureus clinical isolate Newman (20). Genera-
tion of the isogenic mutants lacking hrtB, hssRS, hemA, or menB and the
strain expressing the phrtB::xylE reporter fusion was previously described
(6, 10, 12, 13, 21). S. aureus cultures were grown on tryptic soy broth
(TSB) solidified with 1.5% agar at 37°C or in TSB at 37°C with shaking at
180 rpm. Growth curve analyses were performed in 96-well round-bot-
tomed plates containing 100 wl of culture per well, and all other experi-
ments were performed with 5 ml of bacterial culture grown in 15-ml
conical tubes. All cultures were grown in the dark to avoid the generation
of singlet oxygen by MPs in the presence of ambient light.

Analysis of oxidative protein damage. Oxidative protein damage was
monitored by immunoblotting as previously described (10). Briefly, cells
were cultured overnight in untreated TSB and diluted to an optical density
at 600 nm (ODy,) of 0.2 in the morning. Five milliliters of bacterial
cultures was grown for 6 h in TSB in the presence or absence of a 5 uM
concentration of each MP tested. These cultures were pelleted, washed,
and suspended in 500 pl TSM (100 mM Tris [pH 7]; 500 mM sucrose; 10
mM MgCl,). Cell walls were removed by addition of 20 g lysostaphin
and incubation for 30 min at 37°C. The resulting protoplasts were pel-
leted, suspended in lysis buffer (50 mM Tris HCI [pH 7]; 60 mM KCI; 10
mM MgCl,; 2% B-mercaptoethanol), and lysed by sonication. Proteins
affected by oxidative damage were detected using an OxyBlot protein
oxidation detection kit (Millipore) following the manufacturer’s instruc-
tions. Briefly, the oxidatively damaged proteins were derivatized with
DNP (2,4-dinitrophenylhydrazine). DNP-derivatized proteins were de-
tected via standard immunoblotting methods using a primary antibody
specific to the DNP moiety on the damaged proteins (Millipore) and a
goat anti-rabbit IgG (Alexa Fluor 680-conjugated) secondary antibody
(Invitrogen). Immunoblots were visualized using an Odyssey Imager (Li-
COR Biosciences). Staining intensity of individual sample lanes was quan-
tified using the Odyssey software.

ICP-MS ion measurements. Bacterial cells were cultured overnight in
untreated TSB and diluted to an ODy, of 0.1 in the morning. Five milli-
liters of bacterial cultures was grown for 5 h in TSB in the presence or
absence of a 5 wM concentration of each MP tested. These cultures were
pelleted, washed, and suspended in 500 wl phosphate-buffered saline
(PBS). Cell walls were removed by addition of 20 g of lysostaphin and
incubation for 30 min at 37°C. The resulting protoplasts were pelleted,
suspended in 500 pl Chelex-treated PBS, and lysed by sonication. Cell
membranes were pelleted at 100,000 X g for 30 min. Membranes were
washed with 500 pl Chelex-treated PBS and suspended in 200 p.l Chelex-
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treated PBS. Samples were normalized to a concentration of 1.33 pg/ul of
total protein, and 100 .l of each sample was digested by adding 1 ml 50%
HNO; (Optima grade; Fisher) followed by overnight incubation at 50°C
in a metal-free 15-ml conical tube. After digestion, samples were diluted
to a 10-ml final volume in Milli-Q water and submitted for inductively
coupled plasma mass spectrometry (ICP-MS) analysis at the Vanderbilt
Mass Spectrometry Research Center. Levels of cobalt, chromium, copper,
iron, gallium, manganese, nickel, tin, and zinc were measured as a proxy
for CoPPIX, CrPPIX, CuPPIX, FePPIX, GaPPIX, MnPPIX, NiPPIX,
SnPPIX, and ZnPPIX accumulation, respectively. Ion levels were normal-
ized to the endogenous ion levels of untreated samples.

