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During systemic infection, Staphylococcus aureus acquires nutrient iron from heme, the cofactor of vertebrate
myoglobin and hemoglobin. Upon exposure to heme, S. aureus up-regulates the expression of the heme-
regulated transporter, HrtAB. Strains lacking hrtAB exhibit increased sensitivity to heme toxicity, and upon
heme exposure they elaborate a secreted protein response that interferes with the recruitment of neutrophils
to the site of infection. Taken together, these results have led to the suggestion that hrtAB encodes an efflux
system responsible for relieving the toxic effects of accumulated heme. Here we extend these observations by
demonstrating that HrtA is the ATPase component of the HrtAB transport system. We show that HrtA is an
Mn?>*/Mg**-dependent ATPase that functions at an optimal pH of 7.5 and exhibits in vitro temperature
dependence uncommon to ABC transporter ATPases. Furthermore, we identify conserved residues within HrtA
that are required for in vitro ATPase activity and are essential for the functionality of HrtA in vivo. Finally, we
show that heme induces an alteration in the gene expression pattern of S. aureus Ahrt4, implying the presence
of a novel transcriptional regulatory mechanism responsible for the previously described immunomodulatory

characteristics of hrtA mutants exposed to heme.

The important human pathogen Staphylococcus aureus is the
cause of significant morbidity and mortality worldwide (13). A
commensal of the skin and anterior nares, S. aureus is able to
breach sites of colonization, resulting in infection of a number
of anatomical locations (9, 49). These pathologies range in
severity and invasiveness from skin and soft tissue infections to
endocarditis, osteomyelitis, pneumonia, and meningitis. The
importance of S. aureus as a pathogen is highlighted by the
emergence of strains resistant to a number of commonly used
antibiotics (15, 16).

Essential to the ability of bacterial pathogens to proliferate
and cause disease is their capacity to acquire nutrients from the
host in the context of infection. Equally essential to the growth
and viability of such microorganisms is their ability to export
toxic metabolic by-products of nutrient acquisition into the
surrounding milieu. In gram-positive bacteria, these import
and export processes are accomplished through cell wall- and
membrane-localized transport systems. The functions of these
systems often hinge on a conserved class of ATP-cleaving
transport factors known as ATP-binding cassette (ABC) trans-
porters. Typically composed of an integral membrane
permease which forms a transport substrate channel and a
permease-bound peripheral membrane ATPase, ABC trans-
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porters couple the cleavage of ATP to the translocation of
small molecules, ions, and proteins across the cell membrane
(4, 32, 51).

One nutrient which S. aureus must acquire is iron, the co-
factor for a number of essential metabolic enzymes. In the
context of infection, the low concentration of free iron within
mammalian tissues limits the growth of S. aureus (5). However,
iron is abundant in the host in the form of the metalloporphy-
rin heme, the cofactor of hemoproteins such as hemoglobin
and myoglobin. To satisfy its iron requirement during infec-
tion, S. aureus utilizes heme from hemoglobin as an iron
source. S. aureus is hypothesized to access hemoglobin through
the hemolysin-mediated lysis of erythrocytes and is known to
import host heme from hemoglobin into the staphylococcal
cytoplasm through the actions of cell wall, membrane, and
cytoplasmic members of the Isd and Hts systems (33, 40). The
central conduits for heme import into the staphylococcal cyto-
plasm are the IsdDEF and HtsABC complexes, both of which
are ABC transporter heme import systems. S. aureus strains
with mutations in either system display decreased virulence in
animal models of infection, highlighting the importance of
heme iron acquisition during infection (14, 33, 40).

Although heme acquisition satisfies the iron requirement of
invasive S. aureus, heme is toxic to S. aureus due to its ability to
generate reactive oxygen species which damage lipids, pro-
teins, and nucleic acids (12). S. aureus is sensitive to heme
toxicity but is able to adapt to growth in the presence of toxic
heme concentrations by sensing heme through the HssRS two-
component system (42, 45). Upon sensing heme, HssRS in-
duces the expression of HrtAB, a predicted ABC transporter
efflux system essential for adaptation to heme toxicity (14).
Importantly, S. aureus AhrtA displays a liver-specific virulence
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Reference or source

Comment

S. aureus strains

RN4220 30
Newman 11
Newman AhrtA 45
E. coli strains
DH5a
BL21(DE3) Novagen
E. coli plasmids
pET15b Novagen
pET15b.hrtA This study
pET15b.ArtA:K45A This study
pET15b.hrtA:R76A This study
pET15b.ArtA:G145A This study
pET15b.hrtA:G145T This study
pET15b.hrtA:E167Q This study
S. aureus plasmids
pOS1 36
phrtA 45
phrtA-myc This study
phrtA-myc:K45A This study
phrtA-myc:R76A This study
phrtA-myc:G145A This study
phrtAmyc:G145T This study
phrtAmyc:E167Q This study

Restriction-deficient strain that accepts DNA from E. coli
S. aureus clinical isolate
Isogenic Newman hrtA mutant

