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Staphylococcus aureus is a human pathogen that represents a tremendous threat to global public health.
An important aspect of S. aureus pathogenicity is the ability to acquire iron from its host during infection.
In vertebrates, iron is sequestered predominantly within heme, the majority of which is bound by hemoglobin.
To acquire iron, S. aureus binds hemoglobin, removes heme, and transports it into the cytoplasm, where heme
is degraded. This process is carried out by the iron-regulated surface determinant system (Isd); however, the
mechanism by which hemoglobin recognition occurs is not completely understood. Here we report that the surface
receptor components of the Isd system, IsdA and IsdB, physically interact with each other and are anchored to a
discrete location within the cell wall. This organized localization pattern is dependent upon the iron status of the
bacterium. Furthermore, we have found that hemoglobin colocalizes with IsdB at discrete sites within the
cell wall. Virulence studies revealed that IsdB is required for the efficient colonization of the heart and that
IsdB is differentially expressed within infected organs, suggesting that S. aureus experiences various
degrees of iron starvation depending on the site of infection. These findings significantly expand our
understanding of hemoglobin iron acquisition and demonstrate an orchestrated pattern of regulation and
localization for the S. aureus heme iron acquisition system.

Staphylococcus aureus is a commensal organism that colo-
nizes the anterior nares of approximately 30% of the human
population (26). S. aureus is also an important human patho-
gen that is capable of infecting virtually any site of the body
(23–25). The shift from commensal colonizer to invading
pathogen typically occurs upon a breakage of the skin or mu-
cosal barrier, whereupon S. aureus employs an arsenal of vir-
ulence factors that allow it to survive within the host and cause
considerable damage (29). The majority of these virulence
factors are either secreted from the bacterial cell or anchored
to the cell wall through the action of transpeptidases known as
sortases (29, 30). The functions of cell wall-anchored proteins
include adherence, immune evasion, nutrient acquisition, and
resistance to antimicrobials, all processes important for the
survival of S. aureus in the context of infection (6, 7, 14, 16, 19,
31–33, 35, 39, 40, 46). The contribution of cell wall-anchored
proteins to the pathogenicity of S. aureus is evident through a
decrease in the virulence of sortase mutants in animal models
of infection (21, 22, 30, 32, 49). Among the functions carried
out by sortase-anchored proteins is the acquisition of iron (31),
which is a vital nutrient that is concealed from invading bac-
teria by host iron-sequestering proteins in a process known as
nutritional immunity (2, 9).

Most iron within the mammalian host is contained within the
tetrapyrrole heme, the cofactor of hemoglobin (8, 11, 47).
Hemoglobin is a sufficient source of iron in vitro for many

bacterial pathogens including S. aureus (9, 46). S. aureus ac-
quires iron from hemoglobin through the cooperative action of
the iron-regulated surface determinant (Isd) system, which is
conserved in many gram-positive pathogens (31, 44). The crit-
ical first step in this process of heme iron acquisition is hemo-
globin binding to its receptors IsdB and IsdH (HarA) (12, 31,
36, 46). IsdB and IsdH then remove heme and pass it to the
surface-exposed protein IsdA or to IsdC, which is embedded
within the cell wall (34, 36, 50). IsdC in turn passes heme to the
IsdDEF membrane transporter, which pumps heme into the
cytoplasm, where it is degraded by the heme oxygenases IsdG
and IsdI (34, 37, 43, 50). IsdB is required for hemoglobin
binding and utilization as an iron source, while IsdA, IsdE,
IsdG, and IsdI are necessary for heme iron utilization (19, 20,
28, 37, 46). The proposed model for heme iron transport
through the Isd system predicts that the protein constituents of
the Isd system physically interact with each other to form a
molecular conduit for heme transport through the cell wall.
However, the subcellular localization pattern of the Isd pro-
teins has not been reported. In addition, it is not known if
proteins of the Isd system physically engage with one another
within the bacterium. Finally, the contribution of hemoglobin
capture to staphylococcal virulence is incompletely defined.

Here we demonstrate that IsdA and IsdB colocalize to dis-
crete sites within the staphylococcal cell wall, and these sites
correspond to regions of hemoglobin capture. IsdAB localiza-
tion and subsequent hemoglobin binding are regulated by iron
availability and appear to occur at the site of new cell wall
formation. In support of this localization pattern, we demon-
strate that IsdA and IsdB physically interact within the staph-
ylococcal cell wall, providing direct evidence that proteins of
the Isd system act as a coordinated unit to mediate hemoglobin
recognition and heme iron acquisition. Finally, we report that
IsdB exhibits an organ-specific regulation pattern, which cor-
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responds to an organ-specific requirement for IsdB during the
pathogenesis of S. aureus. Taken together, these results expand
our understanding of the mechanism and function of hemo-
globin capture by gram-positive pathogens.

MATERIALS AND METHODS

Bacterial strains and growth conditions. All experiments were carried out with
S. aureus strain Newman or with mutants generated in its background. The
protein A knockout mutant (�spa mutant) was generated through allelic replace-
ment as previously described (1). Briefly, spa and approximately 1 kb of flanking
DNA were cloned into pCR2.1. The primers used were spa-51-AttB1 (GGGG
ACAAGTTTGTACAAAAAAGCAGGCTTCGAAGTAAAATTGATGA
GCG) and spa-32-AttB2 (GGGGACCACTTTGTACAAGAAAGCTGGGTCA
ACCTGGAGGTGCACTTG). The plasmid was then digested with NruI and
Bpu10I, which excised spa; treated with T4 DNA polymerase to generate blunt
ends; and religated. The resulting construct was recombined into pKOR1 and
used for allelic replacement in Newman (1). Strains inactivated for spa isdB, spa
isdA, and spa isdAB were generated by transducing the �isdB::ermC,
�isdA::ermC, or �isdAB::ermC allele into the �spa background using bacterio-
phage �-85 (31) to create �spa �isdB, �spa �isdA, and �spa �isdAB. A strain
inactivated for spa isdB isdH was generated by transducing �spa �isdB with the
�isdH::tetR allele (kindly provided by Eszter Nagy) to create �spa �isdB �isdH
using similar techniques (12). All transductions were confirmed by PCR and/or
immunoblotting. All S. aureus cultures were inoculated from a single colony and
grown overnight (�15 h) in 5 ml tryptic soy broth (TSB) in 15-ml conical tubes
at 37°C with shaking at 180 rpm unless noted otherwise.