Spectrophotometric measurement of MP accumulation. MP accu-
mulation was measured similarly to previously described methods (10).
Briefly, cells were cultured overnight in untreated TSB and diluted to an
0Dy, of 0.2 in the morning. Five milliliters of the diluted cultures was
grown for 6 h in the presence or absence of a 5 WM concentration of each
MP tested. These cultures were pelleted, washed, suspended in 500 pl
TSM, and treated with 20 pg of lysostaphin to remove cell walls. The
resulting protoplasts were pelleted, suspended in TKM (50 mM Tris HCI
[pH 7]; 60 mM KCI; 10 mM MgCl,), and lysed by sonication. Samples
were matched to equivalent protein concentrations (500 g total protein)
and diluted into a final volume of 550 wl in TKM containing 300 mM
NaCl and 24% dimethyl sulfoxide (DMSO). Samples were then acidified
through the addition of 0.2 ml of 50 mM glycine-HCI (pH 1), and the MP
was subsequently extracted by adding 0.2 ml of chloroform and vortex
mixing several times. Spectral absorbance readings were taken of the chlo-
roform phase at wavelengths ranging from 300 to 500 nm. CuPPIX,
FePPIX (heme), GaPPIX, MnPPIX, NiPPIX, SnPPIX, and ZnPPIX were
monitored by absorbance levels at 408 nm, 388 nm, 411 nm, 372 nm, 404
nm, 415 nm, and 418 nm, respectively. Prior to the analysis, the peak
absorbance values for individual MPs had been determined using solu-
tions of MP suspended in acidified chloroform. Absorbance values for
untreated samples were subtracted from the absorbance values for treated
samples.

XyIE assays. XylE reporter assays were performed similarly to previ-
ously described methods (13). Cultures of S. aureus Newman harboring a
hrtAB promoter-xylE fusion plasmid were grown for 18 h with shaking at
37°C in 15-ml conical tubes containing 5 ml of TSB and 10 wg/ml chlor-
amphenicol. Bacteria were subcultured 1:100 into 1.5-ml snap-cap tubes
preloaded with 0.5 ml TSB supplemented with 10 pg/ml chloramphenicol
and metalloporphyrin in triplicate. Subcultures were shaken for 2 h at
37°C and centrifuged at 16,000 X g for 5 min. Culture supernatants were
aspirated, and pellets were resuspended in 0.5 ml of wash buffer (20 mM
potassium phosphate [pH 7.6]). Washed bacterial suspensions were cen-
trifuged at 16,000 X g for 5 min and resuspended in 150 .l lysis solution
(100 mM potassium phosphate buffer [pH 8]; 10% acetone; 25 pg/ml
lysostaphin). Bacterial suspensions were incubated for 20 min at 37°C,
transferred to ice for 5 min, and then centrifuged at 20,000 X g for 30 min
at 4°C. Twenty microliters of supernatant was added to a 96-well plate,
and 200 pl of substrate buffer (100 mM potassium phosphate [pH 8.0];
0.2 mM pyrocatechol) was added to each well. Formation of 2-hydroxy-
muconic semialdehyde was tracked by measuring the absorbance at 375
nm every minute for 30 min on a Varian MP 50 microplate reader. Protein
concentrations in samples were determined by a bicinchoninic acid
(BCA) assay (Pierce). One unit of XylE-specific activity is defined as the
formation of 1 nmol of 2-hydroxymuconic semialdehyde per min per mg
of cellular protein at 30°C (22).