Strain for use in all cloning steps
Recombinant protein expression strain

E. coli expression construct with N-terminal His, tag

Expression construct for N-terminally Hiss-tagged full-length HrtA
pET15b.hrtA derivative with K45A mutation

pET15b.hrtA derivative with R76A mutation

pET15b.hrtA derivative with G145A mutation

pET15b.hrtA derivative with G145T mutation

pET15b.hrtA derivative with E167Q mutation

Empty E. coli/S. aureus shuttle vector

AhrtA complementation construct containing /rtA under control of
its native promoter

AhrtA complementation construct containing c-myc-tagged hrtA
under control of its native promoter

phrtA-myc derivative with K45A mutation

phrtA-myc derivative with R76A mutation

phrtA-myc derivative with G145A mutation

phrtA-myc derivative with G145T mutation

phrtA-myc derivative with E167Q mutation

phenotype in a murine abscess model of infection, a phenotype
which is associated with heme-induced overexpression and se-
cretion of virulence factors in this heme-sensitive strain (45).
These observations further underscore the importance of
proper heme metabolism to staphylococcal physiology and vir-
ulence.

Heme acquisition and subsequent protection against heme
toxicity are dependent on ABC transporter systems. In partic-
ular, the HrtAB system appears to play a critical role at the
point of transition between the use of heme as an iron source
and the avoidance of heme toxicity. Although the importance
of HrtAB in staphylococcal pathogenesis and in the response
of S. aureus to heme has been explored, neither the functional
details of this system nor a role for its catalytic activity in the
response of S. aureus to heme has been demonstrated. In
addition, although the transcripts for a few important virulence
factors are known to be altered in S. aureus AhrtA exposed to
heme, the global transcriptional response of S. aureus AhrtA to
heme has not been reported. Here, we show that the predicted
ABC transporter ATPase HrtA is capable of catalyzing the
cleavage of ATP in vitro, an activity which is dependent on pH,
substrate concentration, temperature, and divalent metal cat-
ion. We also show that HrtA ATPase activity is dependent on
a number of conserved residues predicted to be essential for
nucleotide binding and hydrolysis. In addition, we demonstrate
that the catalytic activity of HrtA is essential for the ability of
S. aureus to proliferate in the presence of toxic concentrations
of heme. Finally, we show that upon exposure to heme, S.
aureus AhrtA induces a dramatic change in the levels of over
500 transcripts, including those for an array of virulence fac-

tors, characterized and hypothetical transcriptional regulators,
and a variety of stress response systems.

MATERIALS AND METHODS

Bacterial strains and plasmids. Staphylococcus aureus strain Newman (11) and
its derivatives were used in all experiments (Table 1). Roswell Park Memorial
Institute (RPMI) medium plus 1% Casamino Acids (for samples for microarray
analysis) or tryptic soy broth (for all other experiments and all genetic manipu-
lations) was used for the growth of S. aureus; for plasmid selection in S. aureus,
chloramphenicol was used at a concentration of 10 pg/ml. Luria broth (for
genetic manipulations) and Terrific broth (for protein expression) were used for
the growth of Escherichia coli; for plasmid selection in E. coli, ampicillin was used
at a concentration of 100 wg/ml (34).

Genetic manipulations in S. aureus. All plasmids were first electroporated into
the restriction-deficient primary recipient RN4220 (30), after which they were
electroporated into appropriate electrocompetent secondary recipients (35).

S. aureus microarray analysis. Fifteen-hour cultures of bacteria were subcul-
tured 1:100 into 15 ml of fresh RPMI plus 1% Casamino Acids with or without
1 uM heme (Fluka BioChemika) in 50-ml conical tubes. Cultures were grown at
37°C with shaking at 180 rpm until the bacterial density reached an A, of 0.25.
RNA was reverse transcribed, cDNA fragmented, 3’ biotinylated, and hybridized
to commercially available S. aureus GeneChips following the manufacturer’s
recommendations for antisense prokaryotic arrays (Affymetrix, Santa Clara,
CA). GeneChips were washed, stained, and scanned as previously described (3).

Purification of HrtA and HrtA mutants. The full-length /irt4A open reading
frame was inserted between the Ndel and BamHI sites of pET15b, creating
pET15b.ArtA for the expression of an N-terminal hexahistidine-tagged HrtA. Pfu
mutagenesis (48) was used to create expression constructs for the mutants HrtA:
K45A, HrtA:R76A, HrtA:G145A, HrtA:G145T, and HrtA:E167Q. All mutants
were verified by sequencing (Vanderbilt University DNA sequencing facility).
For all protein expression, E. coli BL-21(DE3) harboring each plasmid was
subcultured 1:100 from 15-h cultures into Terrific broth at 37°C with shaking at
225 rpm until the A4, of the culture reached 0.4. The growth temperature was
then switched to 16°C for 1 h, and expression was induced by adding isopropyl-
1-thio-B-p-galactopyranoside (IPTG) (0.25 mM). After an additional 20 h of
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growth at 16°C, bacteria were harvested and recombinant proteins were purified
by nickel affinity chromatography using Ni-nitrilotriacetic acid Superflow (Qia-
gen), following the manufacturer’s recommendations. Purified proteins were
dialyzed against dialysis buffer (10 mM Tris [pH 7.5], 200 mM KCI, 0.5 mM
EDTA, 1 mM dithiothreitol, 50% glycerol) overnight and stored at —20°C. The
protein concentration was determined by the Bio-Rad protein assay (Bio-Rad).
For removal of the N-terminal hexahistidine tag from HrtA, restriction grade
thrombin protease (Novagen) was utilized according to the manufacturer’s in-
structions, and cleaved HrtA was stored at —20°C.