Immunofluorescence. Bacteria were grown overnight in 5 ml TSB or TSB
supplemented with 2,2-dipyridyl (DIP) in 15-ml conical tubes at 37°C with shak-
ing at 180 rpm. Bacteria were sedimented at 3,000 � g for 5 min and washed
three times in 1 volume of ice-cold phosphate-buffered saline (PBS) (pH 7.4).
The following procedures were carried out at room temperature. One hundred
fifty microliters of bacteria was applied onto poly-L-lysine-coated coverslips for 5
min. The coverslips were then floated on 2% formaldehyde in PBS for 20 min to
fix the bacteria. Coverslips were then washed once with PBS and blocked in PBS
plus 3% (wt/vol) bovine serum albumin (BSA) for 1 h. Coverslips were then
incubated with BSA and primary antibody, washed three times with PBS, incu-
bated in BSA with secondary antibody, washed three times, sealed onto a slide
by nail polish, and visualized using an Olympus BX60 microscope. Pictures were
taken with an Olympus DP71 camera using DP Controller and analyzed using
DP Manager software. For the simultaneous labeling of IsdB and hemoglobin,
the primary antibodies were added simultaneously, followed by the secondary
antibodies. For the simultaneous labeling of IsdA and IsdB, IsdA antibody was
biotinylated by use of an EZ-Link NHS-PEO solid-phase biotinylation kit. The
labeling included four successive incubations: (i) rabbit anti-IsdB, (ii) anti-rabbit-
488, (iii) rabbit biotinylated anti-IsdA, and (iv) streptavidin-Alexa Fluor 555. The
antibodies and concentrations used for immunofluorescence were as follows:
1:5,000 for rabbit anti-IsdB, 1:15,000 for rabbit anti-IsdA (31), 1:250 for mouse
anti-human hemoglobin (Santa Cruz), 1:50 for rabbit biotinylated anti-IsdA,
1:250 for Alexa Fluor 488 goat anti-rabbit immunoglobulin G (IgG) (H�L)
(green), 1:250 for Alexa Fluor 488 goat anti-mouse IgG(H�L), 1:250 for Alexa
Fluor 555 goat anti-rabbit IgG(H�L) (red), and 1:250 for streptavidin-Alexa
Fluor 555.

FACS assay. For fluorescence-activated cell sorter (FACS) assays, the cells
were labeled similarly to the method described above for immunofluorescence
except that bacteria were fixed and incubated with antibodies in solution as
opposed to on coverslips. The antibodies and concentrations used were similar to
those used for immunofluorescence with the exception of hemoglobin labeling,
where all antibodies were used at a 1:1,000 dilution. The cells were fixed with 2%
formaldehyde for the second time after labeling. FACS analysis was performed
with a FACSCalibur system (BD) using Cell Quest Pro software. The mean
fluorescence intensity was quantified with Flow Explorer 4.2.

Hemoglobin binding. For hemoglobin binding assays, cultures grown overnight
were spun down for 5 min at 3,000 � g and resuspended in 1 volume of PBS (pH
7.4) containing 0.5 �M hemoglobin (Sigma) for immunofluorescence and 1 �M
hemoglobin for FACS analysis. The cultures were then incubated at room tem-
perature for 0.5 h on a rotisserie, washed in PBS, and labeled for hemoglobin as
described above for immunofluorescence.

Fluorescent hemoglobin binding assay. Human hemoglobin was conjugated to
a fluorescent molecule with a DyLight 549 Microscale antibody labeling kit
(Pierce) in borate buffer (pH 8.5) according to the manufacturer’s recommen-
dations. Forty microliters of the cultures grown overnight in TSB plus 1 mM DIP

was resuspended in 40 �l borate buffer containing 4 �M labeled hemoglobin and
incubated at room temperature for 30 min. The samples were then washed three
times in borate buffer and fixed with 2% formaldehyde in PBS in a 100-�l
volume. The cells were attached to coverslips and visualized. In competition
assays, unlabeled hemoglobin was added at 12 �M, while BSA was added at
50 �M.

Trypsin treatment. S. aureus cultures grown overnight were resuspended in 1
volume of PBS plus 250 �g/ml trypsin (Sigma). The suspension was incubated at
37°C with shaking for 1 h. Cells were then washed three times with PBS con-
taining 1 mM phenylmethylsulfonyl fluoride (PMSF) followed by incubation at
37°C with shaking in TSB with 1 mM DIP and 1 mM PMSF. Aliquots were taken
after 0, 5, 15, 30, and 60 min of incubation; immediately placed on ice; and
washed with ice-cold PBS three times. Once all the samples were collected, they
were processed for immunofluorescence.

Immunogold labeling and electron microscopy. For immunogold labeling, the
primary-antibody concentrations and incubation times were the same as those
described above for immunofluorescence. Bacterial cells were attached to poly-
L-lysine-coated nickel Formvar grids. The samples were fixed with 2% formal-
dehyde in sodium cacodylate buffer. The secondary antibody, 6-nm colloidal
gold-Affinipure goat anti-rabbit IgG (H�L), was used at a 1:50 dilution. Blocking
and antibody labeling were carried out in TBS (pH 7.1) plus 3% BSA. After all
labeling and washing steps, the grids were briefly washed three times with
double-deionized water. Samples were viewed using an FEI (Hillsboro, OR)
CM12 transmission electron microscope.