qRT-PCR. Bacterial cells were cultured overnight in untreated TSB
and diluted to an ODg, of 0.1 in the morning. Five milliliters of the
diluted cultures was grown for 5 h in the presence or absence of a 5 uM
concentration of each MP tested. These cultures were pelleted and sus-
pended in 750 pl of LETS buffer (0.1 M LiCl; 10 mM EDTA; 10 mM
Tris-HCI [pH 7.4]; 1% sodium dodecyl sulfate). Cell walls were removed
by bead beating the samples in Lysing Matrix B tubes (MP Biomedicals)
followed by incubation at 55°C for 5 min. The supernatant was removed
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FIG 1 Specific MPs have antimicrobial activity against S. aureus. S. aureus was
cultured in TSB in the presence or absence of 10 wM nonmetalated PPIX or
various MPs. Growth was monitored by measurement of optical density at 600
nm (ODg,). Toxic MPs, which reduce growth compared to untreated culture,
are highlighted in color. FePPIX (heme) is shown in red, GaPPIX in green,
MnPPIX in orange, and ZnPPIX in blue. Growth assays were performed at
least three times on separate days. Additionally, technical triplicates were per-
formed on each day. Error bars represent standard errors of the means (SEM)
of the results of the biological replicates.

from the lysis beads and mixed with 1 ml of TRI reagent (Sigma). RNA
purification was accomplished following the manufacturer’s instructions.
DNA contamination was removed by incubating the samples in the pres-
ence of RQ1 DNase (Promega) for 2 h at 37°C followed by phenol-chlo-
roform extraction and ethanol precipitation. cDNA was generated by
mixing 1.2 ug RNA, 2 pl random primers (Promega), and 1.5 .l Moloney
murine leukemia virus (M-MLV) reverse transcriptase (RT) (Promega) in
a 25-pl final volume containing a 1X final concentration of M-MLV
buffer and incubating for 1 h at 37°C. RNasin (Promega) was included
during DNase treatment and cDNA synthesis to minimize RNA degrada-
tion. Quantitative RT-PCRs (qQRT-PCRs) were set up using diluted cDNA
and iQ SYBR green Supermix (Bio-Rad) in a 12.5- .l final volume follow-
ing the manufacturer’s instructions. The primer set used to monitor hrtB
gene expression was TAGCTCAAGGGCTTGGTAGG and TCTCAATTT
GCGGCTCTTTC. The primer set used to monitor 16S expression was
GCTGCAGCTAACGCATTAAGCACT and TTAAACCACATGCTCCA
CCGCTTG. The hrtB expression of each sample was normalized to the
16S expression prior to determining the fold increase relative to untreated
samples.

RESULTS AND DISCUSSION
Certain MPs are toxic to S. aureus. Previous studies have identi-
fied certain noniron metalloporphyrins (MPs) as potent, broad-
range antimicrobial compounds (6, 19, 23, 24). At least a portion
of MP toxicity has been attributed to the structural homology
shared between these molecules and the iron-containing heme
cofactor utilized by various organisms to perform numerous cel-
lular functions ranging from catalase activity to respiration (6,
19). Additionally, some of these porphyrin compounds act as pho-
tosensitizers, reacting with light to generate damaging singlet ox-
ygen (25). While the broad-spectrum antimicrobial activity of
many MPs is widely recognized, MP potencies can differ between
studies using different bacterial strains and growth conditions.
Therefore, we first sought to establish the subset of MPs that were
toxic to S. aureus strain Newman under our laboratory growth
conditions. To eliminate the compounding issue of photosensiti-
zation, all cultures were grown in the absence of light.

In order to determine the effects of a wide range of MP heme
analogues on S. aureus growth, we employed PPIX molecules that
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FIG 2 Most MPs accumulate to approximately equivalent levels within the
staphylococcal membrane. Cell membranes were isolated from bacteria grown
in the presence of 5 uM concentrations of the various MPs highlighted in this
study. Samples were normalized based on protein content and analyzed for the
accumulation of the metal ions unique to each MP using ICP-MS. Error bars
represent standard deviations of the results from triplicate samples. The aster-
isk (*) denotes samples with decreased ion accumulation (P < 0.05) as deter-
mined by a two-tailed Student’s ¢ test.

were complexed to cobalt, chromium, copper, iron, gallium,
manganese, nickel, tin, and zinc atoms. These compounds are
commonly denoted CoPPIX, CrPPIX, CuPPIX, FePPIX (heme),
GaPPIX, MnPPIX, NiPPIX, SnPPIX, and ZnPPIX, respectively.
These compounds were supplemented at a final concentration of
10 wM into S. aureus cultures grown in TSB, and growth was
monitored over a 24-h time course (Fig. 1). Under these condi-
tions, the only MPs that exhibit antimicrobial activity against S.
aureus are FePPIX (heme), GaPPIX, MnPPIX, and ZnPPIX.