ATPase activity assays. ATPase activities were determined using an Innova
Biosciences colorimetric ATPase assay system according to the manufacturer’s
recommendations. Briefly, recombinant HrtA was diluted to a final concentra-
tion of 0.5 uM in 80 pl of 50 mM Tris (pH 7.5, or another pH as indicated), 2.5
mM MgCl, (or another divalent cation if indicated), and 0.5 mM ATP (or
another concentration as indicated). All assays except the temperature depen-
dence assay were carried out at 20°C for maximal ATPase activity. At 3, 10, and
20 min after the addition of ATP (or at other time points as indicated), 20 .l of
Innova Biosciences Gold Mix (1:100 dilution of Accelerator into P;ColorLock
Gold) was added to the HrtA reaction mixture. Quenched reaction mixtures
were incubated for 2 min, after which 10 pl of Stabilizer reagent was added. A5,
readings were taken on a Cary 50 MPR microplate reader coupled to a Cary 50
Bio UV-visible spectrophotometer (Varian, Inc.).

Complementation constructs. A plasmid containing a copy of wild-type hrtA
under the control of its native promoter (phrtA) was created as described pre-
viously (45). A C-terminal c-myc-tagged hrtA under the control of its native
promoter was created by PCR, amplifying /rt4 from phrtA using a 5" primer
within the ArtA promoter and a 3’ primer matching the 3’ end of hrt4 and
including the coding sequence for the c-myc epitope (EQKLISEEDL). Ampli-
fied DNA was inserted into the E. coli/S. aureus shuttle vector pOS1 (36),
creating phrtA-myc. The hrtA-myc K45A, R76A, G145A, G145T, and E167Q
mutations were introduced as described above for the generation of E. coli HrtA
mutant expression constructs, generating phrtA-myc:K45A, phrtA-myc:R76A,
phrtA-myc:G145A, phrtA-myc:G145T, and phrtA-myc:E167Q. Mutations were
confirmed and secondary mutations were ruled out by sequencing. Expression of
tagged HrtA and HrtA mutants in S. aureus was tested by preparing bacterial
extracts and immunoblotting as follows. Fifteen-milliliter cultures of bacteria
grown in tryptic soy broth plus 5 uM heme for 15 h were centrifuged, and pellets
were washed with wash buffer (50 mM Tris [pH 7.5], 150 mM NaCl). Bacteria
were centrifuged again and resuspended in TSM (100 mM Tris [pH 7.0], 500 mM
sucrose, 10 mM MgCl,) with 20 wg/ml lysostaphin and incubated at 37°C for 30
min, and protoplasts were harvested by centrifugation. Protoplasts were resus-
pended in 800 pl of lysis buffer (wash buffer containing one tablet of complete
EDTA-free protease inhibitor [Roche] per 10 ml) and were sonicated. Insoluble
material was removed by centrifugation at 16,000 X g for 20 min, and the
supernatant was analyzed. Thirty micrograms of supernatant material was sub-
jected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), transferred to nitrocellulose, and blotted with sc-789 polyclonal rabbit
anti-c-myc primary (Santa Cruz Biotechnology, Santa Cruz, CA) and AlexaFluor-
680-conjugated anti-rabbit secondary (Invitrogen) antibodies. Membranes were
dried and scanned using an Odyssey infrared imaging system (LI-COR Biosciences,
Lincoln, NE).

S. aureus growth Kinetics. Fifteen-hour cultures of S. aureus grown in the
presence of 2 uM heme were diluted 1:75 into 150 pl of fresh medium containing
10 uM heme (Fluka BioChemika) in triplicate on a 96-well round-bottom cell
culture plate. Cells were grown at 37°C with shaking at 180 rpm, and absorbance
values were determined at the indicated times after inoculation. All spectropho-
tometry was performed using a Cary 50 MPR microplate reader coupled to a
Cary 50 Bio UV-visible spectrophotometer (Varian, Inc.).

RESULTS

HrtA is a staphylococcal ATPase. We have previously iden-
tified HrtA as a cytoplasmic protein which is increased in
abundance 45-fold upon exposure of S. aureus to high concen-
trations of heme (14). Although previous studies have demon-
strated a critical role for HrtA in the protection of S. aureus
from heme toxicity and have elucidated the mechanism by
which expression of HrtA is controlled, no enzymatic activity
has been shown for this protein (42, 45). HrtA is annotated as
an ABC transporter ATPase, and we hypothesized that HrtA,
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FIG. 1. HrtA purification and ATPase activity. (A) Coomassie
blue-stained SDS-polyacrylamide gel showing purification of S. aureus
Hisq-HrtA expressed in E. coli. Lanes: M, molecular weight ladder; 1,
E. coli before IPTG induction; 2, E. coli after IPTG induction; 3, total
cell lysate; 4, insoluble pellet obtained after French press treatment
and centrifugation; 5, soluble extract used for purification; 6 to 9,
fractions obtained by elution of material bound to Ni-nitrilotriacetic
acid with imidazole (10 mM, 50 mM, 100 mM, and 500 mM). (B) SDS-
PAGE showing removal of the hexahistidine tag from His,-HrtA by
thrombin protease. Lanes: M, molecular weight ladder; 1, 1 pg purified
Hisg-HrtA; 2, 1 pg HrtA with hexahistidine tag removed by thrombin
cleavage. (C) Time course analysis of ATP hydrolysis by HrtA. HrtA or
heat-inactivated HrtA [HrtA (h.i.)] was incubated at 20°C in the pres-
ence of ATP, and release of inorganic phosphate was measured at the
indicated time points. Error bars indicate standard deviations.

cooperating with the membrane-localized permease HrtB,
couples the cleavage of ATP to the export of a molecule
responsible for the toxicity of heme.