Immunoblotting. Immunoblotting was performed using nitrocellulose mem-
branes. Membranes were blocked with 5% milk made in TBS with 0.1% Tween
20 (TBST) from 1 h to overnight. The membranes were then incubated in milk
plus primary antibody, washed three times with TBST, incubated in milk plus
secondary antibody, and washed three times in TBST. Membranes were visual-
ized using an Odyssey infrared imaging system (Li-Cor), which was also used to
quantify intensities of the blots. The antibodies used for immunoblotting were
rabbit anti-IsdB (1:10,000), rabbit anti-IsdA (1:25,000), and Alexa Fluor 680 goat
anti-rabbit IgG(H�L) (1:25,000).

Immunoprecipitation. Immunoprecipitation was carried out using a protein A
Seize X kit (Pierce). Agarose beads were cross-linked to anti-IsdB according to
the manufacturer’s recommendations. Briefly, 35 �l of anti-IsdB antiserum was
bound to 200 �l of the beads and cross-linked by 25 �l disuccinimidyl suberate.
S. aureus cultures grown overnight were resuspended in 1 ml TSM (100 mM Tris
[pH 7.0], 500 mM sucrose, 10 mM MgCl2) containing 20 �g lysostaphin and
incubated at 37°C for 1 h. PMSF was added to 100 �M upon the completion of
incubation. The protoplasts were pelleted at 16,000 � g for 2 min. Two hundred
microliters of the supernatant was mixed with 200 �l PBS (400 �l total) and
loaded onto a column containing 50 �l agarose-protein A beads cross-linked to
anti-IsdB. The samples were incubated at 4°C overnight on a rotisserie. The
beads were then washed five times with PBS, and bound proteins were eluted
three times under conditions of low pH in 150-�l volumes for each elution. The
elution samples were pooled together (elution 1). The beads were then trans-
ferred into a microcentrifuge tube and boiled for 5 min in 100 �l of a solution
containing 4% (wt/vol) sodium dodecyl sulfate (SDS) and 0.5 M Tris (pH 8.0).
This fraction was added to the pooled fractions eluted under conditions of low
pH (elution 2). The samples were normalized before loading onto 12% SDS-
polyacrylamide gel electrophoresis (PAGE) gels. The immunoprecipitation of
recombinant IsdA (rIsdA) (15 �M) with rIsdB (7.5 �M) (31) was carried out in
a similar manner, with the omission of elution 2. The proteins were mixed and
incubated at 37°C for 0.5 h prior to immunoprecipitation.

Systemic mouse infections. Six- to eight-week old C57BL/6J mice were in-
fected retro-orbitally with �107 CFU grown to mid-log phase and resuspended
in sterile PBS. Ninety-six hours postinfection, the mice were euthanized with
forced inhalation of CO2. The hearts and livers were removed postmortem and
homogenized in 1 ml PBS for further processing. For immunofluorescence and
quantification of IsdA and IsdB, the homogenized organs of four infected mice
were transferred into microcentrifuge tubes and centrifuged at 1,000 � g for 1
min. The supernatant was transferred into another tube and centrifuged for 3
min at 16,000 � g. The supernatant was decanted, and the pellet was resus-
pended in 1 ml PBS and spun again at 16,000 � g for 3 min. The supernatant was
removed, and the pellet was resuspended in 200 �l TSM. Twenty microliters was
removed to determine the CFU/ml of the samples. Twenty micrograms of lyso-
staphin was added to the remaining suspension (final concentration, 100 �g/ml
lysostaphin) and incubated at 37°C for 1 h. PMSF was added to 1 mM, and the
samples were frozen at �20°C. The following morning, the CFU/ml were quan-
tified, and normalized samples were assessed for relative amounts of IsdB and
IsdA in the infected organs by quantitative immunoblotting. For immunofluo-
rescence, the samples were not treated with lysostaphin but rather were prepared
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for visualization using a fluorescent microscope. CFU/ml were quantified by
serial dilutions in PBS and plating onto tryptic soy agar. Each group included at
least nine mice.

RESULTS

IsdB surface expression is regulated by iron availability.
Proteins of the Isd system are likely to be targeted to the same
subcellular locale in order to ensure the efficient acquisition of
heme iron. To test the hypothesis that the cell wall-anchored
Isd proteins are proximal to each other, we chose to use im-
munofluorescence. Proteins of the Isd system are upregulated
under low-iron conditions; therefore, we grew S. aureus cul-
tures in TSB supplemented with the iron chelator DIP. IsdB
expression on the staphylococcal surface was evaluated using
IsdB-specific rabbit antiserum (anti-IsdB) and a secondary an-
tibody conjugated to a fluorophore. As expected for these
conditions, the primary antibody bound to the surface of S.
aureus (Fig. 1A). To control for nonspecific binding of anti-
IsdB, we tested antibody binding to �isdB cells grown in TSB
plus DIP and wild-type S. aureus cells grown in iron-sufficient
TSB, a growth condition that is not permissive to IsdB expres-
sion (31, 46). Anti-IsdB bound to S. aureus cells under all of
these conditions, indicating significant nonspecific binding in
these experiments (Fig. 1A to C).

S. aureus protein A is a cell wall factor that nonspecifically
binds the constant regions of IgG (16). We reasoned that
protein A might be responsible for the nonspecific labeling
observed upon staining with anti-IsdB (15). To circumvent this
issue, we created an S. aureus strain that was inactivated for the
gene encoding protein A (�spa) and analyzed IsdB expression.
Immunoblotting demonstrated that the inactivation of spa
does not affect the expression of IsdB (data not shown). �spa
cells expressed IsdB on the surface when grown under iron-
depleted conditions, whereas IsdB was not detectable when
�spa cells were grown under iron-sufficient conditions (Fig. 1D
and E). In addition, the �spa �isdB strain did not elaborate an
IsdB signal regardless of the iron status of the bacterium (Fig.
1F). To quantify the effects of the spa deletion on IsdB detec-
tion, we performed a FACS assay on S. aureus cells grown
under both iron-sufficient and iron-depleted conditions (Fig.
1G). These experiments confirmed that IsdB is expressed on
the surface of S. aureus cells in an iron-dependent manner, and
alterations in iron status lead to an approximately 19-fold
change in IsdB surface expression as measured by FACS.
Taken together, these results establish that iron restriction
increases the expression and surface anchoring of IsdB.