Most toxic and nontoxic MPs accumulate to similar levels in
the cell membrane. Because previous studies have shown that the
toxic MPs FePPIX (heme) and GaPPIX are preferentially traf-
ficked to the cell membrane (5, 6, 10), we sought to determine
whether or not a lack of membrane accumulation could provide
an explanation for the decreased toxicity of other MPs. The mem-
branes of cells that had been treated with various MPs were iso-
lated and analyzed using inductively coupled plasma mass spec-
trometry (ICP-MS) to detect levels of the ions unique to each MP.
Most toxic and nontoxic MPs were found in similar levels of abun-
dance within the cell membrane, indicating that the inability to
traffic to the membrane was not responsible for the lack of toxicity
exhibited by certain MPs (Fig. 2). Interestingly, we observed that
CrPPIX did not enter the cell membrane as efficiently as other
MPs, which might be a factor contributing to the decreased tox-
icity of this molecule. The reason behind the lower levels of
CrPPIX accumulation in the membrane is unknown, but they
might be due to the limited target range of a heme uptake system.
However, a staphylococcal heme uptake system that is expressed
under the iron-replete growth conditions used in these experi-
ments has not yet been characterized.

Toxic MP exposure results in maximal upregulation of heme
detoxification machinery. Previous studies have demonstrated
that toxic MPs can exploit endogenous heme uptake systems in
order to gain entry into the cell (19). In S. aureus, various compo-
nents of the Isd heme acquisition system have been biochemically
shown to interact with MPs. For example, a heme receptor site on
the IsdH surface protein has high affinity for MnPPIX and
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FIG 3 Toxic MPs activate the S. aureus heme detoxification machinery. Activation of the HssRS/HrtAB system was monitored using a xylE reporter gene under
the control of the hrtAB promoter as previously described (13). Growth curve analyses were performed in triplicate. Error bars correspond to 1 standard deviation
of the mean. The asterisks (*) highlight compounds that were found to be toxic to S. aureus by growth curve analysis.

GaPPIX in addition to its cognate ligand heme but for not
CuPPIX, MgPPIX, or ZnPPIX (26). This characterization of the
ligand specificity of IsdH led to the discovery that NEAT-domain-
containing heme receptors recognize the oxidation state of target
MPs. Additional studies have found that IsdG and Isd]l, the termi-
nal enzymes of the S. aureus Isd system, can recognize CoPPIX,
GaPPIX, MnPPIX, and ZnPPIX in addition to heme (27). These
enzymes function as heme oxygenases that extract iron from heme
for use as a nutrient source under iron-depleted growth condi-
tions. Interestingly, despite the ability of IsdG and IsdI to associate
to noniron MPs, the heme oxygenases are incapable of degrading
these molecules. These studies enabled high-resolution crystallo-
graphic visualization of the ligand-bound precleavage state of a
catalytically active IsdI bound to CoPPIX (27).

Because MP studies have yielded invaluable insight into the
biochemical function of various components of the S. aureus
heme acquisition system, we sought to determine the impact of
MP treatment on the S. aureus heme detoxification system in or-
der to better understand the specificity of HssRS/HrtAB. We first
assessed whether or not exposure to MPs could be sensed by the
heme-sensing two-component system HssRS. In order to monitor
HssRS activation, we employed a xyIE reporter gene fused to the
hrtAB promoter, the only characterized target for HssRS activa-
tion (12, 13). S. aureus strains expressing this reporter construct
were exposed to various concentrations of each MP, and XylE
enzymatic activity was monitored as a readout for HssRS activa-
tion (Fig. 3). The compounds that most dramatically activated the
heme-sensing system were the natural stimulator FePPIX (heme)
and the toxic MPs MnPPIX and GaPPIX. These compounds acti-
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vate HssRS when present at submicromolar levels. Exposure to the
toxic compound ZnPPIX also elicited a more modest HssRS acti-
vation at submicromolar levels. Certain nontoxic MPs such as
NiPPIX were capable of slight activation of the heme detoxifica-
tion system only when present at higher concentrations, while
others compounds did not exhibit any HssRS activation under the
conditions tested.