Consistent with its assignment as an ABC transporter
ATPase, purified recombinant HrtA catalyzed the liberation of
inorganic phosphate from ATP (Fig. 1). Importantly, heat-
inactivated HrtA failed to induce detectable ATPase activity,
indicating that inorganic phosphate accumulation was the re-
sult of the catalytic activity of HrtA and not phosphate con-
tamination in our HrtA preparations (Fig. 1C). Based on these
findings, we conclude that HrtA is capable of catalyzing the
cleavage of ATP to ADP and PO,*".

HrtA ATPase activity is influenced by ATP concentration,
temperature, pH, and metal cofactors. ABC transporter
ATPases have been shown to have enzymatic activities which
are influenced by multiple physicochemical conditions (19, 37).
In order to assess the conditions under which HrtA displays
maximum enzymatic activity and as a means of testing whether
the phosphate-liberating activity of our HrtA preparations is
sensitive to perturbations which would be expected to alter the
activity of an ATPase, we tested the effects of ATP concentra-
tion, temperature, pH, and metal cofactor on the activity of
HrtA.

HrtA ATPase activity reached a plateau at 0.25 mM ATP in
vitro (Fig. 2A). Interestingly and unexpectedly, the enzymatic
activity of HrtA reached a peak at 10 to 20°C and not 37°C
(Fig. 2B). This observation is not likely a result of enzyme
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FIG. 2. ATPase activity of HrtA is influenced by various physicochemical conditions. (A) Concentration of ATP required for saturation of
enzymatic activity. HrtA (0.5 wM) was incubated with increasing concentrations of ATP at 20°C, and ATPase activity was measured. (B) ATPase
activity determination at different temperatures. (C) Effect of temperature pretreatment on HrtA activity. HrtA was incubated at the indicated
temperature for 20 min, and ATPase activity was determined at 20°C. (D) Influence of pH on HrtA ATPase activity. (E) Effect of divalent metal
cations on HrtA activity. HrtA ATPase activity was determined with the indicated concentration of MnCl,, MgCl,, or CaCl,. For all experiments,
the average of triplicate ATPase activities is indicated; error bars represent one standard deviation from the mean.

instability at this temperature, as preincubation of HrtA at
37°C for 20 min failed to alter the activity of this ATPase at
20°C (Fig. 2C). Therefore, it is possible that HrtA displays an
unusual temperature dependence in vitro that is not common
to ABC transporter ATPases. HrtA reached maximal catalytic
activity within the range of pH 7.0 to 8.0 (Fig. 2D), a range
consistent with the near-neutral pH of the gram-positive bac-
terial cytoplasm (8). Divalent metal cations are usually critical
for the catalytic activity of ATPases. We found that magnesium
(Mg>") and manganese (Mn>") both supported the catalytic
activity of HrtA at a number of tested concentrations, with
Mn?* supporting slightly elevated HrtA activity over Mg at
low concentrations (Fig. 2E). In contrast, calcium (Ca*") did
not support ATPase activity at any concentration tested (Fig.
2E). These results demonstrate that HrtA is an Mn?>*/Mg"-
dependent ATPase which functions at an optimal pH of 7.0 to
8.0 and displays an unusual in vitro temperature sensitivity
uncommon to ABC transporter ATPases.

Identification of ATP binding and cleavage residues re-
quired for in vitro HrtA ATPase activity. ABC transporter
ATPases are characterized by the presence of highly conserved
sequence motifs involved in ATP binding and hydrolysis (19,
37). These include the Walker A motif (GxxGxGKS/T), the
Walker B motif (DEP/AxxxLD), and the ABC signature se-
quence (LSGGxxQRYV) (47). The signature motif is specific to
nucleotide-binding domains of ABC-type transport ATPases,
while the Walker A and B motifs are common to most
ATPases involved in the binding and hydrolysis of nucleotides
(25). Walker A motifs bind ATP through a conserved lysine
residue, while Walker B motifs employ a conserved glutamic
acid residue to hydrolyze ATP. In addition, the signature motif
contains an absolutely conserved LSGGQ motif required for
ATPase activity (25). In HrtA, all three sequence motifs can be
detected (Fig. 3A). To determine whether these sequences are

critical for the ability of HrtA to bind and cleave ATP, highly
conserved residues within each motif (K45 of Walker A, G145
of ABC signature, E167 of Walker B) as well as a residue
outside of these motifs (R76) were individually mutated, and
HrtA mutants were purified and tested for ATPase activity
(Fig. 3B and C). Importantly, mutation of R76 reduced the
rate of ATP cleavage by HrtA to about 50% of that observed
for wild-type HrtA, while mutation of residues K45, G145, or
E167 eliminated the ability of HrtA to cleave ATP (Fig. 3C).
These data indicate that conserved residues within nucleotide-
binding and hydrolysis motifs of HrtA are essential for ATP
cleavage. The fact that mutation of a residue outside of the
conserved nucleotide-binding motif also altered the rate of
ATP hydrolysis by HrtA suggests that nonconserved regions of
HrtA are involved in catalysis in vitro.