Subcellular distribution of IsdA and IsdB is regulated by
iron availability. In order to determine how iron availability
affects the localization of the Isd system on the surface of S.
aureus, we grew �spa cultures overnight in TSB supplemented
with various concentrations of DIP. As expected, we were
unable to detect IsdB on the surface of S. aureus cells grown
under iron-sufficient conditions (Fig. 2A). Bacteria grown in
increasing concentrations of iron chelator exhibited a com-
mensurate increase in levels of IsdB expression and surface
anchoring (Fig. 2C). Furthermore, the addition of excess iron
to medium containing DIP suppressed IsdB expression, elim-
inating the possibility that IsdB upregulation was induced by
DIP independently of its iron-chelating activity (Fig. 2A and

C). During the course of these experiments, it was noted that
the distribution pattern of IsdB on the surface of staphylococci
is affected by the iron status of the organism. More specifically,
at 250 �M DIP, IsdB localizes to discrete puncta throughout
the cell surface, whereas S. aureus cells grown with 1 mM DIP
distribute IsdB in a uniform circumferential pattern around the
cell wall (Fig. 2A). A similar pattern of IsdB expression and
surface localization was observed upon iron starvation induced
by a different iron chelator [ethylenediamine-di(o-hydroxyphe-
nylacetic acid)] (data not shown).

To determine if this iron-dependent localization pattern was
specific to IsdB, we analyzed IsdA expression and distribution

FIG. 1. Creation of a protein A-deficient strain for specific labeling
of S. aureus surface-exposed proteins. (A to F) S. aureus strains were
grown overnight in TSB with 1 mM of the iron-chelating agent DIP
where indicated. Bacteria were subsequently labeled with rabbit anti-
IsdB antibody and Alexa Fluor 488 goat anti-rabbit IgG(H�L).
(G) Bacteria grown under the same conditions and labeled similarly to
A to F were subjected to FACS analysis to determine mean fluores-
cence intensity (MFI). Error bars represent standard errors. Asterisks
indicate statistically significant differences in relation to �spa cells with
DIP as determined by a Student’s t test (P � 0.05). FITC, fluorescein
isothiocyanate; wt, wild type.
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using antisera specific for IsdA (Fig. 2B and D). We found that
IsdA was expressed at low levels when grown under iron-
sufficient conditions and that its level of expression increased
upon iron starvation. Furthermore, we found that the distri-
bution pattern of IsdA mirrored that of IsdB. When exposed to
intermediate iron stress (100 �M DIP), IsdA localized to dis-
tinct puncta around the cells. In contrast, IsdA was evenly
distributed around the cell wall in maximally iron-starved S.
aureus cells (Fig. 2B). These results indicate that both the
expression and subcellular distribution of IsdA and IsdB are
regulated by iron availability and that the Isd system localizes
to discrete regions within the cell under conditions of moder-
ate iron stress.

Hemoglobin capture by S. aureus is iron regulated and IsdA/
IsdB/IsdH dependent. The expression and surface distribution
of IsdB is regulated by iron (Fig. 1), and IsdB has been shown
to bind hemoglobin (13, 31, 46). In order to determine the
effects that iron availability and IsdB expression have on he-
moglobin binding to the surface of S. aureus cells, we analyzed
hemoglobin binding to �spa cells grown under iron-replete or
iron-depleted conditions. These experiments revealed that
�spa cells grown under iron-replete conditions did not bind
detectable levels of hemoglobin (Fig. 3A). However, when
grown in the presence of the iron-chelating agent DIP, S.

aureus cells exhibited a dose-dependent increase in levels of
hemoglobin binding (Fig. 3B and C). Hemoglobin binding to
the staphylococcal surface was localized to discrete puncta
reminiscent of the iron-dependent distribution pattern ob-
served for IsdB and IsdA (Fig. 2A and B). To assess whether
the observed iron-dependent hemoglobin binding was medi-
ated by IsdB, we measured hemoglobin binding to �spa �isdB
cells (Fig. 3E to G). These experiments revealed that iron-
starved �spa �isdB cells are deficient in binding hemoglobin
compared to the �spa strain (Fig. 3G). To confirm that the
punctate binding distribution of hemoglobin was not an artifact
of antibody-based detection, we incubated bacteria with fluo-
rescently labeled hemoglobin (see Fig. S1 in the supplemental
material). This assay confirmed that hemoglobin binding to S.
aureus is IsdB dependent and specific, as fluorescently labeled
hemoglobin could be outcompeted by excess nonlabeled he-
moglobin.

Despite the reduction in levels of hemoglobin binding, �spa
�isdB cells were capable of binding detectable levels of hemo-
globin in an iron-dependent manner (Fig. 3E and G). To con-
firm this observation, we measured relative hemoglobin bind-
ing to �spa and �spa �isdB cells grown under conditions of
high or low iron with FACS (Fig. 3I). We observed that iron-
starved �spa �isdB cells displayed a significant decrease in the