The ability of these molecules to activate HssRS was further
assessed using a more sensitive QRT-PCR analysis to monitor hrtB
expression. In this set of experiments, we sought to determine
whether or not the slight activation elicited by micromolar con-
centrations of certain MPs was statistically significant. qRT-PCR
analyses revealed that, at low micromolar concentrations, the
nontoxic MPs CoPPIX, NiPPIX, and SnPPIX were capable of
moderate HssRS activation, although not to the same extent as the
toxic MPs (Fig. 4). However, due to a high level of variability in the
ability of CoPPIX to elicit hrtB expression, this data set did not
reach statistical significance. The qRT-PCR data are consistent
with the slight XylE activation that was observed in some of the
nontoxic MP treatments when these MPs were provided at in-
creasing micromolar concentrations (Fig. 3). However, because
nontoxic MPs cannot induce hrtB expression at submicromolar
concentrations and elicit much lower levels of hrtB expression
than toxic MPs when present at low micromolar concentrations,
we conclude that only toxic MPs are capable of maximal activation
of the heme detoxification system. In all cases, activation of hrtB
expression is dependent upon the presence of HssRS because no
increase is observed in an AhssRS mutant (Fig. 4).

Interestingly, other structurally unrelated heme sensing sys-
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FIG 4 MP induction of hrtB gene expression is HssRS dependent. RNA was
isolated from S. aureus grown in the presence or absence of 5 uM MP. Error
bars correspond to standard deviations of the results from triplicate samples.
The asterisks (*) denotes statistically significant changes (P < 0.05) relative to
untreated samples as determined by a two-tailed Student’s t test.

tems such as the L. lactis HrtR cytoplasmic regulator have MP
specificities that result in target gene activation (15). HrtR is ro-
bustly activated by heme and GaPPIX, modestly activated by
MnPPIX, and perhaps weakly activated by ZnPPIX, while remain-
ing insensitive to other MPs (15). The findings showing that toxic
MPs are more readily sensed by multiple heme-sensing systems
than nontoxic MPs could have multiple implications. One expla-
nation for this trend could be that the characteristics that enable
these molecules to be sensed by HssRS and HrtR are the same
characteristics that induce toxicity. Alternatively, these heme-
sensing systems might be capable of sensing a component of the
associated toxicity such as oxidative stress in addition to the pres-
ence of the MP in order to fully activate gene expression.
Oxidative damage is a component of some MP toxicity. Be-
cause oxidative damage is the only component of heme toxicity that
has been characterized (10), we sought to determine whether or not
oxidative stress contributes to the toxic effects of other MPs. In order
to monitor the presence of MP-induced oxidative stress, we used an
OxyBlot kit (Millipore), which detects oxidative protein damage
through standard immunoblotting techniques that can be visualized
as high levels of antibody staining throughout the oxidatively dam-
aged samples (Fig. 5A and B). Because heme-induced oxidative stress
is primarily evident in S. aureus strains lacking functional heme
detoxification systems, oxidative damage was assessed in both
wild-type (WT) S. aureus and a AhrtB mutant. These strains were
grown for 6 hin the presence or absence of 5 WM concentrations of
various MPs prior to analysis. As expected, WT S. aureus displayed
no detectable protein damage in the presence of FePPIX (heme)
whereas AhrtB S. aureus samples accrued high levels of heme-
induced oxidative damage due to the absence of a functional heme
detoxification system. Interestingly, high levels of oxidative dam-
age were observed upon exposure to the toxic GaPPIX and
ZnPPIX MPs in both WT and AhrtB S. aureus strains, indicating
that these MPs share a toxicity with heme that cannot be fully
overcome by the presence of a detoxification system. Surprisingly,
a more modest but reproducible level of oxidative damage was
observed upon treatment with nontoxic SnPPIX, revealing that a
certain level of oxidative protein damage can be tolerated by S.
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FIG 5 A subset of MPs induces oxidative protein damage in S. aureus. Total
protein was extracted from the protoplasts of WT S. aureus (A) or the AhrtB S.
aureus mutant strain that was grown in the presence or absence of 5 uM MP
(B). Representative immunoblots are shown containing protein samples that
had been derivatized with DNP (2,4-dinitrophenylhydrazine) to modify sites
of oxidative damage. Blots were probed with antibodies specific to the DNP
moiety on the proteins. The ladder shown in the image is the Precision Plus
Protein All Blue Standard (Bio-Rad). (C) Quantification of immunoblot rep-
licates depicting the fraction of oxidative protein damage in MP-treated sam-
ples compared with untreated samples as determined by densitometry. Graphs
represent averages of the results determined with at least three independent
immunoblots from samples processed on separate days. Error bars represent
SEM. The asterisk (*) denotes P < 0.05 as determined by a two-tailed Student’s
t test.