Residues required by HrtA for in vitro ATPase activity are
required for the adaptation of S. aureus to heme toxicity. We
next tested whether HrtA residues which are required for
ATPase activity in vitro are required for the functionality of
HrtAB in vivo. To this end, we tested the ability of HrtA point
mutants provided in frans to rescue the heme-sensitive pheno-
type of S. aureus AhrtA. Full-length hrtA under the control of
the hrtAB promoter was tagged with a C-terminal c-myc
epitope tag, inserted into an S. aureus complementation vector,
and independently mutated at the four residues analyzed for in
vitro ATPase activity (Fig. 3C). S. aureus AhrtA was then trans-
formed with these plasmids, and the resulting strains were
analyzed for their ability to adapt to heme toxicity by growth
curve analysis following subculture into 10 wM heme.

While S. aureus AhrtA cannot proliferate in the presence of
10 wM heme, S. aureus AhrtA containing a copy of wild-type
hrtA-myc provided in trans can grow in 10 puM heme (Fig. 4A
and B). Significantly, none of the strains containing Art4 point
mutants which were unable to catalyze the cleavage of ATP in
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FIG. 3. Residues essential for HrtA ATPase activity. (A) Representation of a prototypical ABC transporter ATPase subunit and sequence
alignment of conserved domains. Walker A, ABC signature, and Walker B motifs can be detected within HrtA orthologues and other characterized
bacterial ABC transporter ATPases. Conserved residues selected for mutagenesis (Lys 45, Gly 145, and Glu 167 of S. aureus HrtA) are shown in
black. (B) Coomassie blue-stained SDS-polyacrylamide gel showing recombinant purified wild-type HrtA (WT) and HrtA mutants with mutations
in residues within motifs predicted to be involved in nucleotide binding or hydrolysis (G145A, G145T, K45A, E167Q) or a residue outside of such
motifs (R76A). (C) Relative ATPase activities of HrtA mutants compared to the wild type. ATPase activities of recombinant HrtA and HrtA site
mutants described for panel B were determined and are expressed as the percentage of ATPase activity exhibited by wild-type HrtA. The average
percentage of triplicate ATPase activities is indicated; error bars represent one standard deviation from the mean.

vitro were able to rescue the heme-sensitive phenotype of S.
aureus AhrtA (Fig. 4B). Furthermore, hrtA-myc:R76A, which
contains a mutation outside of the conserved nucleotide-bind-
ing and hydrolysis motifs, was able to complement S. aureus
lacking hrtA (Fig. 4B). Notably, this mutant was also able to
cleave ATP in vitro, although at a reduced rate compared to
the wild type (Fig. 3C). The fact that full complementation
occurred in vivo with a protein that exhibits half the rate of
wild-type HrtA ATPase activity in vitro suggests that either this
reduction is not great enough to significantly reduce the func-
tion of HrtAB in vivo or that mutation of R76 does not alter
the ATPase activity of HrtA in vivo. Importantly, all of the
analyzed HrtA-myc point mutants were expressed by S. aureus
to a similar extent as wild-type HrtA-myc, as analyzed by im-
munoblotting against the c-Myc epitope tag of these proteins
(Fig. 4D).

Last, we analyzed the ability of catalytically inactive HrtA-
myc point mutants to interfere with the normal functioning of
HrtAB in vivo. We transformed wild-type S. aureus with the
plasmids described above encoding HrtA-myc and its respec-
tive point mutants and analyzed the ability of these strains to
adapt to heme toxicity. While HrtA-myc and HrtA-myc:R76A
had a minimal impact on the ability of wild-type S. aureus to
adapt to heme toxicity, all of the HrtA-myc mutants which
were unable to catalyze the cleavage of ATP in vitro displayed
statistically significant dominant-negative activity in vivo (Fig.
4C). This indicates that HrtA mutants which are unable to
cleave ATP interfere with the functioning of HrtAB in vivo.

Staphylococci lacking hrtA induce a dramatic transcrip-
tional response to heme. HrtAB protects S. aureus from the
toxic effects of high concentrations of heme (14, 45). Accord-
ingly, strains of S. aureus lacking the ability to either sense
heme (through mutation of the hrtAB promoter-activating re-
sponse regulator AssR) or respond to growth in heme (through
mutation of irt4) display enhanced sensitivity to heme toxicity
(14, 42, 45). Furthermore, S. aureus AhrtA increases the ex-
pression of a number of immunomodulatory toxins in response
to heme (45). In an effort to understand the gene-regulatory
response of an hrt4A mutant to growth in heme, we performed
genome-wide microarray analysis on wild-type and Ahrt4 S.
aureus grown in the presence and absence of a subinhibitory
concentration of heme to identify transcripts with altered
abundances. These experiments were performed at 1 pM
heme to permit growth of S. aureus AhrtA.