FIG. 2. Iron availability influences the expression and localization of IsdB and IsdA on the staphylococcal surface. �spa cells were grown
overnight in medium supplemented with the indicated concentrations of DIP. (A and B) Bacteria were subsequently labeled with rabbit anti-IsdB
(	-IsdB) (A) or rabbit anti-IsdA (B) antibodies, followed by Alexa Fluor 488 goat anti-rabbit IgG(H�L). (C and D) Quantification of relative
amounts of IsdB (C) and IsdA (D) expressed on the surface of �spa cells was determined by FACS analysis. Asterisks indicate statistically
significant differences in relation to �spa cells grown in plain TSB (�) as determined by a Student’s t test (P � 0.05). In fluorescent images, green
was increased by 100% in A and by 25% in B. MFI, mean fluorescence intensity.
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level of hemoglobin binding compared to that of �spa cells.
However, iron-starved �spa �isdB cells bound hemoglobin at
levels higher than those of iron-replete �spa �isdB cells, sug-
gesting the presence of an iron-regulated IsdB-independent
hemoglobin binding activity (Fig. 3G and I). To date, IsdH and
IsdA are the only staphylococcal proteins other than IsdB that
have been shown to bind hemoglobin (7, 12, 36). To investigate
whether IsdH was responsible for the residual levels of hemo-
globin binding detected in �spa �isdB cells, we inactivated
isdH in both the �spa and �spa �isdB backgrounds (creating
the �spa �isdH and �spa �isdB �isdH strains, respectively)
and measured the abilities of these strains to bind hemoglobin.
When grown under iron-depleted conditions, �spa �isdH cells
bound hemoglobin at reduced levels compared to those of
�spa cells. Accordingly, �spa �isdB �isdH cells bound hemo-
globin at lower levels than did �spa �isdB cells, suggesting that
IsdH is at least partially responsible for the observed secondary
binding activity. To assess whether IsdA contributes to captur-
ing hemoglobin at the staphylococcal surface, we created a
strain lacking isdA and isdB in the �spa background (�spa
�isdAB strain) and tested the ability of the �spa �isdAB strain
to bind hemoglobin. These experiments revealed that iron-
starved �spa �isdAB cells exhibited decreased levels of hemo-
globin binding compared to those of �spa and �spa �isdB cells.
Furthermore, �spa �isdAB cells displayed decreased levels of
hemoglobin binding compared to those of S. aureus cells grown
under iron-replete conditions, suggesting that IsdA contributes
to hemoglobin binding under both iron-replete and iron-de-
pleted conditions (Fig. 3I). As a control for the specificity of
the antihemoglobin antisera, we found that no strains stained
positive for antibody binding in the absence of the hemoglobin
addition (data not shown). These results indicate that IsdB is
the primary hemoglobin receptor on the surface of S. aureus in
iron-starved environments; however, IsdH and IsdA also con-
tribute to hemoglobin capture.

We next sought to determine whether hemoglobin bound to
the surface of staphylococci colocalizes with IsdB. To deter-
mine the relative localization of IsdB and hemoglobin, we grew
�spa overnight under iron-depleted conditions and labeled the
two molecules simultaneously on the surface of staphylococci
with fluorophores emitting at distinct wavelengths. Both IsdB
and hemoglobin displayed iron-dependent patterns of localiza-
tion similar to that seen when labeled individually (Fig. 2A, 3C,
and 4A). At 1 mM DIP, IsdB is diffusely distributed on the
surface, whereas hemoglobin binding is punctate. Neverthe-
less, hemoglobin and IsdB colocalize on the surface, and he-
moglobin binding is maximal in regions of the cell surfaces
where IsdB is more abundant (Fig. 4A and B). Both IsdB and
hemoglobin fluorescent labelings are specific, as indicated by
the absence of the appropriate fluorescence when one of the
primary antibodies is omitted (Fig. 4C and D). Cumulatively,
these results suggest that hemoglobin binding to the surface of
S. aureus is mediated by IsdB and occurs at distinct foci
throughout the cell wall.

IsdA and IsdB form a complex at discrete regions within the
cell wall. IsdB is capable of removing heme from hemoglobin
and transferring it to IsdA in vitro (34, 50). In order for this
process to occur in vivo, IsdA and IsdB, which are restrained to
their anchoring site, are likely to be in direct proximity to each
other. To test whether IsdA and IsdB colocalize on the surface

FIG. 3. Iron- and Isd-dependent hemoglobin binding to the surface
of S. aureus. (A to G) �spa (A to D) or �spa �isdB (E to G) cells were
grown overnight in TSB supplemented with the indicated concentra-
tions of DIP. Bacteria were then incubated in PBS with human hemo-
globin (Hb) and washed with PBS. Cells were subsequently labeled
with mouse anti-hemoglobin IgG, followed by Alexa Fluor 488 goat
anti-mouse IgG(H�L). (I) Quantification of the relative amounts of
human hemoglobin bound to the surface of the indicated strains,
grown in the presence of 1 mM DIP where indicated, determined by
FACS. Error bars represent standard errors. The symbols indicate
statistically significant differences as determined by a Student’s t test
(P � 0.05) in relation to the �spa strain with no DIP (*), the �spa
strain with DIP (#), the �spa �isdB strain with no DIP (§), and the
�spa �isdB strain with DIP (
).
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of S. aureus cells, we labeled the proteins simultaneously and
viewed their localization using immunofluorescence. IsdB was
detected using anti-IsdB counterstained with secondary 488
antibody, while IsdA was detected using biotinylated anti-IsdA

counterstained with streptavidin-Alexa Fluor 555. These ex-
periments revealed that IsdB labeling and IsdA labeling colo-
calize on the surface of S. aureus cells (Fig. 5A), suggesting that
IsdA and IsdB are deposited proximally to each other within

FIG. 4. Hemoglobin colocalizes with IsdB on the surface of S. aureus. (A) �spa cells were grown overnight in TSB supplemented with 1 mM
DIP. Bacteria were then incubated with human hemoglobin (Hb) and washed with PBS. Cells were then simultaneously labeled with rabbit
anti-IsdB and mouse anti-hemoglobin antibodies, followed by Alexa Fluor 488 goat anti-rabbit and Alexa Fluor 555 goat anti-mouse IgG(H�L).
(B) Close-up of A. The arrows point to locations on the cell surface where hemoglobin is bound. To control for antibody cross-reactivity, either
mouse anti-hemoglobin (C) or rabbit anti-IsdB (D) antibodies were omitted. In fluorescent images, green was increased by 25% and red was
increased by 75%.