aureus with no apparent growth detriment. Intriguingly, the toxic
MnPPIX MP did not induce a noticeable increase in oxidative
damage, hinting at additional previously uncharacterized aspects
of MP toxicity that remain to be discovered. In total, these data
indicate that oxidative stress is not the component of MP toxicity
that is recognized by heme-sensing systems.

The quantification of the WT and AhrtB S. aureus data sets
indicated that the presence of a functional detoxification system
differentially influenced the oxidative damage induced by individ-
ual MPs (Fig. 5C). ZnPPIX-induced oxidative damage was re-
duced in the HrtAB-expressing cells in a manner similar to that
seen with heme-induced stress, albeit to a lesser extent. However,
the HrtAB system was incapable of reducing GaPPIX-associated
protein damage. In fact, the presence of the HrtAB detoxification
pump appeared to exacerbate GaPPIX-induced oxidative damage
to levels verging on statistical significance. These observations in-
dicated that the specificity of the HrtAB pump might differ from
the specificity of the HssRS sensing system.

Toxic noniron MPs inhibit bacterial respiration. Because ox-
idative stress does not occur in the presence of all toxic MPs, we
sought to identify another source of toxicity shared by these heme
analogues. GaPPIX and ZnPPIX have previously been shown to
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FIG 6 Toxic noniron MPs induce the small-colony variant (SCV) phenotype. WT and AhrtB strains were streaked onto TSA plates adjacent to the characterized
SCV controls, the AhemA and AmenB mutants. These plates were either left untreated or impregnated with 5 wuM MP. Images were taken after 20 h of growth.

The induction of the SCV phenotype is indicative of respiration deficiency.

inhibit aerobic respiration, presumably by displacing the critical
heme cofactors housed within cytochromes (6). This mechanism
of toxicity is akin to that of the gallium toxicity previously de-
scribed for Pseudomonas aeruginosa in which gallium poisons
iron-based processes due to chemical similarities between the two
elements (28). Nonrespiring staphylococcal cells display a slow-
growth phenotype known as a small-colony variant (SCV). SCVs
can be created genetically through mutation of heme and
menaquinone biosynthetic pathways. WT S. aureus and AhrtB S.
aureus were streaked onto TSA plates in the presence or absence of
various MPs adjacent to the genetically defined SCVs, the AhemA
and AmenB S. aureus strains, which are deficient in heme and
menaquinone biosynthesis, respectively (Fig. 6). Neither nontoxic
noninducers nor nontoxic moderate inducers of the HssRS system
impacted the ability of WT or AhrtB S. aureus cells to respire as
evidenced by the large-colony morphology of these strains relative
to the genetically defined SCV strains. In contrast, cells grown on
toxic, noniron MPs reverted to the SCV phenotype. In the pres-
ence of GaPPIX and MnPPIX, WT and AhrtB strains were pheno-
typically indistinguishable from the genetic SCVs, AhemA and
AmenB S. aureus. However, on plates impregnated with ZnPPIX,
WT cells displayed an intermediate-growth phenotype relative to
the definitive SCV morphology of AhrtB S. aureus, indicating that
the HrtAB heme detoxification pump can afford some level of
protection from the respiratory inhibition induced by this heme
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analogue. However, the HrtAB-mediated detoxification of
ZnPPIX is far less dramatic than the impact of this system in the
presence of heme, the natural substrate of the detoxification
pump. On plates infused with FePPIX (heme), AhemA S. aureus
displays a normal colony morphology that is indistinguishable
from that of WT cells because the exogenously acquired heme can
substitute for the biosynthetic deficiency of this mutant (Fig. 6). In
contrast, the AhrtB mutant is incapable of growth on this sub-
strate. This inhibition of growth is completely reversed in WT cells
through the action of the HrtAB heme detoxification system.