While wild-type S. aureus did not exhibit a significant tran-
scriptional response to 1 pM heme, over 500 transcripts were
changed in abundance greater than twofold in S. aureus AhrtA
exposed to this same concentration of heme (see Tables S1 and
S2 in the supplemental material). Comparison of the global
expression profile of heme-exposed S. aureus AhrtA with the
global expression profile of S. aureus upon cold shock, heat
shock, SOS induction, stringent response induction, acid
shock, alkaline shock, Mn?" starvation, or Zn>* starvation
indicated that the stringent response most closely resembles
the heme response of S. aureus AhrtA (37.4% similarity) (Table
2) (1, 7). The bacterial stringent response is induced under
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FIG. 4. HrtA residues essential for adaptation of S. aureus to heme toxicity. (A) Symbols for plasmids used to transform strains for panels B
and C. Plasmids include an empty vector (black line), a plasmid encoding wild-type hrtA-myc (gray line with no symbol), or plasmids encoding
hrtA-myc mutants (gray lines with symbols). (B) S. aureus AhrtA harboring the plasmids described in panel A was grown overnight in medium
containing 2 M heme and were subcultured into medium containing 10 .M heme. Bacterial growth was tracked by measuring the 44, of triplicate
cultures. Data points represent averages of triplicate measurements; error bars represent one standard deviation from the mean. (C) Wild-type
S. aureus harboring the plasmids shown in panel A were grown and analyzed as for panel B. (D) Immunoblot (I.B.) against cytoplasmic extracts
of S. aureus AhrtA expressing C-terminally c-Myc-tagged wild-type HrtA-myc or HrtA-myc mutants. Results are representative of triplicate

independent experiments.

carbon or amino acid insufficiency through ribosome stalling,
which leads to an increase in the intracellular concentration of
(p)ppGpp (6). This occurs through the induction of the strin-
gent response regulatory factor RelA (SACOL1689), the tran-
script of which is up-regulated upon treatment of S. aureus with
the stringent response-inducing antimicrobial agent mupirocin
and is increased 9.2-fold in S. aureus AhrtA exposed to heme
(see Table S1 in the supplemental material) (1). A number of
other stringent-response-induced transcripts are increased in
S. aureus AhrtA upon growth with heme, including those en-
coding virulence factors such as the transpeptidase sortase A
(7.4-fold in stringent response and 9.5-fold in S. aureus AhrtA
plus heme) and fibrinogen-binding protein (7.9-fold in strin-

TABLE 2. Correlation between heme-regulated genes in S. aureus
AhrtA and stress responses

Response” % Similarity”
COld SROCK ...ttt 15.3
Heat shock . . 26
SOS......c... .10.6

Acid (pH 4.0) ....
Alkaline (pH 10.0)...
Manganese starvation. .
ZANC StATVALION .c.cuvviuiiereniieieseteteieteteieestesesetete e e teseseseseneseesenens 6.1

“ From unpublished data and data published in references 1 and 7.
b Percentage of transcripts altered in abundance during the given response
which are also regulated in S. aureus AhrtA exposed to heme.

gent response and 32.3-fold in S. aureus AhrtA plus heme) (see
Table S1 in the supplemental material) (1). These results in-
dicate that in S. aureus AhrtA, heme induces a response that
displays some similarities to the S. aureus stringent response.

Consistent with previous findings, a dramatic increase in
expression of a number of transcripts coding for virulence
factors was observed in S. aureus AhrtA exposed to heme (Ta-
ble 3). These include the transcripts for 8 of the 11 staphylo-
coccal superantigen-like exotoxins encoded within the SaPI
pathogenicity island in strain Newman (NWMN_0388,
NWMN_0389, NWMN_0392, NWMN_0393, NWMN_0394,
NWMN_0395, NWMN_0396, and NWMN_0397) as well as
two predicted exotoxins located outside of this locus
(NWMN_1077 and NWMN_1503) (Table 3) (2). In addition,
the expression of a number of pore-forming toxins was dra-
matically repressed in S. aureus AhrtA exposed to heme. These
include the transcripts encoding all three of the gamma-hemo-
lysin subunits (SACOL2419, SACOL2421, and SACOL2422)
as well as the transcript for a leukotoxin (SACOL1637) (Table
3). Only one characterized class of cell wall-anchored virulence
factors, the fibronectin- and fibrinogen-binding proteins (fnbA
and efb), were differentially expressed within mutant cells. This
transcriptional response appears to be specific to S. aureus
AhrtA under heme stress, as the wild type grown in up to 20
wM heme did not exhibit a change in expression of secreted
proteins as judged by SDS-PAGE analyses (data not shown).
Together, these data indicate that upon exposure to heme, S.
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TABLE 3. Virulence gene transcripts regulated by heme in
S. aureus AhrtA