FIG. 5. IsdA and IsdB colocalize and interact on the cell wall of S. aureus. (A) �spa cells were grown overnight in TSB supplemented with 1
mM DIP. Bacteria were then sequentially labeled with rabbit anti-IsdB (	-IsdB), Alexa Fluor 488 goat anti-rabbit IgG(H�L), biotinylated rabbit
anti-IsdA, and streptavidin Alexa Fluor 555 conjugate. (B and C) Cells from the same culture were subjected to trypsin digestion, washed,
resuspended in TSB plus 1 mM DIP, and incubated. Aliquots were taken after 0 min (B) or 15 min (C) and labeled as described above (A). (D,
top) �spa or �spa �isdB cells were grown overnight in TSB plus 1 mM DIP. The cell wall proteins were solubilized by lysostaphin. IsdB was pulled
down with a Seize X protein A immunoprecipitation kit and rabbit anti-IsdB antibody. Input (IN), nonprecipitated flowthrough (FT), and eluted
proteins (E1 and E2) were subjected to SDS-PAGE, transferred onto nitrocellulose, and immunoblotted (IB) with anti-IsdA antibody. (Bottom)
rIsdA and rIsdB were combined and incubated at 37°C for 30 min. Immunoprecipitation (IP) was performed as described above (top), and input
(IN) and elution (E) are shown.
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the cell wall. To improve the resolution of this assay, we sought
to determine the initial anchoring sites of IsdA and IsdB within
the cell wall. To achieve this, we first treated staphylococci with
trypsin, which effectively digested both IsdA and IsdB on the
surface of staphylococci, as indicated by the absence of their
labeling following treatment (Fig. 5B). The cells were then
washed, resuspended in iron-deficient medium, and allowed to
recover for 15 min. This assay enables the visualization of
proteins that are newly deposited onto the cell wall, thus iden-
tifying the location of their anchoring. These experiments re-
vealed that IsdA and IsdB are both deposited onto the same
location on the surface of staphylococci (Fig. 5C). In addition,
IsdA exhibits a slightly more-diffuse localization pattern, pos-
sibly due to its less-stringent regulation (Fig. 2). Among a total
of 97 cells observed in this analysis, 81 cells (84%) deposited
IsdA and IsdB at the same location. To confirm that IsdA and
IsdB engage one another at these discrete anchoring sites, we
performed immunoprecipitation of IsdB from cell wall lysates.
Both IsdA and IsdB were precipitated by anti-IsdB, consistent
with IsdAB complex formation occurring in the cell (Fig. 5D).
Immunoprecipitation of lysates from �spa �isdB cells did not
result in the precipitation of IsdA, confirming that IsdA pull-
down requires IsdB. In further support of a physical interaction
between IsdA and IsdB, rIsdA was immunoprecipitated with
rIsdB by an anti-IsdB antibody following the incubation of
these two proteins (Fig. 5D). These results indicate that IsdA
and IsdB colocalize on the surface of staphylococci and that
their colocalization is achieved through anchoring to the same
site within the cell wall. Furthermore, these data suggest that
IsdA and IsdB physically interact to promote hemoglobin cap-
ture during infection.

Newly formed IsdA and IsdB are anchored to the cell wall at
the site of cell division. It has recently been shown that cell wall
proteins in gram-positive bacteria are destined for two primary
anchoring locations (3, 10). One destination is the site of cell
division, where the new cell wall is rapidly synthesized, while
the other is distant from the cell division site. In order to
precisely determine the cell wall destinations of IsdA and IsdB,
we utilized electron microscopy to localize immunogold-la-
beled IsdA and IsdB. Bacteria were grown in iron-depleted
medium, treated with trypsin, and recovered in iron-depleted
medium. Aliquots were taken before or immediately following
trypsinization and at different time points after recovery. Bac-
teria were attached to nickel Formvar grids and labeled with
anti-IsdB or anti-IsdA antibodies followed by anti-rabbit anti-
bodies conjugated to 6-nm gold beads. Consistent with data
acquired using immunofluorescence (Fig. 2A and B), both
IsdA and IsdB were distributed throughout the cell surface
when S. aureus cells were grown under maximally-iron-starved
conditions (Fig. 6A and B and see Fig. S2 in the supplemental
material). Gold beads were not detectable on the surface of
�spa �isdB and �spa �isdA cells, indicating the specificity of
the labeling procedure (Fig. 6C and see Fig. S2 in the supple-
mental material). Furthermore, gold beads were not detected
following trypsin treatment of wild-type S. aureus cells grown
under iron-deficient conditions, indicating that IsdA and IsdB
are removed from the cell wall by trypsin digestion (Fig. 6D
and see Fig. S2 in the supplemental material). Cells that were
allowed to recover for 5 min following trypsinization displayed
IsdB and IsdA deposition on the cell walls (Fig. 6E to L).

Specifically, we observed localization of newly synthesized
IsdA and IsdB to the site of cell division (Fig. 6I to K). In
addition to localization at the site of new cell wall formation,
IsdA was found more diffusely throughout the staphylococcal
cell (Fig. 6I, J, and L). Bacteria that were allowed to recover
for longer periods of time displayed progressively more-diffuse
localization patterns of IsdA and IsdB, with uniform circum-
ferential distribution following 60 min of recovery in iron-
deficient medium (see Fig. S2 in the supplemental material).
These data confirm that IsdA and IsdB are colocalized within
the cell wall and establish the site of cell division as their
common deposition location. However, it should be noted that
the site of cell wall division does not appear to be the exclusive
site of deposition for IsdA.