These findings distinguish the ability of some toxic MPs to
induce oxidative stress from the ability of all toxic noniron MPs to
inhibit respiration, highlighting at least two separate antimicro-
bial activities of these heme analogues. While the inhibition of
bacterial respiration is common among all toxic noniron MPs, we
do not believe that this feature plays any role in the activation of
HssRS due to the fact that this system is designed to sense heme, a
compound required for respiration. This belief is further sup-
ported by the fact that the HssRS system is not constitutively ac-
tivated in genetically defined SCVs lacking heme or menaquinone
biosynthesis (data not shown). Therefore, if HssRS is sensing a
component of MP-associated toxicity, these data indicate that ad-
ditional aspects of MP toxicity remain to be discovered.

HrtAB does not export noniron MPs as efficiently as FePPIX
(heme). In order to further assess the specificity of the HrtAB com-
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FIG 7 The HrtAB pump does not efficiently export most MPs. MP accumu-
lation was measured in WT S. aureus and in a AhrtB mutant grown in the
presence or absence of 5 wM MP. Error bars represent standard deviations of
the results from triplicate samples. The asterisk (*) indicates P < 0.05 as de-
termined by a two-tailed Student’s f test.

ponent of the S. aureus heme detoxification system, we grew WT
and AhrtB strains in the presence or absence of 5 uM concentra-
tions of various MPs and monitored the accumulation of these
compounds after 6 h of exposure (Fig. 7). The method of MP
detection employed for these experiments utilized spectrophoto-
metric measurements to detect only intact MPs whereas ICP-MS
analyses, while more sensitive, cannot distinguish between intact
or degraded MPs. As expected, WT cells accumulated significantly
smaller amounts of FePPIX (heme) compared to the AhrtB strain
lacking a functional heme export pump. ZnPPIX was also present
at lower levels in WT S. aureus cells compared to the AhrtB strain,
indicating that this MP can be exported by HrtAB. However,
ZnPPIX export by HrtAB does not appear to be nearly as efficient
as the HrtAB-mediated efflux of heme. The ZnPPIX accumulation
data corroborate the oxidative protein damage analyses and col-
ony morphology on MP-infused plates, which revealed modest
protection from ZnPPIX-induced damage and respiration defi-
ciency through the action of the HrtAB detoxification system (Fig.
5C and 6). HrtAB was not capable of exporting the toxic MPs
GaPPIX and MnPPIX or the nontoxic MPs CuPPIX, NiPPIX, and
SnPPIX as evidenced by the fact that no significant decrease in MP
accumulation was detected in WT versus AhrtB cells (Fig. 7).
While CoPPIX and CrPPIX measurements were also attempted,
no detectable levels of these compounds were observed in either
strain (data not shown). The lack of CrPPIX detection is likely due
to the fact that this compound accumulates to significantly lower
levels in the cells relative to other MPs (Fig. 2) whereas CoPPIX
simply does not have as strong of a spectral absorbance profile as
other compounds. Interestingly, MnPPIX levels were actually in-
creased in the WT strain compared to the AhrtB mutant (Fig. 7).
This surprising result suggests that the presence of high levels of
HrtAB within the cell membrane assists in MnPPIX uptake for
unknown reasons. In total, the measurements of MP accumula-
tion indicate that the system specificity of HrtAB is narrower than
that of HssRS, with heme being most efficiently transported and
ZnPPIX being exported to a lesser extent.