Fold
Locus” che_mge Genec Description of product
in name
heme®

NWMN_0388 11.3  setInm  Staphylococcal superantigen-like

toxin NM1

NWMN_0389 6.9 set2nm  Staphylococcal superantigen-like
toxin NM2

NWMN_0392 16.1 setSnm  Staphylococcal superantigen-like
toxin NM5

NWMN_0393 8.9 setbnm  Staphylococcal superantigen-like
toxin NM6

NWMN_039%4 14.0 set7nm  Staphylococcal superantigen-like
toxin NM7

NWMN_0395 6.7 setSnm  Staphylococcal superantigen-like
toxin NM8

NWMN_0396 9.4 set9nm  Staphylococcal superantigen-like
toxin NM9

NWMN_0397 6.9 setlOnm  Staphylococcal superantigen-like
toxin NM10

NWMN_1077 6.0 Staphylococcal superantigen-like
toxin

NWMN_1503 3.7

. Enterotoxin type A, putative
SACOLO0857 20.4

Staphylocoagulase precursor,
putative

Fibrinogen-binding protein

Fibrinogen-binding protein
precursor-related protein

SACOL1168 323 fp
SACOL1169 293

SACOL1924 2.4 Toxin-exporting ABC
transporter, permease/ATP-
binding protein

SACOL2511 4.8 fnbA Fibronectin-binding protein A

SACOL2584 23.7 isaA Immunodominant antigen A

SACOLO0137 cap5B Capsular polysaccharide
biosynthesis protein
Capsular polysaccharide

biosynthesis protein

SACOL0138  —11.2 cap5C

SACOLO0143 —8.3 cap5H  Capsular polysaccharide
biosynthesis protein
SACOL1637  —42.1 IlukD Leukotoxin LukD
SACOL1865 —20.8 splE Serine protease SplE
SACOL1866 ~ —22.2 splD Serine protease SplD
SACOL1867 -9.1 spiC Serine protease SplC
SACOL1872  —12.3 epiE Epidermin immunity protein F
SACOL1873  —17.3 epiF Epidermin immunity protein F
SACOL2007 -8.7 Peptidase, M20/M25/M40 family
SACOL2419  —52.8 higA Gamma hemolysin, component A
SACOL2421  —80.9 higC Gamma hemolysin, component C
SACOL2422  —42.4 higB Gamma hemolysin, component B

“ All genes with SACOL designation are from S. aureus strain COL; because
of strain specificity exhibited by toxins, all S. aureus superantigen-like toxins are
referenced with S. aureus strain Newman locus designations (NWMN).

® All virulence gene transcripts with at least twofold changes in S. aureus AhrtA
exposed to heme compared to S. aureus Ahrt4 alone which are statistically
significant are shown. Underlining indicates that in S. aureus AhrtA alone, the
transcript abundance approaches the lower limit of sensitivity and thus values
may not be accurate. Bold indicates that in S. aureus AhrtA alone, no transcript
was detected and thus values may not be accurate.

¢ Transcripts with no gene name have no designated name in the S. aureus
COL genome annotation.

aureus AhrtA undergoes a shift in toxin expression from cell-
lytic factors to immunomodulatory factors.

In addition to toxins, a wide variety of other transcripts are
differentially expressed in S. aureus AhrtA exposed to heme
(see Tables S1 and S2 in the supplemental material). These
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include but are not limited to transcripts for metabolic en-
zymes, transport proteins, and hypothetical factors. Further-
more, a number of transcripts encoding transcriptional regu-
latory factors are dramatically altered in expression in S. aureus
AhrtA exposed to heme, providing a possible mechanistic ex-
planation for the broad changes in gene transcription seen in
heme-exposed S. aureus AhrtA. Regulatory systems with in-
creased expression in S. aureus AhrtA exposed to heme include
a number of characterized and uncharacterized two-component
systems (including /ssS, 4.2-fold; htS, 8.1-fold; AR, 20.5-fold;
vraS, 10.4-fold; SACOL1354, 6.6-fold; SACOL1905, 9.1-fold;
SACOL2645-6, 7.1-fold), known transcriptional repressors (fur,
9.5-fold; czrA, 42.9-fold; sirR, 5.2-fold), and other, uncharacter-
ized putative transcriptional regulators, some of which display
dramatic alterations in expression (SACOL0403, 21.5-fold de-
crease; SACOL1904, 24.7-fold increase) (see Tables S1 and S2 in
the supplemental material). These data along with previously
published findings indicate that heme induces a profound al-
teration in the gene expression pattern of S. aureus AhrtA,
possibly through novel transcriptional regulatory mechanisms.
This expression change leads to an alteration in virulence gene
expression and the hypervirulence of this mutant in a mouse
model of systemic infection (45).

DISCUSSION

The import of molecules and ions into the cytoplasm and the
export of wastes or toxic compounds across the plasma mem-
brane constitute a tightly controlled process which is essential
to the viability of bacteria (19, 22, 31). Many transport path-
ways in bacteria depend on ABC transporters, which couple
the cleavage of ATP to the transport of solutes across the
membrane. The gram-positive human pathogen S. aureus en-
codes over 50 characterized or hypothetical ABC transporters
(data not shown), an indication of the importance of this par-
ticular transport scheme in this organism. Staphylococcal ABC
transporters with described functions are involved in critical
processes as diverse as fluoroquinolone resistance (NorA [46,
50]), antimicrobial peptide and/or glycopeptide resistance
(GraRS/ApsRS and VraFG [17, 24, 28]), metal ion acquisition
(FhuC [41], SirABC [10], and MntABC [20]), molybdate trans-
port (ModABC [29]), and oligopeptide import (Opp-3 [18]).
Heme iron acquisition, a process important to the outcome of
infection, also depends on ABC transporters (IsdDEF and
HtsABC [27, 40]). In addition, the proper metabolism of heme
at high concentrations is critically dependent on the ABC
transporter HrtAB, a putative efflux pump that is dramatically
increased in expression in S. aureus grown in the presence of
heme (14, 42, 45).