IsdA and IsdB exhibit organ-specific patterns of expression.
Strains lacking IsdB exhibit decreased colonization of murine
kidneys and spleen in systemic models of infection, and mice
immunized with IsdB are protected against staphylococcal in-
fection (27, 45, 46). These observations imply that IsdB is
expressed within the vertebrate host. To test this directly, we
monitored IsdB expression in a murine model of infection.
C57BL/6J mice were infected with the �spa strain. After 96 h,
the mice were sacrificed, and hearts were removed and homog-
enized with PBS. The homogenates were subjected to a series
of centrifugations to remove larger mammalian cells and cellular
debris. The resulting suspension was labeled with anti-IsdB anti-
body. Using this protocol, we recovered staphylococcal cells that
bound anti-IsdB antibody, indicating an expression of IsdB on
their surface. Heart tissue from an uninfected mouse processed in
the same way did not stain positive for IsdB (Fig. 7A). These
experiments demonstrate that IsdB is expressed during staphylo-
coccal infection.

To quantify the relative expression levels of IsdB and IsdA
during infection, we infected mice with wild-type S. aureus. After
harvesting and processing the organs as described above, we nor-
malized the samples to CFU of infecting S. aureus (see Materials
and Methods). Following normalization, cell wall lysates were
immunoblotted for the presence of IsdA and IsdB. As depicted in
Fig. 7B, we detected IsdA both in livers and in hearts of infected
mice but not in the organs of uninfected animals. In contrast, IsdB
was detected in the hearts but not the livers of infected mice.
Quantification of the band intensities from the samples of indi-
vidual mice indicated lower levels of IsdA and IsdB expression in
the livers of infected mice than in the hearts of the same animals
(Fig. 7C). These experiments demonstrate that IsdB and IsdA are
differentially expressed across organs.

To establish the contribution of IsdB to S. aureus virulence in
hearts and livers, we infected mice with either the wild-type or
�isdB strain. We observed a significant decrease in the virulence
of the �isdB strain in the hearts, which was demonstrated by a
reduction in CFU of invading bacteria by almost 2 orders of
magnitude (Fig. 7D). Consistent with the lack of IsdB expression
in murine livers, strains lacking IsdB colonized this organ as effi-
ciently as the wild type (Fig. 7D). Together, these results demon-
strate that S. aureus requires IsdB for growth in the murine heart
and accordingly induces its expression when colonizing this organ.
However, IsdB is not expressed during liver colonization and,
hence, is dispensable for colonization in this host environment.
This discrepancy in IsdA and IsdB expression and contribution to
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FIG. 6. IsdA and IsdB are anchored at sites of nascent cell wall formation. �spa cells were grown overnight in TSB supplemented with 1 mM
DIP. Cells were treated with trypsin, washed, resuspended in TSB plus 1 mM DIP, and incubated. Aliquots were taken at different time points,
washed, attached to nickel Formvar grids, and sequentially labeled with indicated primary antibodies and secondary 6-nm colloidal gold-Affinipure
goat anti-rabbit IgG(H�L). (A and B) Nontrypsinized �spa cells labeled for IsdB. (C) Nontrypsinized �spa �isdB cells labeled for IsdB.
(D) Trypsinized �spa cells labeled for IsdB. (E to L) �spa cells upon trypsin treatment and 5 min of recovery in TSB, labeled for IsdB (E to H)
or IsdA (I to L).
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infection is potentially due to differences in iron availability within
the hearts and livers of mice.

DISCUSSION

In this report, we demonstrate the subcellular colocalization
and interaction of IsdA and IsdB, which function together to
provide nutrient heme iron to S. aureus during infection. Due
to the requirement for iron in numerous physiological pro-
cesses, its acquisition is an important task for all living organ-
isms. Mammals have adapted to exploit the necessity of iron
for microbial replication by sequestering it away from microbes
that have breached the skin or mucosal layers. This is achieved
primarily by concealing elemental iron from microbial invaders
within host cells and iron-sequestering proteins (11). Patho-
gens in turn have evolved mechanisms to remove iron from
host proteins and internalize it for their own uses (9). In gram-
positive bacteria, the thick cell wall poses an additional obsta-
cle to the transport of iron (38, 44). To acquire iron during
infection, S. aureus utilizes the Isd system, which allows it to
bind hemoglobin and remove and transport heme across the
cell wall and membrane into the cytoplasm, where heme is
degraded to release iron (44). The properties of individual
factors constituting the Isd system have been investigated;
however, the mechanics of their cooperation remain to be

established. Recent studies have shown that rIsdB is capable of
removing heme from hemoglobin and passing it to rIsdA in
solution (34, 50). In vivo, IsdA and IsdB are predicted to be
located in direct proximity to each other in order to remove
and pass heme iron. Testing this model has proven difficult due
to the inherent complexities associated with performing pro-
tein localization studies with S. aureus. Few reports on the
localization of S. aureus proteins have been published to date
due to the small size of staphylococcal cells and the nonspecific
binding of IgG by protein A.

Here we demonstrate that IsdA and IsdB expression and
localization are regulated by iron availability. Under conditions
in which their expression is limited, IsdA and IsdB are con-
centrated to distinct puncta located throughout the cell sur-
face. One possible explanation for this organized localization
pattern is that under these conditions, the Isd proteins are
produced in successive waves of expression and are therefore
anchored to the cell wall periodically. Another mechanism
through which punctate localization could be achieved is sug-
gested by the location of IsdA and IsdB deposition at the sites
of cell division, possibly through a single secretion portal. Be-
cause cell division is periodic, it is possible that when the cell
starts dividing, this portal “opens,” and all synthesized IsdB
swiftly gets incorporated into the cell wall. A “pause” follows,
during which the IsdB levels are exhausted, and it is not incor-