The HrtAB detoxification pump does not protect against
most toxic MPs and can actually exacerbate certain instances of
MP toxicity. Due to the narrow target specificity of HrtAB, we
sought to assess the role of the S. aureus heme detoxification sys-
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FIG 8 The AhrtBS. aureus strain is variably sensitive to exposure to toxic MPs.
WT and AhrtB S. aureus strains were cultured in TSB in the presence or ab-
sence of 10 uM nonmetalated PPIX or various MPs. Growth was monitored at
24 h postinoculation through measurement of ODg,,. Growth assays were
performed at least three times on separate days. Additionally, technical tripli-
cates were performed on each day. Error bars represent SEM of the biological
replicates. The asterisk (*) indicates P < 0.05 as determined by a two-tailed
Student’s f test.

tem in protection against toxic MPs through a direct comparison
of WT and AhrtB S. aureus strains. Therefore, these strains were
cultured in the presence or absence of 10 wuM MP, and growth was
monitored after 24 h of incubation (Fig. 8). As expected, the AhrtB
strain was much more susceptible to FePPIX (heme) exposure
than WT S. aureus. Consistent with the oxidative damage, respi-
ratory inhibition, and MP accumulation data, strains incapable of
producing HrtAB were modestly more susceptible to ZnPPIX
treatment. Interestingly, the AhrtB strain grew slightly better in
the presence of both GaPPIX and MnPPIX than WT S. aureus.
These surprising data indicate that expression of the S. aureus
heme detoxification system actually becomes detrimental upon
exposure to certain toxic MPs, increasing the bactericidal activi-
ties of these already potently antimicrobial compounds. The
source of this increased sensitivity is unknown but could poten-
tially be attributed to a number of factors. One explanation could
be ascribed to the relatively high levels of HssRS activation ob-
served upon GaPPIX or MnPPIX treatment. XylE and qRT-PCR
data indicate that hrtAB expression is approximately 10-fold
higher upon MnPPIX or GaPPIX treatment than upon heme
treatment (Fig. 3 and 4). This increased expression might be
caused by the fact that both GaPPIX and MnPPIX are capable of
activating HssRS but incapable of being effluxed by HrtAB. Alter-
natively, GaPPIX and MnPPIX may simply be better biochemical
activators of HssRS. In either case, because of these high levels of
hrtAB expression, GaPPIX- and MnPPIX-treated cells were likely
expending needless amounts of energy on the massive upregula-
tion of HrtAB, which could potentially impact growth rates. Ad-
ditionally, the overexpression of a heme export pump may act to
deplete beneficial cellular heme stores, inactivating heme-depen-
dent enzymes such as cytochromes and catalase.

Conclusions. The data presented herein define the MP speci-
ficity of the S. aureus HssRS/HrtAB heme detoxification system,
demonstrating that HssRS is broadly responsive to toxic MPs and
minimally activated by certain nontoxic MPs whereas HrtAB is
capable of detoxifying only a subset of these compounds. Addi-
tionally, attempts to determine the source of MP stress revealed
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that only certain toxic MPs induce oxidative protein damage
whereas all toxic noniron MPs inhibit bacterial respiration. Fi-
nally, these studies demonstrated that activation of the S. aureus
heme detoxification system can actually exacerbate the toxic ef-
fects of GaPPIX and MnPPIX. Therefore, these potently antimi-
crobial heme analogues not only hijack cellular heme uptake sys-
tems in order to exert their bactericidal effects but can also exploit
the S. aureus heme detoxification machinery in order to efficiently
kill this problematic pathogen.
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