Here, we have provided insight into the biochemical details
of HrtA function and into the gene-regulatory response of S.
aureus AhrtA to growth in the presence of heme. We demon-
strate that HrtA is capable of cleaving ATP in vitro, an activity
which is dependent on temperature, pH, substrate concentra-
tion, and metal cofactor. We further show that HrtA ATPase
activity is sensitive to perturbations in predicted nucleotide-
binding residues and that these residues are critical for the
ability of S. aureus to adapt to the toxicity of heme. The latter
observations demonstrate that the catalytic activity of HrtA
and thus the functionality of HrtAB are essential for the sur-
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vival and growth of S. aureus in the presence of high concen-
trations of heme (5 uM). The fact that HrtA mutants which are
unable to cleave ATP exhibit dominant-negative activity
against wild-type HrtAB in vivo suggests that these mutants are
capable of associating with endogenous HrtA, HrtB, or both in
order to block the normal functioning of HrtAB. ABC trans-
porter permeases typically function as dimers, with one asso-
ciated ATPase per monomer (19, 37). The dominant-negative
activity of HrtA point mutants that we observe is consistent
with the known associations that occur between ABC trans-
porter ATPases and their cognate permeases. It is also consis-
tent with the finding that in many ABC transporters, a single
functioning ATPase per transporter multimer is insufficient for
proper function, but that both ATPases need to be functional
(21, 26, 38).

Expression analysis revealed that S. aureus AhrtA induces
changes in the abundance of over 500 transcripts when exposed
to heme, many of which encode important virulence factors,
gene-regulatory systems, and as-yet-uncharacterized systems.
Interestingly, many (37.4%) S. aureus AhrtA heme-induced
transcripts are components of the staphylococcal stringent re-
sponse (Table 2). Consistent with this observation, RelA, the
major activator of the stringent response, was up-regulated
>9-fold within heme-challenged mutant cells. This observation
suggests that heme accumulation redirects transcript synthesis
in a manner that promotes up-regulation of alternative trans-
port systems which are major components of the stringent
response; this may represent an attempt to rid the cell of heme.
Taken together, these observations connect the catalytic activ-
ity of HrtAB to the heme toxicity response of S. aureus and
provide clues concerning the mechanism of hypervirulence of a
strain lacking hrtA.

The toxin transcript expression profile of S. aureus AhrtA
exposed to heme may reveal new regulatory mechanisms or
signals which S. aureus recognizes in order to coordinate a
specific toxin expression profile upon exposure to distinct host
environments. It is important to note that not only does the
total quantity of toxins secreted by S. aureus AhrtA exposed to
heme appear to be altered (14), but the profile of toxin secre-
tion is dramatically changed to decrease the expression of
host-cell-lytic toxins and increase the expression of immuno-
modulatory toxins such as the staphylococcal superantigen-like
toxins. It may be that certain types of stress, such as that
experienced by S. aureus AhrtA grown in heme, may mimic a
physiologically relevant cue which S. aureus senses in order to
adjust its toxin expression and secretion profile accordingly. It
is tempting to speculate that this stressor is one which repre-
sents a signal for invading staphylococci to switch from a cy-
tolytic toxin secretion profile to an immunoevasive response.

The identity of the transport substrate for HrtAB is un-
known. We have postulated that HrtAB is capable of exporting
heme which accumulates to toxic levels within the cytoplasm of
S. aureus, thereby alleviating heme toxicity (45). However, in-
ductively coupled plasma mass spectrometry-based tracking
experiments using isotopically labeled heme have not revealed
a role for HrtAB in heme efflux from staphylococcal cells (data
not shown). Furthermore, it is not clear that heme export
would alleviate heme toxicity, especially if the Isd and Hts
systems are continually and efficiently importing heme into the
cytoplasm and if the cytoplasm is not the compartment in
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which heme exerts its toxic effects. Biochemical fractionation
experiments suggest that most exogenous nondegraded heme
accumulates in the S. aureus membrane fraction and not the
cytoplasm (39). Based on these observations and speculations,
we favor the idea that heme is somehow damaging the S.
aureus membrane. Heme is known to damage lipid bilayers
through lipid peroxidation and disruption of membrane fluidity
(12, 23, 33, 43, 44). We hypothesize that, rather than exporting
heme directly, HrtAB may protect against heme-mediated cell
damage through the export of as-yet-unidentified toxic com-
pounds which accumulate in S. aureus when this organism
encounters heme.

Taken together, these results have established HrtA as the
ATPase component of the HrtAB transport system. These
observations strengthen our previous hypothesis that HrtAB
protects S. aureus from the toxic side effects of heme by con-
necting the catalytic activity of HrtA to the survival of staph-
ylococci in heme. Based on the observation that strains lacking
hrtA exhibit significant transcriptional reprogramming upon
exposure to heme, it is possible that small-molecule modifiers
of HrtAB or its regulatory system HssRS that work synergis-
tically with host heme during the bloodstream component of
staphylococcal infections to attenuate bacterial virulence can
be identified.
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