FIG. 7. IsdB is expressed within the hearts of infected animals and contributes to cardiac colonization. (A) C57BL/6J mice were retro-orbitally
infected with 107 CFU of the �spa strain in 100 ml PBS and sacrificed 96 h postinfection. Hearts and livers were removed and homogenized in 1 ml sterile
PBS. Bacteria were then partially separated from the mammalian cells by centrifugation, washed, and immunofluorescently labeled with anti-IsdB. IF,
immunofluorescence. (B) Wild-type S. aureus cells recovered from the organs of C57BL/6J mice were separated from the mammalian cells as described
above (A), normalized to 1 � 105 CFU, lysed with lysostaphin to release cell wall proteins that were separated on SDS-PAGE gels, and transferred onto
a nitrocellulose membrane. The membrane was immunoblotted with anti-IsdA (	-IsdA) and anti-IsdB antibodies. (C) Relative amounts of IsdA and IsdB
in the infected organs were quantified based on immunoblot intensity. Error bars represent standard errors. Asterisks indicate statistically significant
differences as determined by a Student’s t test (P � 0.05). a.u., arbitrary units. (D) Organ colonization was estimated based on CFU quantification by
serial dilution and plating onto tryptic soy agar. The horizontal bars represent the means, and boxes represent standard deviations. Asterisks indicate
statistically significant differences as determined by a Student’s t test (P � 0.05). Each group included at least nine mice.
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porated into the cell wall, accounting for the interruptions in
its distribution. Although these models are speculative at this
point, the proteins of the Isd system provide excellent tools to
test these models, because their expression levels are easily
manipulated by iron availability.

In this study, we have shown that IsdA and IsdB are depos-
ited at the same location on the cell wall of S. aureus. This
might ensure that IsdA and IsdB, which function together in
heme import, are proximal to each other. Notably, some IsdA
is deposited on the cell wall at locations distant from IsdB,
which might be due to the fact that IsdA has functions distinct
from heme iron acquisition, such as resistance to antimicrobi-
als and adherence to the host epithelium (5–7). Recent studies
indicated that not all cell wall proteins of gram-positive bacte-
ria are destined for the same site, suggesting differential local-
izations of surface proteins depending on their functions (3, 10,
41). In keeping with this finding, the specific deposition of IsdB
at the cell division site can be attributed to the YSIRK/GS
sequence found within its signal peptide domain, which primes
cell wall-anchored proteins to sites of cell division (3, 10). In
contrast, IsdA does not encode YSIRK/GS within its signal
peptide and is anchored to sites both within and outside the
sites of cell division. These facts suggest that additional factors
which contribute to the localization of cell wall anchoring are
yet to be determined. It is possible that IsdA anchoring is not
restricted to the site of cell division due to its higher basal level
of expression. In addition to spatial proximity, the possibility
that IsdA and IsdB interact in vivo is supported by the obser-
vation that IsdA coimmunoprecipitates with IsdB.

A primary function of the Isd system is to capture hemoglo-
bin for use as a nutrient iron source. We have found that
hemoglobin binding to the surface of S. aureus depends on iron
availability and the presence of IsdB. Surprisingly, staphylo-
cocci, which are maximally iron starved and therefore display
IsdB uniformly throughout the cell surface, bind hemoglobin at
discrete locales. It is possible that in order to effectively bind
hemoglobin, multiple tightly packed molecules of IsdB are
employed, or it is possible that IsdB requires another factor to
bind hemoglobin, and this factor is present only at these lo-
cales. Additionally, we observed an iron-dependent, IsdB-in-
dependent hemoglobin binding activity conferred by IsdA and
IsdH, consistent with their in vitro hemoglobin binding activity
(7, 12, 36). Interestingly, the �spa �isdAB strain was impaired
in its ability to bind hemoglobin when grown in iron-rich me-
dium compared to the �spa strain. This indicates that IsdA
binds minimal levels of hemoglobin under iron-sufficient con-
ditions, potentially providing S. aureus with a mechanism to
acquire low levels of heme when the organism is not in an
iron-starved state.

Levels of IsdA and IsdB expressed by S. aureus cells isolated
from the hearts of infected mice are lower than those of “max-
imally starved” bacteria grown in TSB plus 1 mM DIP (data
not shown). By comparing the expression pattern of IsdB from
S. aureus grown in iron-deplete medium to that of IsdB from S.
aureus removed from infected animals, we can estimate that S.
aureus cells experience a level of iron starvation within the
heart similar to that seen upon growth in TSB plus 250 �M
DIP. Furthermore, IsdB is not uniformly localized on the sur-
face of bacterial cells removed directly from infected organs.
These results suggest that the punctate localization of IsdB

observed in our in vitro experiments is recapitulated during
staphylococcal infection.

Consistent with the observation that IsdB is expressed by S.
aureus in the hearts but not the livers of infected mice, the
�isdB strain is impaired in colonizing the heart, while this
strain colonizes livers at levels equivalent to those of the wild
type. The level of expression of IsdA is also lower in murine
livers than in hearts. Taking into consideration the various
degrees by which iron impacts the regulation of IsdB and IsdA,
we suggest that the heart provides an environment with less
available iron than that found in the liver. This idea is sup-
ported by the fact that the liver is the major storage site for
iron in vertebrates (17, 18). Furthermore, the liver is a com-
mon site of S. aureus-induced abscess formation, and iron
overload is associated with increased susceptibility to staphy-
lococcal liver infection (4, 42). It has recently been shown that
S. aureus cells recovered from murine airways bind consider-
able amounts of hemoglobin, suggesting that the respiratory
tract is an iron-poor environment similar to the heart (48). In
addition, we have found that S. aureus is iron deficient when
inside murine kidney abscesses (37). Thus, monitoring of the
levels of expression of Isd proteins and hemoglobin binding
across murine organs can be used to predict the level of iron
restriction experienced by S. aureus during the course of an
infection. Heme iron acquisition systems have been considered
to be viable targets for novel antimicrobials and antistaphylo-
coccal vaccines (27, 45). The differential expression of these
systems across organs should be taken into consideration when
designing future therapeutic and preventive regimens.
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